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SUMMARY

Whilst a-diimines such as 2,2'-bipyridyl have been
extensively studied in their capacity as simple bidentate
ligands which form complexes of high redox stability with
many of the transition metals, relatively little has been
done to develop these compounds as multidentate or macrocyclic
complexing agents. This thesis describes what is believed
to be the first systematic approaéh towards the synthesis of
macrocyclic derivatives of 2,2!'-bipyridyl and in so doing
correlates much of the classical co-ordination chemisitry of
bipyridyl with the rapidly developing area of macrOCyclic‘

ligand investigation.

Initial access to a multidentate system of this type has
been gained by the reaction of 6,6'—dibromo—2,2'—bipyridyl
either with hydrazine hydrate or with methylhydrazine. This
gives, in excellent yield, the quadridentate iigands 6,6'-
dihydrazino-2,2'-bipyridyl and 6,6'-di-N-methylhydrazino-2,2"'-
bipyridyl, respectively. Subsequent reaction of the nickel(II)-
Compiexes of these ligands with simple aliphatic carbonyl
compounds sucﬁ as acetone, under conditions expected to yield
Curtis type macrocyclic products, gave instead a series of
open chaiﬁ, co-ordinated 6,6‘—bis(N‘—hydrazone)—2,2‘~bipyridyl
ligands. These ligands manifest imino-azo tautomerism, which
has been investigated by n.m.r., and evidence for their reaction
with oxygen to form azo-hydroperoxide compounds is presented.

These results are described in Chapter Two.‘

In contrast, reaction with a B-diketone (Chapter Three)

can bring about ring closure so as to form a macrocyclic
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system, Thus, the condensation of 6,6'-di-N-methylhydrazino-
2,2'—bi§yridyl with one mole-equivalent of acetylacetone occurs
in the presence of nickel(II) acetate to produce a sguare-
planar nickel(II) complex of‘a thirteen membered macrocycle.
This macrocycle is capable of reversible protonation and,
geometrically, represents an exceedingly strained cyclic system.
Under the same conditions, however, 6,6'~dihydrazino-2,2'-

bipyridyl condenses with two moles of a B-diketone to yield

open chain substituted pyrazole.derivatives.

The spectral.and_magnetic properties of the transition
metal complexes of these ligands are discussed in Chapter Four,
and in so doing correlate this work, to some extent, with

existing work.

Chapter Five describes the oxidative denitrogenation
reaction that occurs when the complex dichloro-6,6'-dihydrazino-
2,2'—bipyridyliron(II) is exposed to air. This reaction
is peculiar to the iron(II) complexes of the ligand and yields
a variety of iron(II) polypyridyl complexes. It has been
studied by partial deuteration of the free reactant ligand
in an attempt to elucidate the mechanism. The nature of the
product suggests a novel way of preparing various polypyridyl
species,. .The MYssbauer spectra for both the reactant and

product are reported. .

¥inally, the mode of complexation of these multidentate
ligands with some second rbw transition metals is briefly

described in Chapter Six.
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CHAPTER ONE

GENERAL INTRODUCTION




1.1 General

Principally because of its ability to form highly
stable complexes with transition metals in a wide range
of oxidatioh states, 2,2'-bipyridyl has been extensively
examined, in the pastT"h, in its capacity as . a simple
bidentate ligand. It is the purpose of this thesis to
describe work which has been directed towards structurally
developing 2,2'-bipyridyl in such a way as to incorporate
it as a part of the ring system of a quadridentate
macrocyclic ligand. Such a ligand system might well be
expected to have not only the potential for stabilising
its complexes at various otherwise unstable oxidation
levels, by virtue of the 2,2'-bipyridyl residue, but also,
upon co-ordination, should manifest the dissociative

stability characteristic of macrocyclic complexes in general.

The significant chemical behaviour of transition
metal complexes very often depends upon their facile redox
.propefties. _ This is true to a large degree for the natural
and synthetic complexes involving macrocyclic ligands.

These substances undergo a diverse array of chemical

5-9,

reactions such as ligand oxidative dehydrogenation

10-13 and carbonylation,1& ligand

metal alkylation
' 18-20 -

15=17

substitution , and hYdrogenatioh The success
of some of these reactions is closely linked with the
ability of higher and lower oxidation states of the

complexes to function as reactive intermediates.

Accordingly, the availability of a macrocyclic ligand

system containing an electron sink such as 2,2'~bipyridyl




-
may contribute to the study of such reactions by rendering
the intermediates more thermodynamically accessible, and
hence increasing the facility for the reaction to occur,
and possibly by stabilising the otherwise reactive
intermediates so as to permit their isolation and |

examination in the solid state.

In.the following sections the origin. of the
stability associated with complexes of 2,2'-bipyridyl
thereaftér referred to simply as bipyridyl or bipy) and
other aq-diimine type ligands will be discussed and the
so cailed "maérocyclic effect"; a term which describes
the high dissociative stability of macrocyclic complexes,
will be described both in terms of its proposed origin
and in terms of its manifestations. Additionally, by
way of introduction to the manner in which the synthetic
work was approached, a review of the substituted bipyridyl
compounds that are suitable for use a macrocyclic precursors,
together with the more generally applicable techniques by

which they might be cyclised, will be given.

1.2 Thera-Diimine-Metal Chelate Ring-

The fact that the a-diimine metal chelate ring
system, which is formed when bipyridyl, amongst other
ligands containing the o-diimine group, undergoes
complexation, structure (1), constitutes a system of
exceptional stability, is best exemplified by the ease
with which a compound will undergo structural modification

so as to adopt this functional grouping. For example, the




(1)

addition of an a-diketone such as biacetyl, (2), to a

solution containing a transition metal ion in association
with methylamine leads in a highly exothermic reaction

to the formation of the tris(a-diimine) chelate, (3), even

Me '_2+
Me 0 e
M+ 6MeNH, + 3 | M
Me =0 w Me
M = Fe,Co, Ni Me 3

(2) (3)
though the free ligand itself . is. totally incapable of

independent existence21’22.

The stability is further seen 5y fhe ready .oxidation
of 2,2'—bipiperidyl in the presence of iron(II) to form a
new chelated ligandvhaving the o-diimine moeity, (u)23.
And again by the fact that co-ordinated 1,2-diamines, (5),
have been shown recently to easily undergo oxidative
dehydrogenation so as to give the a—diiminé systems’zu.

This reaction has been applied to both bidentate ethylene-—

diamine derivatives and to tetradentate macrocyclic




(4)

complexes and reflects the unusual resistance towards

oxidation that iron{(II) shows when forming part of an i

(5)

a-diimine system. Finally, it is worth noting that
tautomerism of complexes containing unconjugated imines, (5a),
has been observed to occur in such a way as to produce

5

the g-diimine ring”.

The origin of this stability apparently lies with
the fact that the a-diimine group is not only a good
sigma donor by way of the sp? orbitals on each nitrogen

atom, but also, there is considered to be extensive bonding



(5a

from the dm orbitals on the metal to the pm antibonding
orbitals associated with the g-diimine system, or vice

i A
versa2"23.

Since the two imine moeities are.in
conjugation wifh one aﬁother this m boﬁding allows the
metal chelate ring the facility to assume complete 7 electron
delocalisation and hence aromatic character. It is this |
potential for aromaticity that is believed to account for
its high stability -.
Begides thé unusual stability, the aromatic
. character of the metal chelate ring ié further suggested,

25

according to Busch ;*by an observed shift to lower energy
in the imiﬁe carbon to nitrogen stretching frequeﬁcy upon
complexation of such 1igaﬁds. This reducfioﬁ iﬁ frequency
is taken to indicate eﬁhanced conjugatioﬁ of the double

‘bond as a result of participation 6f the metal atom in

| le bonding. - The. actual magnitude of the frequency
shift suggests that iron(II) participates to a significantly

greater degree in the double bonding than do cobalt(II) or

nickel(TITI).
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Recent electrochemical studies not only demonstrate
the capacity that imine containing macrocycles have for
stabilising reduced forms of the complex, but furthermore
the manner in which the stabilisation is achieved provides
additional evidence for the aromatic nature of the
a~diimine metal-~chelate ring. Characteristically, the
etectrolytic reduction of nickel(II) complexes containing
a-diimine linkages produces a metal ion stabilised ligand

radical anion (5b)26.v This has been shown by the nature

R
\

N
// A
>Ni2+ + e
\/N
R R

(5b)

of the e.p.r. signal and it is suggested that the added
electron goes into a low lying 17 antibonding orbital. In
contrast coniplexes containing unconjugated imine groups

in their chelate rings undergo reduction at the metal ion.

R
\ R\
\\ /N_—\ \ /N
G _ o ‘ #4
AN Toe A
N N
I |
i R
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Also, it has been observed that the presence of an
ao—diimine group in the ligand contributes significantly
towards lowering the reduction potential of the system.
From the determination of the redox potentials of a
large number of these ligand systems the authors are
able to show that the a-diimine group has a much greater
effect on the stability of iron(II) with respect to
iron{(IIT) than on the stability of nickel(IT) with respect
to nickel(IIT)., - This is consistent with the infrared
findings mentioned above and also with synthetic
observations for the two different metals with similar
ligands. For example, the oxidative dehydrogenation
reaction, referred to above, for an iron(II) species such
as (5), where the iron(II) compound reacts in solution
with molecular oxygen to yield a structure which ultimately
contains the g~diimine group. This does mnot occur with
the analogous hickel(II) complex. Instead the nickel(II)
" compounds produce complexes containing only isolated
imiﬁesé. |
The use of e.p.r. spectroscopy, in the manner
described above, has shown unambiguously the potential
that a-diimines have for forming radical anions. This
observation largely clarifies rationalisation of the
facility that this group has for stabilising metals in
apparently very low oxidation states. Thus, the
M{bipyridyl), cémplexes of Be, Mg, Ca and Sr in which the

27

metal formally appears to be zerovalent are now known

. 2 .
from e.p.r. data to consist of metal®t cations surrounded
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in a tetrahedral environment by two radical anions .
However, formation of a radical anion appears to represent
the extreme case of electron delocalisation. There are

other cases, for example compound (6), where e.p.r. shows

N
"
\_—/ (6)

that the electron density, in excess of that which the
metal will carry, is distributed between the metal and the

ligand without complete transfer to the ligand or complete

reduction pf the meta129. This appears to be the gemneral

situation for compounds having metals neither in their
highest nor unusually low oxidation states and reflects
the.extent of the 1 bonding,. It is evidenced, for example,
by the fact that tris(glyoxal—bis-methylimine)iron(II), (7),

undergoes electrophilic bromination on the ring to produce

(8)30’31.7 This reaction stands in strong contrast to the
Me Mg _
N, H | N Br
+ Brz +
L CHCO0H Féf
/N H /N Br
Me 3 Me /

(7) (8)

(&%)




usual oxidation of iron(II) to iron(ITT) by bromine and

clearly indicates the high electron density on the chelate
ring. Thus in considering redox properties, such systems
must be considered in their entirety as an electron sink
to which, within limits, electrons may be added or

subtracted with relative ease.

193 The Macrocyclic Effect

The enhanced stability of a cyclic tetraminme metal
complex Whén compared to an open chain tetramine complex

has been termed the "macrocylic effect"32’65.

Since

the aim of this work wés to implant an oa-diimine group,
in the férm of a bipvridyl residue, into a macrocyclic
system sé as to take advaﬁtage bf this stability, it is

pertinent at this point to review what is known of its

origin.

It appears that the stabilisation of mefal complexes
by cyvclic ligands is both thermodynamic and kinetic in
origin., Marger um and co-workers have determined the
dissociation cohstants for the nickel(II) and copper(II)
complexes- of fhe open chain tetramine, 2,3,2-tet, (9), and
have compared these with the dissociation constants for
the corresponding complexes of the closely related

(10)32’33.

macrocycle, cyclam, This comparison shows that

the macrocyclic complex has a stability constant approximately

10°

times greater than that for the open chain complex
and leaves little doubt that the effect is thermodynamically

real. Chemically the effect is manifested for imstance,
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NH, N

A
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NH HN NH

(9) (10)
by the fact that open chain complexes such as Ni(2,3,2-tet)2+
are desgtroved in fractions of a second in strongly acidic
solutions, yielding the protohatec’i ligand and Ni(H20)52+,
whilst when Ni(cy‘clam)2+ is placed in 6M HCl1l nothing
happenszh. That is, the rate of loss of the ligand is
remarkably slow,. The rates of dissociation for
Cu(2,3,2-tet)2+ and Cu(cyclam)2+ have bean measured sad
show that the linear tetradentate ligand dissociates some
107'times faster than does the macrocyclic complex35.
This huge effeot on the dissociation rate is probably due

to the fact that the mechanism by which the linear complex

dissociates is mot available toc the macrocyclic complex.

The usual mechanism of substitufion at nickel(TI)
iﬁvolves bond breaking in the rate determing step36. In
a polydentate ligand this normally occurs at a terminal
position. In acidic media the dissociated groups are

protonated quickiy and the vacated site in the co-ordination

sphere of the nickel atom is filled rapidly by solvent.

A second atom then dissociates and the entire ligand is

repiaced by solvent in a sequence of S 1 stepsBé. From

N
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the structure of a cyclic system it is obvious that a
simple dissociative step cannot occur, becéuse the ring
has no end. Tt is not possible to extend the metal to
nitrogen distance sufficiently to constitute bond rupture
without additional bond rupture involving the 1igand or
extensive rearrangement within the co-ordination sphere.

Accordingly, it has been suggestedsh

that the process by
which a macrocycle is displaced from nickel(II) involves
nucleophilic addition at the metal which causes the

macrocycle to develop an incipient fold, the extent of the

- folding being related .to the flexibility of the particular

macrocycle, and that in tﬁis folded coﬁformation bohd
rupture occurs. Thus the rate determining step in this
process is bimolecular and clearly involves a higher
activation energy than that required in the dissociation

of the non-cyclic complex.

As well as this kinetic stability, caused by the

fact that the macrocyclic complex can only undergo dissociation

by an energetically less favourable pathway than that
followed by a linear tetramine, the determination of tﬁermo—
dynamic constants has shown that the enhanced stability

of the maérocyclic complex is also due to its lower

enthalpy of’formationgj. ‘Thus, a comparison of the wvalues
of AH® and AS® for Ni(cyclam)®* and Ni(2,3,2-tet)?* shows
that the macrocyclic iigand has a more favourable AH? by

14 kecal mole'-1 and a less favourable AS? by 16 cal deg;m1

mole-1. The authors rationalise their findings in the

37

following way~'.




pons

A hydrogen bonding.  The nickel cation has six water molecules
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The relative enthalpy and entropy changes cannot
be understood unless ligand solvation, which in the past
has tended to be neglectedBB, is taken into consideration.
Thus, the non-cyclic ligand would be expected to suffer
a. much larger loss of configurational entropy upon
co—ordinétion.than the cyclic ligand where the geometry
is already restricted. However, the experimental AS°®
differences are in the opposite direction. Also,
considerations of bond strengths in various related
compounds show that no more than 2 kcal mole”  of the |

enthalpy difference could be assigned to differences in

nickel to nitrogen bond strengths in the two complexes. |

By considering ligand solvation, however, these
changes in enthalpy and entropy can be understood. The
cemplexation reaction in aqueous solution may be represented

as o=
Ni(HZO)X2+ ¥ L(Hzo)y_+ NiL(H20)22+' + (x+y=2)H,0

where the free ligand L is hydrated primarily through

in its inner co-ordination sphere and additional water
molecules associated with it in the outer hydration sphere.
The complex will be less hydrated than the metal ion because
of the ligand co-ordination, the decreased charge to radius
ratio and the hydrophobic exterior presented by the bound
ligand. The net heat of formation of the mnickel complex is
equal to the enthalpy of the nickel to nitrogen bond

formation less the additional hydration enthalpy. The




release of watar from the metal ion and the ligand

results in a positive entropy contribution because the
number of independent particleé has been increased, but

a negative contribution to the entropy change stems from
the loss of configurational entropy of the ligand upon
co-ordinatioﬁ. The major difference in the formation
reactions of Ni(2,3,2-tet)>" and Ni(cyclam)>" is believed
to be due to.the magnitude of y in the above equation.
The cyclic mature of cyclam is said to physically prevent
it from having as large a hydration number as 2;3;2—tet,
thus reducing the energy required from the system for
solvent dissociation or conversely; the energy gained from

the system on dissociation of its complex.

Since hydrogen bonding of the ligand to water is
an important part of ligand solvation and that the
average enthalpic value for a hydrogen bond of this type
is AH® = -7 keal mole”| the authors suggest that the
cyclic ligand is solvated by the equivalent of at least

two fewer water‘molecules than 2,3,2-tet.

In conclusion the dominant thermodymnamic factor
responsible for the "macrocyclic effect" in the tetramine
ligands éppears to be the lower degree of solvation of
the macrocycle. A smaller, but important contributing

factor, is the lower configurational entropy of the ligand

because it is already cyclic,.’ The latter factor tends

to be obscured in the AS® value because the more solvated

linear ligand releases additional solvent molecules in its

reaction and so increases the entropy of the system.




The kinetic factor is due to the fact thét the cyclic

complex is compelled to undergo dissociation by a less

favourable mechanism.,.

1.4 _Macrocyclic Precursors Containing the 2,2'-Bipyridyl

Functionality

The majority of high yield macrocyclic tetramine
forming reactions are metal template reactions. These
are ligand reactions which are dependent on, or can be
significantly enhanced by, a particular geometrical

38

orientation imposed by metal co-ordination™ . The
functional groupings at which reaction takes place to
generate the macrocycle, are generally primary and
secondary amines, aldehydes or ketones, forming part of

a multidentate chelate. Accordingly, in selecting
derivatives of bipyridyl suitable for use as macrocyclic
precursors, the most obvious choice lies with compounds
capable of structural development into quadridentate
chelates having these functional groups at their terminal
positions. This then only requires the formation of a
single bridge to bring about ring closure. Alternatively,
one cou1d>set about to co-ordinate two suitably substituted
bipyridyl residues to a metal and effect ring closure by

a double bridge forming reaction.. To fulfill the

requirements for chelation the 6,6'-disubstituted

derivatives of bipyridyl are the obvious starting point.

At the time when this work was commenced, 6,6'-—

disubstituted derivatives of bipyridyl had been prepared
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by the direct bromination of bipyridyl and the subsequent

conversion of the 6,6'-dibromo-2,2'-bipyridyl, (11), into
39

‘ various other substituted derivatives « - Of particular

(12) (13)

interest to this work are the 6,6'-dicyano, (12), and

6,6"'-diamino, (13), compounds.

It should be noted, however, that the bromination
reaction itself is a synthetically difficult, low yield
reaction (c.a. 30%) and that the formation of both the
dicyano and diamino compounds proceeds in less than 10%
vield, thus multistage synthetic sequences originating
from the latter two compéunds are not really feasible.
This is regrettable since one can enviéage several ways
in which the dicyano compound might be converted to form
macrocyclic precursors, in addition to the formation of

39

the dicarboxylic acid, which has already been reported-”.

For example, reaction of the cyano group with hydrazine is

s i
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known to produce functional groupings of the type shown

in (14)40. Partial hydrolysis of metal complexes of (12)

(14) | (15) | (16)

may readily occur, by analogy with the 2-cyano-1,10-
phenanthrolinehj,'to produce (15) where the ligand is able
to bind as a tetradentate chelate.  Reduction of the cyano
group normally 1eads to amine formationhz and thus it may
be possible to derive compound (16) which would also be a
‘useful macrocyclic precursor. - Similarly, were the diamine,
(13), readily accessible it would be of interest to learn
whether it would undergo cyclisation in conjunction with
6,6'-dibromo-2,2"'-bipyridyl, (11), to form the macrocycle
(17) in a manner as facile as that in which the analogous
Lha, Ll

1,10=-phenanthroline compounds combine . Generally the

reaction of a compound with two equivalent, like functional
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.to as a "2 4+ 2% reaction) results in polymeric products

(13)

groups with another also having two equivalent, like

functional groups (a reaction type which I propose to refer

rather than monomeric products. ' That is, in polymeric
chainé, rather than in discreet two component rings, for
purely statistical reasons. This 1,10-phenanthroline
system is quite remarkable in producing quantitative yields
of the cyciic product without even having to resort to

= R

high dilution conditions or to metal template effects.

Some substituted bipyridyls, particularly alkylated
bipyridyls, for example, 6,6'-dimethyl-2,2'-bipyridyl, (18),
can be prepared by coupling substituted pyridine339’h5’h6.

Again the yields are generally mediocre, but moreover none

of the derivatives prepared by this method are immediately
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useful as macrocyclic precursors,

Only a single quadridentate ligand derived from

bipyridyl, (19), appears to be recorded in the literature

and no attempts to study its metal complexes have been

n-Cali _ ’ iy

OMe OMe

/O
H
(19)

reported, The synthetic sequence used is shown above,

:E’C)

The ligand itself seems unlikely to be useful in its

present form as a macrocyclic precursor, unless a method

Ly

9
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for cyclising a compound such as this by reaction at

aromatic alcochol functionalities is developed..

This brings considerations back to the dibromide,
(11), and it was planned to look for a high yield synthesis,
using this compound, that would coﬁvert it to a suitable
macrocyclic precursor. One method that seemed promising
was by reactien with hydrazine, In the case of 2~bromo-
pyfidine this reaction proceeds readily and in high yvield
to form the 2-hydrazino derivativehs.' The corresponding

product derived from (11\ is shown as structure (20\.

(20)

A study of moiecular models shows that complexes
of this compound may well prové to be highly reactive
macrocyclic precursors. This is evident since, assuming
no distortion of bond angles, the minimum N-N through-
space distance between the terminal émines is approximately
65% greater than the corresponding distance between the
bipyridyl nitrogens. Thus, upon complexation the ligand
should bind strongly through the a-diimine group, but
only relatively weakly, because of the geometry, at the

two terminal co-~ordination sites. As a result
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the terminal amines are left in a state of unusually high

lability and nucleophilicity, which should enable them to
participate readily in a cyclisation reaétion whilst
still deriving the benefits of the metal template effect.
Indeed it proved possible to synthesise 6,6'-dihydrazino-
252‘—bipyridyl,(203, efficaciously and the studies that

were undertaken with it are.described in subsequent

chapters.,

During the course of this work a publication by
Holm and co—workersh9 appeared in the literature giving
details of a procedure, of some considerable generality,
for preparing 6,6' disubstituted bipyridyls. The'procedure
involves the dilithiation of 6,6'-dibromo~-2,2'-bipyridyl,
(11), (which itself they prepared in 50% yield from
monolithiated 2,6-dibromopyridine, (21)) to give (22),
and subsequent reactions of this species. This sequence
provides a new method for the preparation of (11), which

gives a higher yield, but which is still probably as

"laborious as the direct vapour phase bromination of

bipyridyl (described in detail in Chapter Two) and not as
suited to large‘écale preparations., Of direct interest
to the search for macrocyclic precursors was the fact that
the preparation of 6,6'-diformyl- 2,2'-bipyridyl, (23),
was described; proceeding in MS% yvield by the reaction
of dimethylformamide with (22)5 Also of interest is the
potential that (22) must have for the formation of the
diamino species, (13). This does not yet appear to

have been investigated, Normally, reaction of organo-

lithium reagents with methoxyamine yields the corresponding
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(22)
MeQ}NHz

H,N NH,

(13)
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organoamine together with lithium methoxide™ .

6,6'=Diformyl-2,2"'-bipyridyl, (23), prepared by
Holm's method, was investigated 'as a macrocyclic precursor
in ‘this work, however, it did not prove useful. Unlike

the dihydrazine, (20\, (vide infra) no nickel(II) complex

of (23) could be isolated, although slight changes in the
ligand field spectrum of aqueocus nickel(II) on adding (23\

suggested that some association in solution was occurring,.

The apparently lower stability constant for this association

is probably due to a combination of the unfavourable
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geometry and the fact that two nitrogen donors have been

f substituted by two less polarisable oxygen donors. As

a consequence of this, even if the ligand does behave as
i a tetradentate in Solution,‘any metal template effects » |
must be severely compromised. Additionally, the only
general way of cyclising a system about terminal aldehyde
groups is by a "2 + 2", Schiff-base forming reaction,

51

with an appropriate diamine. The pitfalls associated

with this technique have already been mentioned.

Reactions of this type were attempted, but even under
: high dilution conditions no purely monomeric compounds
: (as indicated by molecular weight studies of both complex
: and liberated ligand) could be obtained. The combination
f of millimolar amounts of (23), hexaaquonickel(II) chloride

‘ and 1,3-diaminopropane, for example, led to polymers
i containing an average of seventeen dialdehyde residues, (ZH).
|

HC,
N\
c . 0
3

, A

>
N
L)
~

‘ .
- Ni(H20)sClz S

(24)

r_._.._.- HITETTRY ._...
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Thus the most expedient, immediately available

synthetic route to macrocycles containing the bipyridyl
moeity appeared to originate from 6,6'-dibromo~2,2"~
bipyridyl by way of its dihydrazino derivative, (20).

In cases where the absence of the active secondary

amino proton was desired 6,6'-di~N-methylhydrazino-2,2"'-
bipyridyl (that is (20\ with the secondary amines
methylated) was prepared with equal ease from methyl-
hydrazine and the dibromide, (11), and was found useful

as a Precursor.

1.5 Cyclisation Techniques Applicable to the 2,2"'-

Bipyvridyl System

Having chosen to develop the macrocyclic system by
way of 6,6'=dihydrazino-2,2'-bipyridyl (hereafter referred
to as DHBP) the cyclisation reactions that are of interest
are then those that involve reaction at co-ordinated
primary amines, Often co—ordinated amines are relatively
inert and do not participate as readily as their metal
free counterparts in reactions which depend upon their

52

nucleophilic properties” . This is one of the principal

shortcomings of the metal template effect; that co-ordination

tends to destroy the nucleophilicity, and hence the reactivity,

of amines by involving the lone pair of electrons in the
co=ordination bond, In the case of DHBP however, as
already noted, one hopes that the strained geometry will
result in the terminal amines being highly labile and so
free to react in their nucleophilic capacity. On the

other hand functional groups such as aldehydes and ketones
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which react by nucleophilic attack at the acyl carbon

have their reactivity enhanced by co-ordination. The
participation of electrons on the oxygen in co-ordination
bonding results in the acyl carbon becoming more electro-

positive in characteng.

Although the individual cyelisation reactions may
vary in procedure and detail the majority of those involvirng
amines rely, at some stage in the process on the format ion
of a Schiff-base, The mechanism of Schiff-base formation
is well established5h. Nucleophilic attack by a primary
amino group at the carbonyl carbon of an aldehyde or ketone

produces a carbinolamine, (25), which then dehydrates to

produce the required imino linkage, The reaction is acid-—

S _'//NH?‘R

| —— Il

H,O + H-|~

catalysed since protonation of the oxygen enhances the
electrophilicity of the carbonyl carbon, however, if the

PH is too low quarternisation of the amine occurs and

irthibits the reaction. The reaction is fully reversible.
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Probably the most extensively studied of all
cyclisation.reactions is applicable to the cyclisation
of cé-ordinated amines., This is the reaction first
discovered by Curtis,. The work which has been done in
developing it is well summarised in his excellent review .
The details of this which are especially significant to

this work are briefly reviewed.,

In the prototype reaction tris(ethylenediamine)—

nickel(II) perchlorate was allowed to react with anhydrous

acetone at room temperature over a period of days. Instead

of the expected tetrakis(Schiff-base) complex, the

product was found to be a fourteen membered macrocyclic

complex in which the co-ordinated amines were linked

by three-carbon bridges, (26).

HN
NiT o+

H,N

| 3 ' Me . Me

(26)

The formation of this type of three-carbon bridge is the

characteristic feature of the Curtis Reaction and it can

be produced by xeaction of a variety of co-ordinated
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amines with acetone.

Subsequent work showed that under certain conditions
it was not always possible to effect closure of the two
bridges; Instead, formation of compounds such as
(27) and (28), believed to be intermediates in the ring

closing process, occurred.

Me
(27) ' (28)

The formation of these intermediates has led to
the proposal that the mechanism of the bridge forming
reaction involves an internal Aldol condensation, which
proceeds by attack of a carbanion, derived from a free
acetone rﬁolecule9 at the imino carbon of a condensed acetone,

followed by a second Schiff-base condensation (see Scheme One) .

. What is not fully understood is why carbanion formation

55

occurs so readily under neutral conditions™~ .

Diacetone alcohol, which is the Aldol product
derived from acetone and corresponds in configuration to
the preformed bridging unit, has been used instead of

acetone in the Curtis Reaction and leads to the same
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Since there are always acetone and mesityl

product,

oxide in equilibrium with diacetone alcohol
not clear which species is actually reacting, however,
there is no obvious mechanism by which diacetone alcohol
could react directly. Mesityl oxide can react by

Michael Addition of the amine, followed by imine formation .

With the tetradentate ligand triethylenetetramine,
(29), (hereafter referred to as trien) formation of only
a single bridge is required and this proceeds without
difficulty not only with acetone, but also with aldehydes
and other a-methyl ketones, although more vigorous reaction
conditions are required with these compounds, The trien
system is closely analogous to the DHBP, (20), system
since in both cases the single bridge forming reaction

results in the formation of a thirteen membered macrocycle,

the crystal structure of square-planar

Furthermore,

|
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Ni(trien)(ClO4)2 shows the trapezoidal disposition of the
nitrogen donors56 (that is, with the two outer mnitrogen
donors further apart (by 0.218) than thé two inner ones)
that is expected, but to a greater degree because of the
unsaturation, in a square-planar nickel(II) complex of

DHBP,

The Curtis Reaction proceeds at its best when the
metal template ion is nickel(II). Copper(II) gives
lower, but still reasonable yields, however, with other
metal ions the reaction is generally unsuccessful, = This
observation is not only true with respect to this cyclisation
reaction, but in many other cyclisation reactions nickel(II)
seems to promote macrocycle formation to a greater extent

55

than other metal ions .

Cummings and Sievers first reported in 1970
another method, which has now been shown to be of comnsiderable
generality, which also results in the linking of a co-
ordihated tetramine by a three-carbon bridge57; This
reaction involves the synthesis of a Schiff-base macrocycle

by the condensation of one equivalent of the tetramine

with one equivalent of a B-diketone.

In the case of triethylenetetramine, (29)9 for
examplesg, the reaction proceeds in the following way :
Trien, (29), reacts, in the absence of a metal, with two
equivalents of acetylacetore to produce the potentially
sexadentate ligand, (30). Under acidic conditions (30)

reacts with nickel(II) acefate, presumably by acid hydrolysis

of one Schiff-base linkage, followed by reaction at the
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1. pH5, 100" Ni(OAc),
(29)

2. NaX pH10

(32) (31)

acyi group of the bound acetylacetone, to produce a cyclic
species, This species is precipitated from solution, as
compound (31), by adjusting the pH to ten and adding an
appropriafe counterion. The ligand in (31) has undergone
deprotonation at the Y carbon atom in the acetylacetone

residue so as to yield the charge delocalised structure

shown. Alternatively, under acidic conditiocnis proteonatio:x:

of the Y carbon atom can be effected so as to yield a

complexed neutral macrocyclic ligand, (32)59.

et60,61

2434,2=T and various tetramine compounds
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formed by generation of a single Curtis type bridge

bétween two co-ordinated amines52 have been shown to
undergo an analogous reaction so as to yield fourteen
membered macrocyclic systems. Also, there has been a
preliminary report of the formation of a neutral fifteen
membered macrocyclic system, derived from 3,2,3-tet by

this method61, Formation of sixteen membered systems

and of the fifteen membered uninegative macrocyclic

complex has been attempted, but unsuccessfully. This
observation is attributed to the steric crowding associated

with the adjacent six membered rings, particularly if

one of those rings happens toc be planar61.

Besides using nickel(II) as the template metal,
copper(II) gives similar results59. The relative
aciditiés bf the copper(II) analogues of the trien and
2,3,2=-tet derived systems are 103 times less than the
corresponding nickel(II)»complexes, a fact which the
authors relate to the steric strain introduced into the

six membered ring by co-ordination to the slightly larger

copper(II) ion, The strain is expected to be greater in

" the deprotonated, planar six membered ring since this ring

system is more rigid than the protonated ring containing

an sp3 hybridised member which can bend out of the plane.

Hitherto the possibility of a macrocycle co-ordinating
in anything other than a square-planar configurat:ion has
not been discussed. Surprisingly, even highly unsaturated

macrocycles such as (33) have the potential to fold and

bond across two faces of an octahedral co-ordination array
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(33

rather than in the equatorial plane62. The smallest
tetraza ring systems that have been observed to bond by
63

square-planar co-ordination are thirteen membered rings 5

Macrocycles derived from DHBP by either the Curtis or

.Cummings type of reaction will be of this class. There

are no known examples of twelve membered rings bonding

around the equatorial plane63, although the only system
that has been studied to date is a fully saturated one;

cyclen, (3&), which can very readily fold6&.

/0

HN NH

HN NH

\_/

(34)

These observations were the motivation behind a

2

: . 6
crystal structure determination 7 of the thirteen membered

-
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sguare-planar compound, (31). This was carried out

in order to ascertain whether there was any reason why
square-planar co—qrdination should not extend to systems
smaller than thirteen membered rings. The structure
showed that the bond angles and distances adopted in the

macrocyclic complex were very little different to those

~assumed when two sterically unopposed, comparable

bidentate ligands co-ordinate to a metal in a trans

disposition, The implication of this is that in the
biblogiqally occurring sixteen membered porphyrin ring

and to a lesser extent in the fifteen membered corrin

ring, the metal may in fact be straining to bridge the

gap between the nitrogen donors, Accordingly, there

seems no reason why unsaturated twelve membered macrocycles
should not bond in a square-planar fashion, Relative

to compound (31), thirteen membered macrocycles derived
from DHBP should be considerably more strained due

to the sp? bond angles in the five membered rings., The

- trapezoidal disposition of the nitrogen donors is already

apparent in (31) which has sp3’hybridisation throughout

the five membered rings.

It was with respect to these two reactions, due to

Curtis and Cummings respectively, that DHBP was studied

in this work, The former involves reaction of the precursor

with a monoketone, the latter with a B-diketone, There
are also cyclisation reactions known which utilise the
interaction of an a-diketone with a co-ordinated amine.

For example, the most efficient means of preparing cyclam,

(10), (20% yield) relies on the formation of (35) by a
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reaction of this type . Such reactions generally only {

give poor yields because of the deactivation of the amine

by the metal and because of the fact that they belong to ;
the "2 + 2" category where the competing linear poly-

N merisétion tends to dominate the cyclisation process, |
A mitigating factor, upon which the Succesé of the reaction |
probably lies, is the formation of the a-=diimine system,

since with diketones separated byvmore than one carbon

atom cyclisation has not been recorded. Various reactions

| of this type were attempted with DHBP, but none were

successful. Possibly in addition to the factors already

discussed which tend to militate against success, is the

fact that addition of an a—diketone to DHBP would lead to

a twelve membered ring which even disregarding the metal

would be a highly strained system,

Some amines, especially aromatic amines, for example,

(36), deprotonate on co-ordination to a metal. Here the
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problem of metal deactivation of the amine is not as acute
since the lone pair is not involved in bonding to the

metal, Complexes of this type generally undergo alkylation
in low yield "2 + 2'" reactions with various dihalides to
produce complexes such as (37)67. As DHBP did not
deprotonate on co-ordination, reactions of this tYpe were

not examined,

R R
% s

N NH Br N N

N N S

N12\+ + j - - [ N@{

rl\ij/ NH Br Iﬁl/ N
_C /,C

(36) (37)

Finally, there are reactions in which none of the

components of the macrocycle is deliberately pre-—co-ordinated

to the metal‘template. Reactions such as the condensation
of 2,6-diacetylpyridine with the triamine, (38), which

lead to the formation of the cyclic product (39), in 30%
yield, are simply carried out by refluxing the organic
components together with nickel(II) for six hours .
Presumably, the 2,6-diacetylpyridine is able to bind to

the metal by way of the nitrogen atom (stability constants

show that nickel(II) normally binds nitrocgen donors more

strongly than comparable oxygen donors69) and so activate
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(38) | (39)

the carbonyl groups towards attack by the terminal amines
of the triamine, which due to metal template effects may
be favourably positioned for attack. The reaction of

DHBP with 2,6-diacetylpyridine was studied, but produced

no memomeric products, It is not fully clear why this

should be so, but it may be associated with the lability
of the terminal amines obviating the metal template effects
which are so necessary if "2 + 2" reactions are to give

montomeric products.,  The similarity between this and the

- attempts to cyclise 6,6!'=diformyl-2,2'-bipyridyl, (23),

discussed in the previous section should be noted. In
both cases it is possibly the lack of metal template

orientation that leads to the polymerisation.

. Those reactions that led to the formation of
characterisable products and hence, or, to an understanding
of the reactivity of the bipyridyl system, as well as to

the ultimate objective, are the subject of the following

chapters.
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CHAPTER TWO

REACTIONS OF

6,6'-DIHYDRAZINO-2,2' -BIPYRIDYLNICKEL(II) PERCHLORATE

WITH ALIPHATIC CARBONYL COMPOUNDS




21 Preparation of 6,6!-Dibromo-2,2'-bipyridyl

Historically, the origins of 6,6'-dibromo-2,2'-
bipyridyl (hereafter referred to as DBBP) lie with the
Dutch workers den Hertog and Wibaut, who first observed
that the orientation of the reaction between bromine and
pyridine was temperature dependent.70 They were able

to demonstrate that the action of bromine vapour on pyridine

vapour during their passage through a tube, packed with

charcoal or pumice as a contact surface, at 300°, gave

a mixture of 3~bromopyridine and 3,5-dibromopyridine in

a combined yield of 50%;_ whereas at 500°, using otherwise
identical reaction conditions, the bromination proceeded
markedly more smoothly giving a mixture of 2—bromopyridine
and 2,6-dibromopyridine in a combined yield of 80%. In
both cases a molar ratio of bromine to pyridine of 1.5 : 1
was used, Presumably by altering this‘ratio the yield of
a single desired product, at either of the temperatures,
can be optimised; making this an excellent method for

gaining access to certain specifically substituted pyridines.

Raising the temperature above 500° produced no
further bromination products and only a decreased overall
yield -due to increased pyrolysis of the pyridine. Reaction
at temperatures between 300° and 500° produced mixtures
of all four compounds. Thus, for yields of the 2 and

2,6-disubstituted compound 500° was concluded to be the

optimum temperature. Several different contact surfaces




were experimented with, but were found to have little

effect on the overall yield. It appears from this that
the function of the contact material is only to contain the
rate of passage of the reacfants down the tube, and that
the packing density of the contact material determines

the degree of compromise which is achieved between

incomplete reaction and pyrolysis of the organic materials.

In order to prepare certain polypyridyl compounds
Burstall substituted 2,2'-bipyridyl, (40), for pyridine
in this reaction39 and found that it was possible, although
only in reduced yield, to generate 6-bromo-2,2'-bipyridyl
and DBBP, (11), in an analogous fashion, according to the

following reaction scheme :-

Br . Br

+ 2HBr

(40) (1m

The procedure for the preparatiocn of DBBP used in
this work is basically the method used by Burstall, with
slight adaptations to the apparatus and in the method of

isolation of the compound, A general description of the
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method and apparatus that was used will be given here,
actual experimental details will be found in the

experimental section of this chapter (Section 2.6).

The reaction is carried out by quantitatively
dripping bromine and bipyridyl, which is a solid at room
temperature and hence must be melted (m.p. 71—73071\,
from separate burettes into an open tube, The tube is
packed with pumice, and is held at 500° in a furnace;
as tne reaction proceeds the product condenses into a

cooled receiving flask at the bottom of the tube.

The apparatus, which is shown in Figure 2,1, was
constructed by T.W, Wingent Co. Ltd., and maintained by
Mr, W,V, Titchener of these laboratories, Thé vertical
Pyrex reaction tube (3 cm diameter) is heated and held
at 500° in an electrical furnace over a length of 60 cm,
the lower 30 cm is packed with irregularly broken pumice
each piece being approximately 1 cm3, The temperature is
indiéated by means of an external thermocouplé. - Because
of the low thermal conductivity of the pumice it was found

necessary to allow approximately three hours for the column

to equilibrate, after the initial attainment of a recording -

of 500° by the external thermocouple, before commencing
addition of the reactants. Failure to do this results in
the formation of a viscous tarry product which rapidly
blocks the tube forcing the abandonment of the preparation,
Prior to the equilibration pPeriod dry nitrogen is passed

through the heated tube, via the tap on the adaptor at the
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Figure 2.1

% AAM
/ D
Heating Coll
D
; ——— Br, Burette
D .
2,2'-Bipyridyl >
Burette/ P g /
::IEI vAdaptor fitted with 2 Bl4
N /Cones & B34 Socket
T
_\er —— N2
Asbestos » /
T \ - External T@)eouple
\ \ AN \
Electric
= Furnace
|___Reaction Tube
packed with
\ pumice
N NN
. To Fume
Receiver Flask - Cupboard
p——
- |lce Bath
Apparatus for the preparation of 6,6'-dibromo-2,2"' -+ . pyridyl




——————————————————

top of the tube, until all traces of water are removed

from within the system. The amount of pumice indicated,
packed at the density which results from lumps of the
specified volume settling under their own weight, is
believed to lead to the optimum yield, based on experience
gained over many runs, Bromine is infroduced into the
reaction tube by way of a concentric tube 5 mm in diameter
which eitends from the burette through an adaptor equipped
with ground glass joints to a point just above the pumice
level, In this way the bromine is preheated to 500o before
reacting, Bipyridyl is contained just above its melting
point in the electrically heated burette on the left of
the diagram and enters the reaction tube by way of the
short extension tube (3 mm diameter) on the burette, As
the product forms during the reaction it collects in the
receiving flask, which is cooled in an ice bath, at the
bottom of the tube: Hydrogen bromide and excess bromine
are vented to a fume cupboard by way of the side arm on

the receiver flask,

A molar ratio of bromine to bipyridyl of 2.5 : 1
was maintained at all times by monitoring the relative
flow rates from the burettes,. This molar ratio was chosen
as it gives a 25% excess of bromine over that required for
the dibromination reaction, An absolute flow rate of 30 g
of bipyridyl per hour was used as this Qorresponds to the
optimum molar flow rate of pyridine determined by den Hertog

70

and Wibaut for the pyridine/bromine system. Bringing

together the desired stoichiometry and the optimised flow
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rates, via the appropriate constants, shows that a flow

rate of 0,5 ml per minute of bipyridyl and 0.4 ml per minute
of bromine is required to be maintained from the burettes.
Continued outlet adjustments are necessary because of the

changing head of liquid.

Following this procedure, an average run using
50 g of bipyridyl gave 35 g of DBBP, Thus this reaction
gives, in good yield, a product in which the bipyridyl
moeity is activated towards further reactivity at the

6 and 6' positions.

2wl Preparation and Characterisation of 6,6'-Dihydrazino-

2,2'=bipyridyl, 6,6'=Di-N-methylhydrazino=2,2"'-bipyridyl

and their Nickel(II) Complexes

In accordance with the reasons given in Chapter One
it was proposed to prepare the quadridentate ligand
6,6‘fdihydrazino—2,2'—biyyridyl from DBBP, by nucleophilic
substitution of the two bromide groups with hydrazine.

It was not clear initially whether this reaction would

proceed to give the disubstituted product, since, for example,

when 2,6-dibromopyridine, (41), (or 2,6—dichloropyridine)

is treated with hydrazine hydrate, the standard way of
L8 ,72

introducing a hydrazine moeity s only the monosubstituted

product,‘(hZ)g results73. However, this is probably

rationalised by the fact that the introduction of the first

hydrazine moeity, which behaves as a good electron donor

7h

to the system due to resonance effects’ , deactivates even




H,0

+ 2 NH,NH,

Br N Br Br i NHNH, V

. | |
| (41) (42) |
the meta position towards nucleophilic substitution to the

extent where further nucleophilic substitution becomes

unfavourable. In which case, in the bipyridyl system

where the same resonance stabilisation effects cannot be |

transmitted into the second ring, the substitution of the

first hydrazine should have no significant effect on the i

reactivity of the second site.

Indeed this was found to be the case and reaction |

of DBBP with refluxing hydrazine hydrate over a period of ;
several hours gave virtually quantitative yields of the

disubstituted product, (20). The structure of (20) was

confirmed by elemental analysis, profon magnetic resonance,
infrared and mass spectroscopy. The p.m,r, spectrum, in N
D;0 containing one drop of acetic acid, has a pattern of |
signals in the aromatic region which is analysable as M
\
repeated AX patterns by simpie first order spin~spin
splitting theory and which shows the equivalence of the
two rings and confirms the expected substifution pattern., M

Thus, H, appears as a doublet of doublets with approximately

equal coupling constants (J1 =7 Hz, J, = 8 Hz) and Hiy and




NH, NH,-H,0

(1) (20)

Hs both appear as doublets with the appropriate coupling
constants, split into further doublets by long range
coupling (J e Hz\. Precise details of the spectrum

are given in the experimental section (Section 2.6\,

In contrast to some mono-hydrazines, for example

2—pyridylhydrazineh8, this dihydrazine is quité'air stable

over'long periods of time, During.its prepafation, however,

it was found essential to use highly purified DBBP as
traces of impurity were sufficient to bring about its

total dedOmposition.

Addition of hexaaquonickel(II) perchlorate to a
refluxing solution of DHBP led to the precipitation of a
1 : 1 adduct of nickel perchlorate and the ligand, This

was indicated by elemental analysis (Table 2.1). The

product is orange in colour and diamagnetic, properties
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which are strongly indicative of square—planar nickel(II)75
and it was on this basis, together with the molar
conductivity in water (Table 2.1) which was found to be

in the normally observed range for 2 : 1 elecﬁrolytes76,

that the square-planar formulation shown for the product,

(43), was made, The visible absorption spectrum for this

N N—4  +  Ni(H0)Cl0,), £ _ Ny N
HN N N N i
N NH, N N
(ClO,)s
(20) (43)

and other transition metal compounds mentionedﬂin this

chapter will be found described in detail in Chapter Four.

In a similar way 6,6'-di-N-methylhydrazino—2,2'-
bipyridyl, (DMeHBP), was prepared by refluxing DBBP in
methylhydrazine. In this case the use of a free hydrazine
rather than a hydrated form resulted in the reaction being
complete in a matter of minutes rather than hours,
Completion of the reaction is indicated in both cases by

complete dissolution of the DBBP, The p.m.r, spectrum of

the product in D,0, acidified with acetic acid, showed




Table 2.1

Analytical and Conductivity Data

3,14

Found Expected 1/\&
compound e c H N (%) ¢ H N S cm?ohm ' M

DHBP 20 55.2 5.60 38.9 55.5 5,59 38.9 208° -
Ni(DHBP) (c104) 2 L3 25,7 AL6] . 175 254 . 2,55 A%y - 222
Ni(DHBP) (H,0)C1, L8 33,2 3,48 24,0 34,7 3.50 24,0 - 215
DMeHBP Ll 58,9 6,60 34,8 59,0 6,60 34,4 155-6° -
Ni(DMeHBP) (C104) 2 L7 28,6 3,26 16,6 28,7 3,21 16,7 - 2%
Ni(DMeHBP) (H,0)Cl, 49 36;4 4,61 21.6 36.8 L.63 21.k - 198
Ni(DMeHBP) ZnC1,4 50 28.3 16,6 28,2 3,16 16,5 - -

¥ 1073M in H,0 at 22°

=
~J



only one resonance for the methyl protons, this occurring

ét 6 .497 measured relative to the methyl resonance of

'. the acetic acid taken as 7.90T, which.is its observed |
shift relative to internal TMS77. The single methyl

‘ resonance indicated the fofmation of one or other of ‘
the two isomeric possibilities, (44) and (45), where

' both methyl groups are equivalent, but owing to the \

! paucity of information available concerning the chemical “

shifts of substituted hydrazines, especially when in a

protonated form, (as this most certainly is,; being in

acidified D0, most hydrazines have pKa values between

6.3 and 8.078) does not distinguish between them, Owing

to competing steric and electronic effects there is no

a_priori expected product. There is also the possibility |

of a third isomer forming, (46), but this would have

shown two methyl resonances and is unlikely to form anyway

Q@
Br * B ' i

.
1 ,
MeNHNH, i |

P RN

<

N
/
N

MeN ~ NMe HN H HN NMe |
HoN NH N N N |
2 2 2 I
\ \ /N “
H/ Me Me/ H H Me |
(44) (45) (46)

owing to the previously observed independence of the @

two reactive sites.

|
|
|
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The problem of determining whether (44) or (45)
is the product of the reaction was resolved by reacting
it with various ketones and B-diketones (vide in?;g)-the
fact that bis(Schiff—base) adducts were formed in the
conventional manner showed unequivocally that (L4) is

the correct structure,

Reaction of DMeHBP, (L44), with hexaaquonickel(IT)
perchlorate in ethanol produced an orange diamagnetic

pfoduct, (47), analogous to (43).

Although the hazards of working with perchlorates

' were appreciated it was only as the perchlorate salt

that these metal complexes could be obtained in pure

form, Reaction of DHBP and DMeHBP with heXaaquonickel(II)
chloride, for example, precipitates products (MS) and

(h9) which analyse approximately for Ni(ligand)(Hgo)Clg,
but which could not be obtained in an analytically pure
form, Further reaction of (M9) with zinc chloride

(vide infra) produces a pure, but highly insoluble

zincate salt, (50). A1l perchlorate complexes were -

tested and found to be shock stable,

2.3 Condensation Reactions of Aldehydes and Ketones

with 6,6'-Djhydrazino—2,2'-bipzridylnickel(II) Perchlorate

As outlined in the introductory chapter one of the
most efficacious methods for generating macrocyclic

complexes is via the reaction of acetone with an

appropriately co-ordinated set of amino groups6. Indeed
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this reaction is one‘of the few ways of inducing |
éo—ordinated amine groups to cyclise, and is certainly
the best documented and most generally applicable method.
For this reason, initial attempts to effect cyclisation
of DHBP, co-ordinated to nickel, were centred on this 1
reaction. Nickel(II) was chosen as the template

metal in accordance with the reasoning already. given,

! Ni(DHBP) (€104)2, (43), was refluxed in anhydrous
acetone for periods of up to three days, following the
i general procedure of Curtis6, without any apparent
sign of reaction. This reactant, (43), is almost
totally insoluble in acetone and it was possible to
recover virtually all of it unchanged simply by filtration. i
Since it seemed likely that the lack of reactivity was
associated with this low solubility, water (5% by volume) |
was added on one occasion to increase the solubility, |
Although water is known to retard the desired reaction79
it was thought that this may well be of secondary

importance compared with the necessity of getting the

reactant into solution.

The effect of adding the water was quite dramatic,

The orange solid dissolved almost instantaneously to
give an emerald green solution., Refluxing this solution i
for a further ten minutes followed by evaporation of the

solvent and recrystallisation gave a quantitative yield

of a greeh‘crystalline material,
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The electronic absorption spectrum (see Chapter
Féur) of this material indicated that it was an octahedral
complex of nickel(II\ and the room temperature magnetic
moment,Uopp = 3.29 B.M,, was compatible with this
assignmentgo. The infraréd spectrum showed a very
broad intense band in the 3500 to 3200 cm ! region which
suggested that co-ordinated water molecule881 were occupying
the additional two co-ordination sites. Assuming two
co-ordinated water molecules, then, the elemental analysis
(see Table 2.2) indicates that two molecules of acetone
have been incorporated into the ligand accompanied by
the loss of two molecules of water,. The fact thét the
compound is a 2 : 1 electrolyte confirms the neutrality

of the ligand system,

It was verified that the compound was monomeric
by a2 mass spectroscopic determination of the molecular
weight of the neutral derivative formed by deprotonation
of the secondary amines, Such deprofonation reactions

82_85, and in this case it was

have been well studied
carried out in the following way: The green crystalline
material was dissolved in water and an equal volume of
chloroform was added. As sodium hydroxide (2M in water)
was adﬂed into the water layer a reddish brown colouratioﬂ,
due to the doubly deprotonated complex, began to devélop

in the chloroform layer upon mixing the two phases

together, When the aqueous layer had been completely

decolourised the chloroform layer was separated, dried

over magnesium sulphate and evaporated to dryness. The




- BE

mass spectrum of the resulting oil was then recorded |
and showed the highest peak at the m/e value corresponding
to the doubly deprbtonated (and doubly deaquated) form

of the monomeric material.

The matter of determining whether the two co- H

ordinated water molecules are arranged in a configuration {

' cis to one another or trans to one another is discussed

in Section 2.5. For the sake of clarity, all structural \

|

diagrams will show the water molecules bound trans to M

e |

’ one another, although it will be seen later that this

configuration is most improbable. I

The above mentioned condensation reaction is not
specific to acetone and series of analogous products
were obtained by reacting various aqueous aldehydes
and ketones with Ni(DHBP)(C10,).. Thus the reaction i

‘appears to be a general one for these classes of compound. - |

Such a condensation reaction can lead to eithef
of tﬁo isomeric products. A simple non—cyclic Schiff-
base may be formed, where the acetone residues are bonded \

- as Nlisopropylidene groups (Schéme One) or alternatively
formation of the cyclic prodqct (Scheme Two) may take place il
by the Aldol type of mechanism which has been discussed ‘

l in Chapter One6.

Previous work with similar systems, for example

with triethylenetetraminenickel(II) perchlorate, which w
\

Il
is the closest analogy, as it preceeds the formation of a w
|18




C
| Ha0 \
Table 2 2 / \ ‘2+/N\
HN /N'\ NH
Analytical Data For N FQO N
Compounds of the Type Xi
d
Cmpd. Derived Found Bxpected /\
No. R4 R X From C H N (%) C H N cm?ohm ' M
51 CHj : H C10,4 Acetaldehyde 29.7 3.50 15.2 30.0 3.41 15.0 196
50 CH3CH, H Cl04 Propionaldehyde 32.4 4,09 14.4 J2.6 410 14.2 177 I
53 CH3CH,CH, H Cl0, Butyraldehyde 35.3 4.59 13.9 35.0 L4.57 13.6 184° b
54 CHs; CH; Cl0, Acetone 32.6 L4L,17 14.2 32,6 L4L.,10 14,2 182 :
Methyl Ethyl
55 CH; CH, CH;, Cl04 Rl it 34,7 4,57 13.6 35.0 L.57 13.6 194
56 CH3CH, CH3CH, Cl1l0,4 Diethyl Ketone 36,6 4,99 13.2 37.2 4,99 13.0 189
57 CH; CH, CH, CHy  C104 Me“ﬁd'n'Prq”d‘ 36.6 L4.78 12.8 37.2 4.99 13.0 190°
etone
582 CHs CHa c1 . Acetone 4.7 445 19,6  45.1 L.73 19.6 ~ R

a Crystallises as the anhydrous compound

b Insufficiently soluble
¢ Methanol (20%) added to effect dissolution
d 107°M in H,0 at 22°




Scheme One

R ‘
Q—@ +21\C/
N/ I \ /

N T N, N/ \N
L. o
Clo 2 R SR, R™OR,
(ClOg);

(43)

thirteen membered macrocycle by a single bridge forming

86,87

condensation, ’ , has shown that provided the reaction

proceeds by the incorporation of two moles of acetone and

Scheme Two
R1 CH,R
+ 2 ~ / i’b 2 Q__Q
O Nﬂ+
|
R/ TCHT TR
Ry I
Ry,
(43) (Clo, ),

loss of two moles of water, then it does so to produce
the cyclic product. Thus the cyclic product is the
expected product and there are no reported cases in
which a nickel(II) complex having two N-isopropylidene

groups disposed in a potentially cyclisable configuration
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has been isolated. Curtis has synthesised a bis(N—
iéopropylidene) complex from tris(1,B—diaminopropane)—
nickel(II) perchlorate and acetoneSS, but here the
N-isopropylidene groups are almost certainly disposed
trans to one another, and cénnot readily isomerise into
a potentially cyclisable disposition. The only report
which there has been on the formation of a complex with
two potentially cyclisable N-isopropylidene groups was

79

an early one by Curtis which was later shown to be
incorrect89, perhaps reflecting the difficulties associated

with determining between these two isomeric possibilities,

Whilst it was possible to characterise the products'
of this series of reactions within the bounds of the
two isomeric alternatives, no definitive evidence in
support of either isomer could be obtained by the application
Qf spectroscopic or physical techniques. Chemically
the complexes are totally resistant to hydrolysis of the
imine moeity, even in U4M hydrochloric acid, hence blocking
attempts to examine their degradation producté, and prov:d
totally inert towards hydrogenation either with sodium
borohydride or catalytically over palladium or platinum,
making it impossible to determine the degree of unsaturation
of the molecule. ‘Such inertness of an imine moeity is
usually associated with its presence in a macrocyclic
complex6, however, the alternative disposition as part of
a linear hydrazone system would also be expected to

result in greater stability than that characteristic of

isolated imine groups, which readily undergo hydrolysis9os
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t- In order to apply magnetic resonance spectroscopy
to the problem the paramagnetic nickel complexes were W
decomposed with sodium cyanide in a reaction which

. . 2
! yields the free ligand and sodium tetracyanonlckellate(II) O.

That the ligand was liberafed from the metal unchanged
! was verified by recombining it with nickel perchlorate

\

and regenerating the original complex. Analytical

| data for the series of ligands so formed is given in !
Table 2.3. These ligands show no tendency towards |
hydrolysis under acidic or basic conditions and ihdeed
it was possiblé to isolate the acid salts of these |

compounds without difficulty.

The 100 MHz proton magnetic resonance spectrum Il

of the ligand derived from the condensation of acetone

with Ni(DHBP)(ClO4)2, (62), was recorded in deuteromethanol i
and is shown in Fig. 2.2. The methyl/methylene region

of the spectrum shows three singlet resonances together

} with a small multiplet, at the chemical shifts ind:icated. ‘
The close proximity of the signals made accufate ’
integration impossible and assessments of relative w
intensity could only be made fro@ the height of the
signal.  This data,ras far as could be determined, was
consistent with the spectrum reported by Busch91 for M

a metal macrocyclic complex containing the same bridging

group as that which could exist in this situation, if

Scheme Two is followed, where also three methyl resonances

are observed, The p.m.r. spectrum recorded in deutero-

chloroform, however, (Fig. 2.3), shows only two sharp
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Table 2.3 HN NH
Analytical Data N N
for Compounds of the Type
Cmpd. Derived Found Expected Melting
No R Ra From c H N (%) ¢ H N Point
59 CHjs H 51 62.6 5.96 31,2 62.7. 6,01 31.3 206=7° I
60 CHs CHs H 52 6.6 6.85 28.5 64.8 6.80 28.4 17570 b
61 CH3CH,CH, H 53 66.6 17.39 26.2 66.6 7.46 25,9 14359 | !
62 CH, CH, 5k 64.6 6,70 28.1 64.8 6.80 28.4 217-9°
63 CH3CH>» CH; 55 66.8 7.40 25.8 66.6 7.6 25.9 156=7°
64 CH3CH, CH,3CH, 56 68.0 8,03 23.9 68.2 8.01 23.8 207-8°
65 CH3; CH,CH, | CHs 57 68.5 8.29 24,0 68.2 8.01 23.8 153=5°
662 CH; CH, CH, 63 51.1 6.02 19.7 50.9 5.93 19.8 P
677 CH, CH, I 66.3 7.41 26.3 66.6 7.46 25.9 15890
a 63 as i'% hydroperchlorate salt, formed during attempted acid hydrolysis.

b Derived directly from DMeHBP and acetone.
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Figure 2.2

azo compound
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trans-methyl /

methyl

CH
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Figure 2.3

Compound: (62)
Solvent: CDCl; cis- methyl
trans - methyl /
/.
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Fig. 2.2.

'H-n.m.r. spectrum of bis(N‘—-isopropylidene)—

6,61 -dihydrazino-2,2%-bipyridyl, (62), in deuteromethanol.

Fig. 2.3.

6;,6'~-dihydrazino-2,2"

1H»—ne:;,r, spectrum of 'D:i_s\N‘—-isuwro_‘t‘y*idene)n

=

~bipyridyl, \62)5 in deuterochiorocform,
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singlets of equal intensity in the methyl/methylene
région at 7.987T and 8.117T which is the precise pattern
of signals expected for the simple non-cyclic species
derived from Scheme One, where the two resonances
correspond to the cis and frans environments of the

methyl groups.

Definitive evidence supporting the non-cyclic
formulation is afforded by the LEd ¢ magnetic resonance

spectrum of (62) recorded at 25.2 MHz in deuterochloroform.

Under proton decoupling two singlets occur in the methyl

region of the spectrum (Fig. 2.4) at 15.4 and 24.9 pP.p.m.
downfield from the carbon of TMS; upon proton coupling
these signals split into two quartets, J = 128 Hz,

Fig. 2.5. This spectrum can only be rationalized in
terms of the non-cyclic formulation as the macrocyclic
alternative having a methylene group as a part of the
bridging unit would require under tﬁe same spectral
conditioné a singlet splitting to a triplet upon proton

coupling.

Further evidence in favour of the bis(hydrazone)
type of structure is provided by the reaction of DMeHBP,
(44), with acetone to yield a product in which two moles
of acetone have been incorporated. The product from
this reaction in contrast to the analogous product from
DHBP, (62), would be expected to show either the presence

or complete absence of any VN-H bands in the infrared

spectrum, depending upon which of the two possible isomers




*C-NMR. Proton Decoupled
Compound: (62)
Solvent: CDCly

MM#JMﬁ%JMH

Resonances

13.2

pP.p.m.

.

o

Figure 2.4

CHy _CHy  CHy |

107.6 p-p-m.

HN

(62)

'3C- N.MR. Proton

Compound: (62)
Solvent: CDCL,

J=167 Hz
S= THz

e

s

Figure 2.5

1=169 Hz
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Me  CH2 |
forms. The presence and frequency of VN-H bands in ﬁ“

|

the spectra of Curtis-type macrocycles have been well r
: |

documented89. In fact no VN-H bands occur in the

spectrum of the product, which unambiguously supports

the bis(hydrazone) formulation, (67).

It was necessary to use nickel-free DMeHBP in

the above reaction since its nickel complexes, (47) |

i aqueous acetone or under more forcing conditions in a

| Carius tube. Addition of zinc chloride to the Carius
tube in attempted reactions of (h9) with acetone simply M

! resulted in formation of the zincate salt, (50). The

| J

| |

' v ) \;\)
% or (49), failed totally to react either in refluxing I

f

only factor to which this inertness can be attributed i

\

appears to be increased basicity of the terminal nitrogens,
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brought about by the presence of the electron donating
methyl groups, which results in the formation of
stronger ligand to metal bonds, or in other words, to

a more non-labile system.

Since it was later discovered that ligands (59)
to (65) can also be produced in the absence of a metal,
simply by reacting DHBP with the appropriate aldehyde or
ketone (a fact which in itself suggests that the
product is non-cyclic) the absence of a metal in the
above reaction does not destroy the analogy between the

two systems.

Returning to the infrared spectra of the free
ligands, it is interesting to note that no VC=N frequency,
distinguishable from that in the bipyridyl residue (which
occurs at c.a. 1580 cm 92) is observed. However,
this observation is in accordance with the findings of

93

Fabian who after a comprehensive survey has concluded

that the imine stretching frequency in hydrazone-type

ccompounds is generally weak or unobservable and also with

Abramvotich and Spenser94 who were unable to find the

VC=N band in acetaldehyde phenylhydrazone.

No imino stretching frequency is seen in the
infrared spectrum of the diaquated nickel perchlorate
complexes owing to masking by the 60~-H absorption.
However, its presence is confirmed in the water—-free

dichloro complex, (58), where it occurs at 1602 cm ' .

Thus the reaction of Ni(DHBP)(C104), with aldehydes
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and ketones produces the bis(hydrazone) type of compound
éhown in Scheme One and so represents an anomally in

the normally observed mode of reaction of these classes
of compound. Attempts to produce the macrocyclic
complex by extending the reaction time and by using

more forcing conditions, for example, reaction in a
Carius Tube at 150° for forty—-eight hours in the presence
of zinc chloride, have failed. This may be rationalised
in the following way. The pyélisation reaction

(Chapter One, Section 1.5) is a particular type of

Aldbl condensation which has been shown to proceed by
attack of a carbanion derived from a free acetone
molecule at the imino carbon of a condensed acetone
residue followed by a second Schiff-base Condensation6.
In our case the lability of the terminal amines is
probably high, for the reasons outlined in Chapter One,
leading to ready formation of the bis(hydrazone) in a
reaction which is known to be essentially irreversible,
from the stability of the free ligands towards hydrolysis.
Thus the free amine necessary for the second Schiff-base
condensation,which is the ring closing reaction,is never
available and hence the cyclisation is blocked. By
implication suitable precursors for the Curtis cyclisation
should be either sufficiently kinetically non-labile such
that the Aldol condensation is a faster reaction than

the irreversible blocking of the second amino site, or

alternatively the imine forming reaction must be readily

reversible under the prevailing reaction conditions,
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It is not fully clear why water has such a
dramatic effect on the course of the reaction since
there appear to be a number of possible reasons.
Firstly, there is the increase in solubility of the
reactant brought about by the addition of water. Also
there is the fact that Schiff-base condensations, as i
ment ioned in Chapter One, are acid catalysed, thus
addition of water, which is relatively acidic, should
greatly effect the rate of reaction. This appears to ‘M
be the most probable cause of the rate enhancement, :H
but also there is the fact that Ni(DHBP)(C10.). exists ;W
as an octahedral species in water, probably through il
co—-ordination of two water molecules. This has been 1W
determined from its electronic spectrum in water (see
Chapter Four) and it is possible that the observed rate
enhancement reflects the greater lability of the octahedral

species over the more inert square-planar molecule.

The failure of monoketones and aldehydes to bring i
about cyclisation of DHBP, following the anticipated

in situ Aldol condensation, led into an examination of

the reactivity of Ni(DHBP)(C10,). with diacetone alcohol.

Diacetone alcohol is the Aldol product formed
by the condensation of two moles of acetone under basic ‘i
conditions95 and was chosen for examination since by
using it, instead of acetone, one is presenting the

co-ordinated amine with the preformed bridge closing

array, rather than relying on its assembly in situ. Previous

work with diacetone alcohol and triethylenetetraminenickel(II)
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has shown that it reacts to give the same product as
that produced when acetone is used86. However, as
noted in Chapter One, it is not clear whether it is
actually diacetone alcohol that is reacting or whether

it is the acetone or mesityl oxide, which exist in

equilibrium with it6, that are the reactive species.

Reactions of Ni(DHBP){(C10,), with diacetone
alcohol under various conditions produced no character-
isable products; only viscous tarry materials were
obtéined. The fact that the bis(N-isopropylidene)
complex obtained from the reaction of acetone with
Ni(DHBP)(C10,4), is not obtained, as neither is the
bis(Schiff—base) which could form by the condensation
of two moles of diacetone alcohol accompanied by retention
of the tertiary alcohol, suggests that diacetone alcohol
is possibly capable of reaction with the system at both
the acyl and tertiary alcohol positions. The nature
of the products obtained suggests that it does so in
an intermolecular fashion to produce polymeric.materials.
This provides én illustration of the problems, referred
to in Chapter One, inherent with such "2 + 2" approaches

to cyclisation.

Ni(DMeHBP)(CL104), failed totally to react with
diacetone alcohol again displaying its characteristic

inertness.
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2.4 Configuration and Nature of the Free Ligand

The apparent solvent dependence of the p.m.r.
spectrum of the hydrazone compound derived from acetone

and DHBP, (62), mentioned in Section 2.3, is now studied \

i " in detail using data from the series of metal-free

: ' hydrazones, (59) to (65).

The instability of phenylhydrazones in neutral ﬁ
solutions is well known 96. Solutions of these
' compounds exhibit a spectral band at 405 to 413 nm
‘ (€ = 110 to 135), characteristic of azo compounds which have ’ i
a l’l———--T‘r'rr transition usually seen at this wavelength97.

In view of this, early reports suggested that there was

a simple tautomeric equilibrium between the phenylhydrazone,

(68), and its corresponding phenylazoalkane98’99, (69), W

|
|
; X
i

and chemical evidence showing that this spectral change

0 N—P

/ \ »
HO~ (70)

and that both forms could be isolated. Later work97’100, |

however, refuted this and presented extensive spectroscopic
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only occurred in aercbic solutions of the phenylhydrazone
and that the equilibrium product is a phenylazoalkane~
hydroperoxide, (70). Quantitative oxygenation experiments

showed that the formation of the bright yellow solution

|
|
\
|
|
|
|
|
was accompanied by absorption of one mole of oxygen, ‘
and were used in support of the hydroperoxide formulation.
' More recently, p.m.r. work has been carried out which I
" is in thorough agreement with the hydroperoxide

formulation101. ' |

! The above mentioned references do not make it

} clear whether this oxygen insertion is reversible or

‘ not, The studies carried out later in this work, ‘ﬁ
i however, with the co—ordinated ligand (Section 2.5) make
it quite clear that the reaction is indeed reversible
and hence defend the use of the terms "equilibrium

product'" and "equilibrium mixture!'.

This yellow colouration was observed in solutions I

of the bipyridyl hydrazones, (59) to (65), and their

visible spectra all show a distinct shoulder at c.a. i

410 nm on the much stronger ™ m absorption band i

(e=1.5 x 10*) which occurs at c.a. 350 nm.

This observétion led to an explanation for the. !
"anomalous'" third methyl peak which occurs in the p.m.r. '
spectrum of (62) when recorded in deuteromethanol. The
equilibrium as it applies to the compounds under discussion

1

\

|

I

|

. - ! ‘

1s Sseen in Scheme Three. |
|

|

: The hydrazone, (62), (Scheme Three, R; = R, = Me)
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Scheme Three

N N | N N
HN NH Oz N N
\ / \ /J
N N N N
: : ! /
B By R R Rr7 Ry R/ Ry
_0 ot
HO HO

is expected to show tﬁo methyl resonances due to the

cis and trans environments of the methyl groups. Loss
of the imine bond in producing the azo-hydroperoxide,
however, will bring about equivalence of the two methyl
groups and hence a third resonance should be seen in

the spectrum of the equilibrium mixture, due to this
component, Work by Karabatsos and Taller102 on the
proton magnetic resonance spectrum of acetonephenyl-
hydrazone in dslbenzene supports this suggestion as it
has shown that the two methyl resonances at 8.167T and
8.721 have added to them a third resonance at 8.53T upon
introduction of 6xygen to the system.  The fact that

no third signal appears in the deuterochloroform solution
spectrum of (62) is possibly due to deposition of the
azo-hydroperoxide from solution, which appears to occur
in this solvent. Characteristically solutions became

cloudy and deposited a fine brown material from which no

pure compound could be isolated.




Further evidence for the existence of the azo-
hydroperoxide was gained from the mass spectrum of
(62) where a metaétable peak, usually more prominent
in aged samples of the compound, at m/e = 267 corresponding
to loss of oxygen from the ézo-hydroperoxide of (62),

m/e = 328,to reform (62), m/e = 296, occurs.

Complete proton magnetic resonance data for the
series of hydrazones is given in Table 2.5 and represent-

ative spectra can be seen in Figures 2.2, 2.3, 2.6,

2.8 and 2.10, Two sets of signals are seen for each

alkyl group bonded to the imino group corresponding

to residence in either the cis or the trans environment

"relative to the secondary amine, If the problem of

determining which signal corresponds to which disposition
can be resolved, then it is possible in‘the case of
unsymmetrical compounds to work out the concentratioh

of a given substituent in a given position, from the

relative intensity of the signalé.

102~
Karabatsos and Taller i 10&, have studied this

problem and by making the assumption that the more
intense of the two signals in an unsymmetrical compound
is aSsociated.with'the sterically less hindered con-
figuration (i.e. with the smaller group cis to the
secondary amine) have compiled the following table (Table

2.4) applicable to such systems. The data relates to

structure (71).




(71)

A "+" in the table indicates that when. the designated
hydrogen is cis to the secondary amine it resonates. at
higher field than it would were it trans. Conversely

for a "-" entry.

The reason for these observed variations in
the direction of the chemical shift, which are dependent
upon the nature of Z, is thought to lie with the
strength of the hydrogen bonding interaction between
the secondary amino proton and the solvent. Thus
the nature of Z effects the acidity of this proton and
hence the degree of interaction with the solvent. The
existence of such a hydrogen bond brings the cis sub-
stituent into closer association with the solvent than
the trans substituent and thus may well account for

their observed magnetic non-equivalence.

The p.m.r. spectra of the bipyridyl hydrazones,
(59) to (65), see especially Fig. 2.6, show, upon
making the same assumption about the relative intensity

of the signals, that protons on a carbon o to the double

bond in a cis position resonate at higher field than
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Table 2.4
Z H H H H
’ « B Y
H - + + *
Me - + + o
X
X = H, Cl, Me — + + *
NO,
= + _ *
N02 ' - + no observed
shift
NO,
- -+ — -
NO;
—-—C——NH2 - + no observed
II shift
0
——(”3——NH2
= + -
S
Not determined




Table 2.5

Proton Magnetic Resonance Data

Cmpd . Solvent Hydroxylic Aromatic Amino Methyl + Methylene
No. + Amino + Imino Methine
Methine
59 CDC14 1.3-2.0T, 2.1-3.0T, 3.377, @, 8.097, d, J=6.0 Hz, trans—methyl} {3m)
br m, (2H) m, (7H) J=5.5 Hz 8.127, d, J=6.0 Hz, cis-methyl
(1H) 8.157, d, J=5.5 Hz, azo cmpd., (3H)
60 CDC13 1.3=2.2T, 2.,25-3.0T, 3.4871, t, 7.67T1, d of q, J1=7.5 Hz (4m)
br m, (2H) m, (7.6H) J=5.0 Hz Jo.=5.0 Hz
(0.4H) 8.80T, t, J=7.5 Hz  cis-methyl } (61)
8,887, t, J=7.5 Hz trans-methyl
61 CDC1; 1.3=2.27, 2.25-3.,27, 3.481, t, 7.787, q, J=6.5 Hz (LH)
br m, (2H) m, (7.6H) J=5.0 Hz 8.48 7, sextet J=7.0 Hz (4H)
(0.4mH) 9.007, t, J=11.5 Hz cis-methyl S (6m)
9.06T1, t, J=7.5 Hz trans-methyl
62 CDC13 2.2-2.3T, 2,3-2,97, 7.98+1, s, (12m) trans-methyl
S, (2H) m, (6H) 8.11r, s,} : cis-methyl
CD3 0D ——— 2 .2,(_3.())11—, 7 086’1-! m,
m, 6H 7.971, s,
8.017, S, (12H>
8.0147, S,

cl




Table 2.5 (continued)

Cmpd. Solvent Hydroxylic Aromatic Amino Methyl + Methylene
No. + Amino + Imino Methine
Methine
63 CDC1, 2.17T, 2.25=-2.9T1T, 7.67T, q, J=7.5 Hz (L4H)
s, (2H) m, (6H)

7.9871, s, trans-methyl (6m)

8.147T, s, cis-methyl }

8.79T, t, J=7.5 Hz cis-methyl } (6H)
8.88T, t, J=7.5 Hz trans-methyl

\'z

W
7.677, a4, J=7.5 Hz, (LH), trans-methylene
7.697, q, J=7.5 Hz, (4H), cis-methylene I
8.86T, t, J=7.5 Hz, (12H)

7.717, t, J=7.5 Hz cis-methylene
7.987T, s, trans-methyl } (6m)
y S, cis-methyl
8.397, sextet, J=7.5 Hz, (LH)
9
?

7.70T7, t, J=7.5 H=z trans—methylene} (MH)

8,997, t, J=7.5 Hz cis-methyl } (63)
2.047, t, J=7.5 Hz trans-methyl
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Figure 2.6

Compound: (65)
Solvent: CDCl,
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- methyl (Y

() trans - methyl (Y)
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B
}
/ .
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| when in the trans configuration ("+" entry in Table 2.4)

and that protons on carbons B and Y resonate at lower

! the bipyridyl hydrazones show the same behaviour as

fields than when trans ("=" entry in Table 2.4). Thus
compounds in Table 2.4 having Z groups that are strongly
|

electron withdrawing. This is reasonable since the
pyridine ring is often likened in its reactivity to a I
B ; ) ) ) ) v 1 il
\ benzene ring carrying an electron withdrawing group 05. |
In accordance with this, the concentration of W

substituents in a given position were determined from

the integration values of the appropriate signals in

the spectra of (59) to (65) and these values are tabulated

(Table 2.6). It is not possible to make a determination

of the amounts of syn isomer and of anti isomer present
(where the syn isomer is that with the smaller of the
two substituents cis to the secondary amine) because }

of the presence of an unknown concentration of the

mixed syn-anti-isomer.

Evidence of the azo-hydroperoxide species is

readily seen in the spectra of the aldehyde derivatives

where the imino methine proton provides a convenient

probe with which to monitor the tautomerism. This proton
! is normally resonant at 1.97 to 2.2T1O6 and in the

| systems under discussion is overlapped by the aromatic

protons. However, formation of the azo-hydroperoxide

brings the methine proton into an environment where,

‘ in the absence of the hydroperoxide, it is known to
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07

resonate at approximately h.3T1 ‘ Accepting a downfield
| shift of approximately 1 p.p.m. for the presence of a
hydroperoxide group; the presence of signals at c.a. 3.57T
I exhibiting the appropriate coupling pattern must then

arise from this methine proton and indicate the presence

of the appropriate azo-hydroperoxide species. The intensity
of this signal can be used to determine the percentage

of the hydrazone which is present in the azo form. These
results are also tabulated (Table 2.6) and correspond to

the equilibrium mixture obtained after allowing an
approximately 0.1 M solution to Stand in an open 5 mm

p.m.r. tube for ten minutes after preparation. In the

case of the ketone derived compounds such determinations

must be made on the basis of signals which appear in the

l methyl/methylene region of the spectrum and it is only

| in the case of the acetone deriﬁed compound that this
region of the spectrum is sufficiently uncongested to make

‘ meaningful measurements of the small amounts that were

| present,

2.5 Configuration and-Nature of the Co-ordinated Ligand

Summarising the conclusions of Section 2.4;  we

now know that an aerobic solution of an unsymmetrical

ligand (i.e. one derived from an unsymmetrical carbonyl
compound) of the type under discussion contains five
distinct molecular species. There are the mono(azo-

hydroperoxide) and bis(azo—hydroperoxide) forms of the

ligand and in the hydrazone form there are configurational




Table 2.6

Isomeric Distribution Data for Compounds of the Type :

R1(2)\C R Riy Ry

| I I
A ™
HN NH

‘ N N
‘ Cmpd. R ' R % of Larger % of Azo- 1
: No. 1(2) 2(1) Group in trans hydroperoxide
\ Position (of
l material which
} is hydrazone
| ; .
l (A1l values X 5%)

59 CH, H 78% 50%
t , 60 CH3CH, H 63% 20%

61 - CH3CH,CH, H 60% . 20%

62 CH; CH; - 15%

63 CH3CH, CH; 85% < 15% y
| 6L CH; CH, CH; CH, - < 15% |
‘ 65 CH;3 CH,CH, CH; 83% < 15%

isomers where a particular substituent is cis to the secondary
amine on both arms of the ligand, or cis on one arm and trans

on the other, or trans on both. For a symmetrical ligand

there is only a single hydrazone species.
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The question of which of these forms of the
ligand co-ordinate to a metal and how they arrange
themselves around a metal upon complexation is now

considered.

One can envisage three modes of co—ordination
that may be adopted by such a ligand system; they are
the trans bonding arrangement, the cis a arrangement
and the cis B arrangement108. These three dispositions

are shown diagrammatically in Fig. 2.7.

The trans complex shows extreme steric hindrance
at the point where the two arms of the ligand come
together and given a six co-ordinate environment it seems
very unlikely that such a configuration would be adopted.
Indeed there is no evidence to suggest that it ever is
(c.f. Chapter Six where attempts which have been made to
put the ligand into a square-planar environment around

palladium(II) are described).

Of the other two forms the cis B is certainly the
more sterically hindered., ' This steric hindrance would
be minimised in unsymmetrical compounds by disposing the

sterically more bulky group cis to the secondary amine

rather than trans; the position which it predominantly
occupies in the free ligand. The cis o form is the least

sterically hindered of the three forms.

Since rotation about the imino linkage occurs

considerably more easily than rotation about a doubly
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Figure 2.7
X

X
Trans
N N
N\ A
_—T >N _—T N
N X N X
X NN
N X
Cis | Cis B

Co-~ordination modes for a linear quadridentate ligand

bonded carbon (Q tendency which may be accounted for by

the greater electronegativity of nitrogen compared to that

of carbon causing a lowering of the double bond character
- : : . 109 - ; . .

of the imine linkage by polarisation it is possible

for the alkyl groups on the imine linkage to arrange themselves
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in such'a way as to minimise steric repulsions. ‘Thus,
were an unsymmetrical ligand to co-ordinate in the cis
| B configuration, for example, one would expect to observe
a rearrangement that would move the more bulky substituent
away from its free ligand tréns position into a position l
cis to the secondary amine, Alternatively, should the .
I unsymmetrical ligand co-ordinate so as to give the cis o
complex, inspection of Fig. 2.7 shows that there should
be no significant difference between the concentration of
a given substituent in a given position in the complex and

that in the free ligand.

Thus, by comparing the manner in which the more

bulky substituent disposes itself in a metal compleXx, with

that in the freekligand, using the p.m.r. technique already ?
4 described, it should be possible to determine whether the
cis a or cis B geometry is being adopted. As the series
of nickel(ITI) complexes already described, (51) to (57),
are paramagnetic the analogous series of zinc(II) complexes

was prepared for this purpose.

It was also of interest to know whether co-ordin: ion

‘ of the ligand occurs via the hydrazone form of the ligar:. '

or via its azo-hydroperoxide, In the event that only the

‘ hydrazone co-ordinates then it would also be possible to
l prove whether or not the oxygen insertion reaction is

reversible by observing the yield of the reaction and relating

\
. [
] this to the known concentration of hydrazone present.

The complexes were prepared by adding a solution of
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hexaaquozinc(II) perchlorate to a solution of the ligand
(for experimental details see Section 2.6). As it was
essential to provide the métal with the opportunity of
combining with either form of the ligand if this last
mentioned consideration was to be investigated, a solution
of the ligand was exposed to the atmosphere in refluxing
methanol for ten minutes before adding the stoichiometric
amount of hexaaquozinc(II) perchlorate. In all cases
virtually quantitative yields were obtained. This fact
indicates one of the following possibilities; that both
forms of the ligand co-ordinate, that there is an equilibrium
which moves to favour the hydrazone, or that all of the
hydrazone is converted to azo-hydroperoxide either by a
shift in the position of the equilibrium, if one exists, or

by irreversible reaction with oXxygen.

The analysis of the zinc complexes (Table 2.7) shows
that they are all Zn(ligand)(H,0).(CL104), adducts.  Conduct-

ivity measurements'in methanol confirm them as 2 : 1 electro-

lytes76.

The p.m.r. spectra of (72) to (78) were recorded in
deuteromethanol and the data is tabulated in Table 2.8.
The most immediate observation is the total absence of any

co-ordinated azo-hydroperoxide. This is readily seen, for

example, on comparison of the spectrum of the free acetaldehyde

derived ligand (Fig. 2.8) where the quartet at 3.377 indicates

a 50% abundance of the azo-hydroperoxide, with the spectrum

of its zinc complex (Fig. 2.9) where this quartet is totally
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Table 2.7
R\‘/R R /R
_ .0 C
Analytical Data for % 2> {
/ \Z; 2+ / \
Compounds of the Type: HN //{L\ NH
N H,0 N
(ClOy)2
—
Found ted
Cmpd. Derived _gﬁg_ w {a) 6 EEE%;—E— . /A\_ _
No. from % cm?ohm ‘M !
72 59 29.8 3.46 14.6 29.6 3.55 14.8 . 183
73 60 32.2 3.96 13.9 32.2 L.05 1h4.1 182
74 61 34.6 4.37 13.6 34.6 L.52 13.5 177
75 62 32.4 4,05 14,2 32.2 L.o5 14.1 178
76 63 34.4 L. 42 13.3 3h.6 L.52 13.5 177
77 6L 36.9 4.98 12.6 36.8 L.o4 12.9 184
78 65 37.0 4.93 12.6 36.8 L4.94 12.9 183
79 DHBP 23.5 2.90 16.3 23.3 3.12 16.3 187
? 107°M Solutions in methanol at 22°.
absent. This observation is perhaps an indication that

oxygen is behaving as an electrophilic species rather than

a nucleophilic species in the addition reaction, since
co-ordination of the ligand drains electron density away from
the imino carbon atoms, rendering them slightly electro-
positive in character. Thus, co-ordination creates a

situation where the ligand presents a less favourable site

for electrophilic attack than that.existing in the free




Table 2.8

Proton Magnetic Resonance Data for Zn(ligand)(H20)2(0104)2 Compounds

Hydrazone Aromatic + Imino
derived from Methine Me thiyLene Methyl
Acetaldehyde 1.8 = 3.17, m, (8H) 7.747, 8-line multiplet, (6H)
(72)
Propionaldehyde 1.8 = 3.1T, m, (8H) 7.417, m, (L4H) 8.68T, t, J:7.5Hz} (61) cis-methyl
(73) 8.73T, t, J=7.5Hz trans-methyl
Butyraldehyde 1.8 = 3.17, m, (8H) 7477, m, (4H 8.91T1, t, J:7.5Hz} (6H) cis-methyl
(74) 8.26T1, m, (L4H 8.,94T, t, J=7.5Hz trans-methyl
Acetone 1.8 -« 2.3T7, m, (MH) 7.65T, s, (12H) trans-methyl
(75) 2,81, d, J=8.0Hz (ZH) 7e 78T, s,} cis-methyl
Methyl Bthyl 1.8 = 2.37, m, (LH 7.39T, q, J=8.0Hz (LH) 7.68T, s, (6w) trans-methyl
Ketone 2,811, d of d 2H 7.80T, s,} cis-methyl
(76) =8,0HZ, J,=1.0H=z 8.78T, t, J=8.0Hz, (6H)
Diethyl Ketone 1.8 = 2,371, m, (LH 7.30T, q, J=8.0Hz (8H) 8.72T, t, J:8.0HZ} (12m) cis-methyl
(77) 2.727, d of d, (2H 7.347, q, J=8.0HZ} : 8.73T1, t, J=8.0Hz trans-methyl
J1:8-OI'IZ’ J2=1-OHZ
Methyl n-Propyl 1.8« 2.3T, m, (MH) 7.357, t, J=8.0Hz (MH) - 7.61T, s,} (6H) trans-methyl
Ketone 2,761, d of d, (2H) 7.39T1, t, J=8.0Hz |\ 7.77T, S, cis-methyl
(78) J,=8.0Hz, J,=1.0HZz 8.22T, sextet 8.89T7, t, J=8.0Hz (6H) cis-methyl
J=8.0Hz, (LH) 8.92T, t, J=8.0HZ trans-methyl

£8




Figure 2.8

Compound: (59)

Solvent: CD Cly
H

iINe-CH3 CHa M
I I
N N
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HN NH + |somers
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(59)
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Hydroxyl
Y < H'(Azo Cmpd.)

1H—n.m.r. spectrum of compound (59) in oxygehated CDC1;

Figure 2.9
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'H-n.m.r. spectrum of zn(59) (H,0),(C10,4)2, (72), in CD;0D
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ligand and the reduced reactivity towards oxygen which is
observed, suggests that it is in this electrophilic capacity
that oxygen attacks; In a similar way electrophilic attack
is also suggested by the fact that oxygen addition into

the protonated metal-free ligénds is not observed. The
Pe.MoTe spéctra of the free hydrazones dissolved in
deuterated acetic acid show mno indication of the presence

of the azo-hydroperoxide species. Furthermore, it should
be noted that conversion of the co-ordinated hydrazone to

a co-ordinated azo-hydroperoxide would mnecessarily lengthen
ah already long terminal nitrogen to metal bond by increasing

the relevant bond angle at the secondary amino position.

The total absence of any azo-hydroperoxide in the
zinc complexes, in conjunction with the quantitative yields,

shows that the oxygen addition reaction must be reversible.

Provided that there is no change in the orientation

of the chemical shifts for the protons on cis or trans

alkyl groups from that previously determined for the free
ligand (and the data obtained is compatible with this) there
is mo marked change in the configuration of any of the
ligands, with the exception of that derived from acetaldehyde,
upon co-ordination.,. The disposition of the wvarious alkyl
groups as determined from the spectra is given in Table 2.9
and is essentially the same as that determined for the free
ligand. Only in the case of the butyraldehyde derived
complex, (74), is there a slight shift which is outside. the

bounds of experimental error (contrast Fig. 2.10 with

Fig. 2.11 noting particularly the intensity reversal in




i : Table 2.9

Isomeric Distfibution Data for Compounds of the Type:

e Af"'

w
l
l

( ' |
{ Ry Ram Rl Raw |
l;' \C“:/ \%/ |
' . Hp O , :;
A /N\\\\*}2+’//N\_ ‘ |
HN Zn NH |
i NG 1 N |
, Hy0 | |
{‘ (CLOy )

i

Cmpd. R R % of Larger Group trans to the
No. 1(2) 2(1) Secondary Amine. (% for free |
ligand given in parentheses). A

(A11 values % 5%)

AS]

~J

CH,4 H Cis a and cis B isomers present,
no determination possible.

AR o o, emiie. il ——
~
W

CH4CH H - 60% (63%)
71 CH,CH,CH, H » L5% (60%) |
75  CH, CH, - -
76 CH,CH,  CH, 76% (85%)
77 CH;CH,  CH,CH, - - ' |
78 CH,CH,CH,  CH, | 85% (83%) ”

T —  —

the two triplets due to the terminal methyl group).

In accordance with what has already been said the

implication of this spectral data is that the cis « isomer

exists predominantly in solution.

”__“' I T T —




Figure 2.10
— trans -
cis - methyl — [ Dethyl

Compound: (61) . i
(Y) (r ‘
Solvent: CDCl3 v (m ‘

CHy _CHp _H CH, _CH f l
Y: Cﬁz D2~ '-‘\C/ z A YJ Hae Hg ‘
B I 1l s .
Aromatic + H /N N\ I l |
/_/" HN NH + Isomers |
N N + Azo Cmpd. “
Amino + ‘
Hydroxyl (61)
H,(Azo Cmpd)
Lwhw-‘“ vl

L | I i 1 ! 1 l ]

1 2 3 4 5 6 7 8 9
4 |

"Hen.m.r. spectrum of compound (61) in deuterochloroform

Figure 2.11

Compound: (74)  Zn(61XH,0),(CIQ,),
Solvent: CD;0D

Aromatic + H,
HO+

MeQH

il

T

L 1
1 2

1H—n.m.r. spectrum of Zn(61)(H20)2(ClO4)2, (74), in CD3OD




» The spectrum of the acetaldehyde derived zinc complex,
(72), (Fig. 2.9) is interesting as it shows the presence
of eight signals’iﬁ the methyl region instead of the four
expected for a single azo—hydroperoxide free compound.
The only conclusion from this seems to be that in this case,
where both substituents on the imino group are relatively
small, namely a proton and a methyl group, both the cis «
and cis B forms of the complex are capable of existence;
This contrasts quite reasonably with the other members of
the series of compounds under study which all have bulkier
imino substituents and which accordingly form only the

cis o isomer,

In order to confirm these configurational assignments
an anélogous series of Zn(ligand)'(NCS)2 complexes was
prepared by adding diisothiocyanatobis(pyridine)zinc(II) to
a solution of the appropriate ligand. Analytical data is
given in Table 2.10. The fact that the zinc does nét
co-ordinate any solvent molecules in the presence of the
two isothiocyanate counterions strongly suggests that both
counterions are co-ordinated, since in the presence of the
less strongly co-ordinating perchlorate counterions it has
been seen fhat octahedral geometry is probably assumed with
the aid of two solvent molecules. The compounds proved
to be too insoluble te permit conductivity determinations

which may well have verified this.

By choosing this particular counterion one has a

convenient means of probing the geometry of the complex,




R. R R _R
/ \ ' / \
Analytical and Spectral. Data HN /Z{)\ NH
N N
For Compounds of the Type NCS
Cmpd. Derived Found Expected Infrared
No. from C H N (%) ¢ H N ve=N (em™" % 2) | c-s
. - I
80 59 k2.8 - 3.63 25.2 L2,7 3.59 24.9 2095, - 2083 812 oS
2068, 2056 0
81 60 45.5 4,36 23.7  L5.2 L.,22 23,5 2110 br 809 '
82 61 49.6 - L.87 22.2 h7.5 L.78 22,2 2122, 2106 829
83 62 h5.3 L.34 23.6 k5.2 Lh.22 23.5 2121, 2101 826
8l 63 Ly b 4.8h 22,1 L7.5 L4.,78 22.2 2125, 2108 828
85 64 ho,7 5029' 21,2 ho,5 5.29 21,0 2122; 2102 828
86 65 ho.,2 5.28 20.9 4o.5 5.29 21.0 2099, = 2086 813

87 DHBP 36.0 3.02 27.9 36.2 3.04 28.2 2123, 2096 815
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since disposition of the two isothiocyanate groups trans
to one another leads to only a single V=N frequency in
the infrared spectrum whereas a cis disposition leads to

a splitting of the WO=N absorption' °.

Configurational assignments based on this technique,
however, have to be treated with some caution since the
coupling between the V=N vibrations may be quite small
and thus unobservable. "Accordingly, the presence of two
bands may be evidence for the cis isomer, but only one
band is not necessarily evidence for the trans isomer,

Also, with this series of compounds whose spectra have to

be recorded in the solid state owing to their low solubility,

solid state splitting has to be considered. Fortuitously,
it seems that such complications are uncommon in complexes

carrying large ligands such as bipyridyl. Several workers
have looked for solid state effects in the infrared spectra
of a number of bipyridyl isothiocyanate complexes in coming

to this conclusionh’111—113.

With the exception of the acetaldehyde derivative,
(80), all the Zn(ligand)(NCS), compounds, (81) to (86),
show either a broad or a split band in the range 2125 to
2086 cm ', indicative of the expected cis geometry. In
agreement with the p.m.r. spectra, the acetaldehyde derived
compound shows a group of two split bands, omne in the
above mentioned range and one 30 cm ' to lower frequency

(see Fig. 2.12).

If one takes these observations in conjunction with
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Figure 2.12

]

2095 —

2068

2083

Infrared spectrum, in the Vv C=N region, of Zn(59)(NCS)2, (80)

the p.m.r. configurational determinations, they suggest
that the absorptions in the range 2125 to 2080 cm ', shown
by all compounds, originate from a complex of cis «
steréochemistry whilst the lower frequency absérptions
shown only by the acetaldehyde derivative, (80), originate

from the complex having the cis B configuration.

It is difficult to know whether solid state splitting
is being observed or not. Certainly if one ignores it,
in accordance with what has been said above, then the
conclusions drawn from the infrared Spectra_nicely confirm

and complement those drawn from the p.m.r. spectra. In

the case of the acetaldehyde derived compound at least one
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of the bands must be split on molecular symmetry grounds |
(there is only one trans structure). If solid state

effects were occurring, then this split band should show

|
|
\
\
further splitting. The fact that there is no splitting 1
beyond the doublet stage in either of the v C=N bands in |
this spectrum shéws that no solid stateveffeots are

operating on one of the bands in this particular compound,

but carries no implication concerning solid state effecfs

on the constitution of these bands in the other members

of the series.

The isothiocyanate complex prepared from DHBP, (87),
shows much the same V C=N pattern as those compounds, (81)
to (86), for which the cis « configuration alone has
already been proposed. This is interesting because this
is a case where steric hindrance does not preclude even
the trans configuration (recall the square-planar Ni(DHBP)—
(0104)2) and whereas a percentage of the more hindered
acetaldehyde derivative adopts the cis B configuration here
there is only the least hindered cis a form, at least in
the solid state. Clearly there are more forces controlling
the geometry of the complex than just intramolecular steric
repulsions, probably intermolecular lattice packing factors
have a significant effect on the geometry of the complex in

the solid state.

The v C-S band confirms the expected mode of bonding

of the isothiocyanate moeity, mnamely via the mnitrogen atom,11o

since it falls in the range 780 to 860 cm ' normally taken
114

to be indicative of this bonding mode
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In order to ascertain whether nickel(IT) also undergoes
complexation with these ligands to form predominantly the
cis «a product (in.fhe solid state at least) the corresponding
series of Ni(ligand)(NCS)2 complexes were prepared and their
infrared spectra examined. Preparation was effected by
the reaction of diisothiocyanatotetra(pyridine)nickel(II)
with the free ligand. Analytical data and details of |
their infrared spectra are given in Table 2.11.°  Molar
conductivity values in water are between those expected

76

for a non-electrolyte and a 1 : 1 electrolyte and suggest
that partial dissociation of the complexes occurs in
soiution by displacement of the co-ordinated anion by water
molecules. Spectral and magnetic properties (see Chapter

Four) confirm that they are all octahedral complexes in

the solid state.

The solid state infrared spectra in the v C=N region,
with the exception of the DHBP derivative, all show two
groups of split bands analogous to Fig. 2.12 again probably
indicating the presence of both cis « and.EEE p forms of
the complex. Indeed, in the case of the methyl ethyl
ketone derivative, (92), it was possible to separate two
isomeric éomponents by fractional crystallisation. The least
soluble fraction precipitated as fine yellow crystals and
showed only the higher frequency pair of absorptions at
2126 and 2108 cm '. In accordance with that which was
determined for the zinc complexes this is Eelieved to

indicate that this compound has the cis a configuration.

The green residual fraction consisted of a mixture of both
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Table 2.11 HN/ \\\\h}”/// \NH
| )
N//f\\N
Analytical and Spectral Data NCS
For Compounds of the Type
Cc
Cmpd . Derived Found . Expected Infrared /A\
No. from B H N (#) c H N v =N (em™" £ 2) y ¢-s cm?ohm” 'M?
88 59 Wh,1 3.85 25.4 k3.4 3,64 25.3 21165, ~“2102 b 59
2090, 2078 |
89 60 k5.8 4,32 23,6 k5,9 L,28 23.8 2120, 2109 b , 69 1
2081, 2071
\O
90 61 47.5 L.72 22,5 48,1 L.85 22.4 2114, 210k 818 64 =
2075, 2061 1
91 62 h5.,7 L.20 23.5 hs,9 L,28 23.8 2117, 2106 812 a
‘ 2088, 2072 ’
92 63 7.7 k.77 21,9 48,1 L.85 22.4 2126, 2108 825 62
: 2085, 2073 '

93 64 50.2 5.40 20.6 50.1 5.35 21.2 2124 br b a
. 2099, 2088 '

oL 65 50.1 5.34° 21,2 50.1 5.35 21,2 2103, 2092 811 56
2073, 2060

95 DHBP 35.5 3.08 28.5 36.8 3.09 28.6 2100, 2080 810 a

a Too insoluble, v b No band clearly resolved. . ¢ 1073M solutions in water at 220
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isomers, but showed predominantly the lower frequency pair
of v C=N absorptions in its infrared spectrum and hence

is thought to be mostly the cis B disomer.

Again, the infrared spectrum of the DHBP derivative
suggests that it is predominantly in the cis o form in

the solid state.

26 Experimental

General experimentél me thods releﬁant to the work as

a whole are given in the Appendix.

Commercially available hydrazine hydrate "99—100%"
was used without further purification. All éldehydes and
ketones were distilled before use. Analytical grade mnickel
perchlorate and zinc perchlorate were used. Diisothio-
cyanatotetrapyridinenickel(TIT) aﬁd diisothiocyanatobis(pyridine)-

15

1
zinc(II) were prepared by standard procedures o

6,6'-Dibromo-2,2'-bipyridyl (11) : 2,2'-Bipyridyl

(50 g) and bromine (127.5 g) were passed through a tube

packed with pumice heated to 500°. The o0ily product which
formed was collected and boiled with water (500 ml) until

a solid grey material had fully separated from the oil.

During this period sodium thiosulphate was added in sufficient
quantity to reduce any free bromine that had been retained

in the oil. The grey solid was collected by filtration,

boiled with 2M sodium hydroxide (200 ml) for ten minutes,

washed with water (2 x 50 ml) and triturated with acetone
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(50 ml) to remove oily impurities. The solid was again
collected by filtration and recrystallised, twice, from
benzene, in the pfeéence of activated charcoal, yielding |
the product as white needles‘(35 g, 35%), m.p. 218 = 219° i
(lit.39 2189), (Found : ¢, 38.1; H, 1.97; N, 8.9.

Calc. for C; H¢Br,N, : C, 38.2; H, 1.93; N, 8.9%).

1
|
P.M.R. (d4 benzene, 100 MHz) : 1.85T, d, J=8.0Hz, I
(2H); 3.10 to 3.41T, m, (LH).
I.R. (nujol) : 1570m, 1530m, 1414m, 1150m, 1131m,
1119m, 1070s, 982s, 782s.
Mass Spectrum (70 e.v.) : m/e of parent ion calculated :

312, 314, 316. Found : 312, 314, 316.

6,6'-Dihydrazino-2,2'-bipyridyl (20) : To hydrazine

hydrate (100 ml), refiluxing in a stream of mnitrogen,
6,6'~dibromo~-2,2'-bipyridyl (8.0 g) was added. The resulting
suspension was refluxed with stirring for four hours during
which time the dibromide dissolved completely. Upon cooling
the solution the crude product crystallised as fine yellow
neadles. The crystals were collécted by filtration and
recrystallised (once) from water (600 ml) to give the pure

product (5.3 g, 96%).

P.M.R. (D,0 + 1 drop of CH,;COOH) : 2.02T, d of d,
J=7.0Hz, J'=8.0Hz, (2H); 2.37T, d of d, J=7.0Hz,
Jrv=1.0Hz, (2H); 2.90T, d of d, J'=8.0Hz, J"=1.0Hz, (2H).
T.R. (nujol) : 3325m, 3243m br, 3178m br, 311im br,

3078m br, 1578s, 1374s, 1305s, 1270s, 1166s, 1001s,

985s, 900m, 792s.
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Mass Spectrum :'m/e of parent ion calculated : 216,

Found : 216.

6,6' ~-Di-N-methylhydrazino-2,2'-bipyridyl (4l) :
_ y

6,6"-Dibromo~2,2"'-bipyridyl (3.0 g) was added to methylhydrazine
(SO-ml).Which had been refluxing in a stream of nitrogén
for ten minutes. The resulting solution was refluxed for
onne hour before removing Lo ml of the methylhydrazine by
distiliatipn. The residue was allowed to cool and was
diluted with water (20 mi). The yellow crystalline
material was éollected by filtration and washed with water
(2 x 10 m1)., Recrystallisation, once, from methanol gave
the pure product as yellow prisms (1.8 g, 77%).

P.M.R. (D,0 + 1 drop of CHgCOOH) : 1.92T1, d of d,

J=7.0Hz, J'=8.0Hz, (2H); 2.33T, d of d, J=7.0Hz,

Jw=1.0Hz, (2H); 2.79T, d of d, J'=8.0Hz, Jw=1.0Hz,

(2m); 6.4971, s, (6H).

I.R. {nujol) : 3310m, 3206w, 1633m, 1572s, 1390m,

1925w, 1127w, 97bs, 911m, 790s. |

Mass Spectrum .: "/e of parent ion calculated : éhh;

Found : 24l

6,6"-Dihydrazino-2,2'-bipyridylnickel(TII) perchlorate (43):

6,6'-Dihydrazinoc-2,2'-bipyridyl (1.0 g) was dissolved in
refluxing ethanol (200 ml). To the refluxing solution
hexaaquonickel(II) perchlorate‘(1.7 g) dissolved in ethanol

(15 ml) was added dropwise over a period of ten minutes.

The fine orange crystals which were precipitated were collected

by filtration and dried in vacuo to give the pure product

(1.6 g, 72%).
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CAUTION : This compound detonates violently upon being
| introduced into a flame, but has been found to
be quite shock stable.
T.R. (nujol) : 3360s, 3269s, 3165s, 3080m, 1626s,
1572m, 1511m, 1399w, 1275m, 1231s, 1150 to 1030s,

935w, 794s.

Dichloro-6,6'-dihydrazino-2,2"'-bipyridylnickel(IT)

monohydrate (48) : This compound was prepared in a manner

analogous to compound (43) with the exception that
hexaaquonickel(II) chloride (1.1 g) was substituted for
hexaaquonickel(II) perchlorate. Yield : 1.4 g, 8§%.
T.R. {nujol) : 3255m, 3225s, 3145m, 3073m, 1602s,
1582s, 1512s, 1353s, 1335m, 1284s, 1261s, 1186s,
1141s, 1089m, 1046m, 1025m, 994m, 879w, 826w, 811w,

789s.,

' 6,6'-Di-N-methylhydrazino-2,2'-bipyridylnickel(IT)

perchlorate (47) : Reaction of 6,6'-di-N-methylhydrazino-
2,2'-bipyridyl (0.2 g) with hexaaquonickel(IT) perchlorate

(0.3 g) in a manner analogous to that described for the

'DHEP compound, (hS), gave the product as yellow crystals

(0.4 g, 97%)-

I.R. (nujol) :-3217m, 3177m, 3109m, 1630s, 1597m,

1561m, 1511m, . 1317m, 1239s, 1080s br, 788s.

Dichloro—6,6’-difN;methylhydrazino—Z,2'-bipyridy1nickel(II)

monohydrate (49) : This compound was prepared in a manner

analogous to compound (h7) with the exception that hexaaquo-

nickel(IT) chloride (0.2 g) was substituted for hexaaquonickel(IT)
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i perchlorate. Yield : 0.27 g, 84% .
T.R. (nujol) : 3305w, 3195m, 3105m, 1620s, 159is,
: 1572s, 1294s, 1202, 1169m, 1086m, 101lks, 980m, 948m,

782s.

chlorczincate (50) : The dichloro compound, (49), (1.5 g) was

i
|
{ 6,61 -Di-N-methylhydrazino—2,2'—bipyridylnickel(TT) tekra-
[
|
l

dissolved in methanol (25 ml). To thisrsolution a solution

of zinc chloride (1.8 g) in methanol (15 ml) was added and

the two were stirred together for ten minutes. The orange

material which precipitated was éollected by filtration

and washed with methanol 1(2 x 10 ml) to yield the pure

product (1.8 g, 96%).

; T.R. (nujol) :3527m, 3455m, 3163s, 3145s, 1620s,
1591m, 1563m, 1318m, 1247m, 1229m, 1175m, 1160m,

10271'1'1: 897111, 820W, 79350

.  Diagquo-6,6'-bis(N'-hydrazone)-2,2'-bipyridylnickel(TIT)

perchlorate complexes (51) to (57) : 6,6'-Dihydrazino-

2,2'-bipyridylnickel(IT) perchlorate was suspended in an
excess of the appropriate aldehyde or ketomne and the

;- mixture brought to reflux. Sufficient water was then ‘
added so as to render the solvent 10% aqueous, resulting in
rapid dissolution of the solid. The solution was refluxed
for a further ten minutes before evaporating it to dryness

under reduced pressure. Recrystallisation from an acetone

T s - —— T Tt

diethyl ether mixture gave the pure product. Yields were
essentially quantitative.

T.R. (nujol, generally observed pattern): 3L400s,

T T ———

3340s, 1610s, 1585s, 1510s, 1260s, 1080s, 790s.
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Bis(N'-isopropylidene)=-6,6'-dihydrazino-2,2'-bipyridyl-

nickel{TI) chiloride (58) : 6,6'-Dihydrazino-2,2'~bipyridyl-

nickel(IT) perchiorate (0.24 g) and zinc chloride (0.5 g)
were dissolved in a mixture of methanol (60 ml) and acetone
(3 m1) and allowed to stand.for three days. The yellow
crystals which formed were collected by filtration, washed
with methanol (2 x 10 ml) and dried in vacuo, yielding the
pure product (0.18 g, 84%).

I.R. (nujol) : 3312m, 1620sh, 1602s, 1580s, 1518s,

1378s,;, 1297w, 1191s, 11458, 1128s, 795s, 789s.

6,6'-Bis(N'-hydrazone)-2,2'-bipyridyl ligands  (59)

to (65) : The appropriate 6,6'—dihydrazone—2,2'—bipyrid&l—
nickel(II) perchlorate complex (1 mmol) was dissolved in
methanol (30 ml) and brought to reflux. Sodium cyanide

(4 mmol) was added and refluxing continued for a further
fifteen minutes. The volume of methancl was then reduced
to approximately 5 ml under reduced pressure, In one case,

(62), the free ligand precipitated at this point; it was

collécted by filtraﬁion and recrystallised from methanol,

under anaerobic conditions, to give the pure product. In

general the solution was now taken and applied to a 30 c¢cm

alumina column packed in chloroform. Elution with chloroform

gave a single broad yvellow band which was collected, dried
with magnesium sulphate, filtered and diluted with petroleum
ether to a point where precipitation commenced. The fine
crystals so formed were collected by filtration and
recrystaliised from a mixture of chloroform and petrol.

Typically the yield was approximately 70%.

P.M.R. Data is presented in Table 2.5.
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T.R. (nujol, general features of the spectra)

3300m, 1570s, 795s.

Mass spectrum : All compounds show the calculated

parent ion pezak.

Bis(N'~isopropylidene)-6,6'~di-N-methylhydrazino-

2,2%-bipyridyl (67) : 6,6'-Di-N-methylhydrazino-2,2'-bipyridyl

(0.2 g) was refluxed in acetone (15 ml) for one hour. The
solution was allowed to cool and set aside to slowly evaporate.
When the velume had been reduced to c.a. 2 ml the white
needles of the pure product which had formed were collected
by filtration ( .21 g, 797).
P.M.R. (CDC1l,) : 2.0 to 2.67, m, (bH); 3.36T, d of d,

J=8.0Hz, J'=1.0Hz, (2H); 6;7OT, s, (6H); 7.86T,

s, (6H); 7;99T, s, (6H).

I.R. (nujol) : 1567s, 140Um, 1328m, 1286m, 1254w,

1096m, 982m, 925m, 80ks, 7915;

Mass spectrum : /e of pafent ion calculated : 324.

Found : 324,

Diaquo-6,6'-bis(N'-hydrazone)-2,2"~bipyridylzinc(II)

perchlorate complexes (72) to (78) : The appropriate

dihydrazone ligand, (59) to (65), (1 mmol) was dissolved

in methanoi and refluxed under aerobic conditions for
fifteen minutes. Hexaaquozinc(II) perchlorate (1 mmol) in
methanol (5 ml) was then added and the solution refiuxed for
a further ten minutes. The solution was then filtered and
diethyl ether was added until the solution became cloudy,

whereupon it was allowed to stand in the fridge overnight.

The fime pale yellow crystals which formed were separated
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by filtration and required no further purification. Iin
all cases the yield was greater than 95%.
I.R. (nujol) : These compounds show the same general [

features as the corresponding mnickel complexes, (51) V
to (57). P.M.R. data is presented in Table 2.8. |
|

Diaquo~6,6'—dihydrazino—-2, 2'-bipyridylzinc(II) l

perchlorate (79) : Hexaaquozinc(II) perchlorate (0.18 g) |

was added to a solution of'6,6'—dihydrazino—Z,2'—bipyridyl y

(0.1 g) in methanol (25 ml). The solution was refluxed |

for twenty minutes before it was filtered and allowed to M

cgool, Diethyl ether was then added to the filtrate |

resulting in precipitation of the pure product as pale w

\

vellow crystals (0.23 g, 96%). : ' |

P.M.R. (CD,0D) : 2.0 to 2.5T, m, (L4H); 3.12T, 4, |
J=8.0Hz, (2H).

I.R. (nujol) : 3500s, 3330s, 1625s, 1608s, 1589s,

1505s, 1280m, 1201s, 1160 to 1030s, 791s.

Diisothiocyanato—6,6'-bis(N'-hydrazone)-2,2"-

bipyridylzinc(IT) complexes (80) to (86) : Diisothio- H

cyanatobis(pyridine)zinc(II) (1 mmol) was suspended in
refluxing methanol, the appropriate hydrazone ligand, (59) I
to (65), (1 mmol) was then added and the suspension refluxed
for fifteen minutes. The precipitated crystals were

collected by filtration and washed with methanol (2 x 10 m1)

to give the pure compound. In all cases the yield was

greater than 95%.
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Diisothiocyanato-6,6"'-dihydrazino—2,2'-bipyridylzinc(IIL)

§87! : This compound was prepared by the method given above

substituting DHBP (1 mmol) for the hydrazone. Yield 87%.

Diisothiocyanato-6,6"'~bis(N'-hydrazone)~-2,2'~bipyridyl-

nickel(IT) (88) to (94) : Diisothiocyanatotetra(pyridine)

nickel(IT) (1 mmol) was suspended in refluxing methanol.

The appropriate hydrazone ligand, (59) to (65), (1 mmol)

was added and the suspension refluxed for fifteen minutes.
In the case of the symmetrical derivatives, (91) and (93),
the product precipitated and was isolated by filtration

and purified by washing with methanol (2 x 10 mi). The
product in the other cases remained in solution and so the
solution was filtered,and to it was added diethyl ether which
precipitated the product. The product was then collected
by filtration and washéed with methanol (2 x 10 ml) in the
usual way to yield the pure compound. In the case of the
methyi ethyl ketone defivative, (92), two isomeric fractions
Were.obtained during the crystallisation process. Yields

were in all cases greater than 75%.

Diisothiocyanato=6,6'~dihydrazinoe—2,2'-bipyridyl—

nickel(IT) (95)‘ : This compound was prepared in the manner
described aﬁove for compounds (88) to (94), except that the
hydrazone was substituted by DHBP (1 mmol). The product
precipitated from solution without addition of diethyl ether,

was collected by filtration and washed with methanol (2 x 10 ml)

to yield the pure compound (82%).
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CHAPTER THREE.

RING CLOSURES, MACROCYCLIC AND OTHERWISE,

EFFECTED BY REACTIONS WITH VARTOUS p~DIKETONES

i
!
i
§
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3.1 Reaction of Ni(DHBP)(C10,), with Acetylacetone and ‘

Benzoylacetone

The failure of simple aliphatic carbonyl compounds

|
to bring about cyclisation of DHBP, by way of the Curtis M

\
type of reaction 6, led to an investigation of the I
reactivity pattérn of this system with p-diketones. As noted |
in Chapter One both the triethylenetetraminenickel(II) and |
triethylenetetraminecopper(II) systems are successfully
converted to macrocyclic systemé by reaction with acetyl-

258,59 , \

acs + e
T< vioin

Accordingly, Ni(DHBP)(C10,), was suspended in a

hot ethanolic solution of acetylacetone; the orange ;

crystalline reactant gradualiy dissolved over a period of

one hour to give an emerald green solution, the electronic
spectrum of which indicated the formation of an octahedral
'nickel{II) complex (see Chapter Four). Addition of diethyl‘
ether precipitated pale green crystals whose elemental
analysis (Table 3.1) indicated that not one, but two moles

of acetylacetone had condensed with the complex., Conductivity
data showed-that the compound was a 2 ¢ 1 electrolyte in water

and hence, by implication, that the ligand was neutral.

Reference to the 1iterature116 shows that a mefhod
commonly employed in heferocyclic chemistry for the M
preparation of pyrazole ring systems involves the reaction
of a hydrazine with a B-diketone and it became clear that I
it was a reaction of this type which had occurred to form

(96), in preference to the formation of a macrocyclic

species,
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Me

Me (97) Me

This was verified by decomposition of (96), which was
paramagnetic, with sodium cyanide; so as to liberate the
free ligand, (97), which was more amenable to spectroscopic
techniques. Recombination of (97) with hexaaquonickel(IT)
perchloraté gave (96), confirming that the ligand was

liberated unchanged.

Whichever way the metal complex, (96), is prepared
the elemental analysis is consistent with the retention of
only one molecule of water in the compound. Since the

complex is known to be six co-ordinate from its electronic
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spectrum and magnetic moment; ueff.: 3.21 B.M., the implication
is that in the solid state at least one of the perchlorates
is co-ordinated., Conductivity data indicates that in
aqueous solution the complex is a normal 2 : 1 electrolyte76,
thus in water, any perchlorate anions that are co-ordinated
in the solid state must be displaced. Generally the C1-0
stretching absorption in the infrared spectrum is split

into two components upon iowering the symmetry'of the
perchlorate ion through co-ordination117. The v C1-0

band in the solid state infrared spectrum of (96) shows

no splitting, which tehds to suggest that in the solid

one perchlorate ion and the one water molecule are used to
complete the inmner co-ordination sphere, with the unsplit

v C1-0 band, arising from the ionic perchlorate, maSKing

the splitting expected from the co-ordinated perchlorate.

When the reaction between Ni(DHBP)(C10,), and
acetyiacetone is carried out in ethanol to which sufficient.
hydrochloric acid has been added to bring the solution to
pPH 2, the dichloro analogue of (96), Ni(ligand)(H,0)CL,,
(98), is obtained, which also contains only one water
molecule, The conductance in water (Table 3.1) is somewhat

low for a 2 : 1 electrolyte76

suggesting that there is
some interaction between the counterion and the complex in

solution.

The p.m.r. spectrum of (97) in deuterochloroform

showed the expected signals : two singlet methyl resonances

at 7.20T and 7.697, a singlet due to the methine protons
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at 3.957T and a multiplet centred on 1.9T7 arising from the
bipyridyl protons. The p.m,r. spectrum of 3, 5-dimethyl-
pyrazole in deuterochloroform shows a single methyl resonance

at 7.73T118 (and a methine resonance at 4.20T7) thus the |

assigned to the methyl group on the carbon atom o to the
ﬁitrogen carrying the bipyridyl. The infrared spectrum
was also compatible with the proposed formulation showing
two + C=N bands at 1586 and 1578 cm ' both characteristic

lower field signal at 7.20T, in the spectrum of (97), was

. _ ) . .y 119 ;
ol C=N ‘stretching in cyclic systems . No v N-H, Vv O-H, ;
cr v C=0 bands were seen which may have indicated incomplete

formation of the bis(pyrazole) system. ‘

It was also found possible to synthesise the free
ligand, (97), by reacting DHBP directly with acetylacetone.
The product obtained in this way was identical in all

respects to that derived by way of the metal compiex.

The facile formation of (96) is readily accounted
for in terms of the thermodynamic stability of the product,

gince the pyrazole ring is known to have considerable

aromatic character; free pyrazole itself has a heat of
combustion which indicates a resonance energy of 29.3 kcal

mole ' (ref. 120) (c.f. benzene 36.0 kcal mole ! (ref. 121)

and pyridine 31.9 kcal mole ' (ref. 122)).

In order to establish the generality of the reaction
between Ni(DHBP)(C10,), and B-diketones, benzoylacetone was
substituted for acetylacetone. Reaction proceeded in the

same general way as with acetylacetone except that in this

case it was necessary to continue the refluxing for five i




e —— . - v . : g

Table 3.1

Analytical and Conductance Data

d
Cmpd. ' : Found Expected Melting //\\ |
No. Molecular Formula C T N (%) c % N BEdT em? ot~ M
96 Ni(C,oH,oNg)(H,0)(Cl0,),  39.0 3.82 13.7;L 38.7 3.58 13.6 - 191 I
38.8 3.68 13.4 .
97 C2 oHz oNg ' 69.3 5.85 24,0 69.7 5.85 24,4 2200 7 - &
98 Ni(C,oH, oNg) (H,0)C1, 48.7 L4.,28 17.5 48,8 L.51 17.1 - 162 !
99 Ni(Cjy0H,,Ng) (H,0),(C10,),  47.1 3.77 11.0 k7.3 3.70 11.0 v - ‘ 190
102 Cqols  Ne _ 76.8 5.15 18,0 76.9 5.16 17.9 2310 -
103 C3H N0, 71.7 5.89 "16.9 71.4 5.59 16.7 2040 "
105 Ni(C,oH, oNg)(NCS), 50.6 3.99 21,7 50.9 3.88 21.6 - c
106 Ni(CjoH,,Ng) (NCS), 59.4 3,88 17.2 59.7 3.76 17.4 -~ c
a- Prepared by reaction of Ni/DEBP) 0104)2 with acetylacetone.
b Prepared by reaction of Ni(H,06)¢(CL0,), with (97).
¢ Too insoluble. :
d 1073M in H,0 at 220,




hours before complete dissolution of the reactant, which 1
! indicated the completion of the reaction, had been effected.

This had been expected owing to the lower electrophilicity

of the benzoyl carbon atom. Again, elemental analysis

(Table 3.1) indicated the incorporation of two moles of |
the B—diketone into the ligand, but in this case showed ‘
that two water molecules are retained in the complex.,
The solid state infrared spectrum showed an unsplit v C1-0 H

band suggesting that both water molecules are co—ordinated. |

In this case where a non-symmetrical p—diketone has
been used several different isomeric products are possible, |

(99), (100) and (101). It was of interest to ascertain

I
H,0
PR/ N\;{Z/N' Ph l
it : ‘
}w///’ r*\\\ ‘w
. HZO |
(99) |
I
Me Me Me “
Fh Ph ‘1
Clo, ), I
(100) (101)
!
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which of the isomers had formed, since this would convey
iﬁformation about the relative reactivities of the two
nitrogen atoms in the Ni(DHBP)(C10,), molecule, which

could be compared with the reactivities at the corresponding

sites in free DHBP.

.In order to do this the nickel complex was decomposed
with sodium cyanide, in the usual way, to yield the free
ligand, (102). The p.m.r. spectrum of (102) was recorded
in deuterochloroform (Fig. 3.2) and showed a single methyl
resonance at 7.63T indicating that either {(99) or (100),
exclusively, had been formed, since (101) has methyl
groups in two different environments and hence would be
expected to show two methyl resonances in the same manmner
as (97). The chemical shift of the observed signal strongly
suggests, Jjudging from those seen in compound (97), that
the methyl group is on the carbon vy to the nitrogen carrying
the bipyridyl residue and hence that (99) is. the structure
of its nickel complex. The downfield shift of 0.06 p.p.m.
relative to the corrésponding signal in the spectrum of
(97) is consistent with the attachment of the phenyl group

to the ring.

For comparative purposes the direct reaction of
benzoylacetone with DHBP was examined. After refluxing
the two together for three hours in methanol the product
which had precipitated was collected by filtration. The
p-m.,Tr. spectrum of this product together with its elemental

analysis (Table 3.1) showed that it was not the expected

product, but rather that it was a hydrated intermediate
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Figure 3.1
Compound: (103)
Solvent: CDCl3
Me -
A _
H N
~7 N, - Methyl
KO/
(103
I : Hydroxﬂ g Geminal Methylene
Aromatic \t : A
i ] ! 0 1 ] ] 1
2 3 4 5 6 7 8 9
4

1H—n.m.r. spectrum of compound (1 03) in deuterochloroform

s Figure 3.2

Compound: (102) —
Solvent:
CDCiy

e Me
Aromatic

)IH | v
N
L

(102)

Methine

' _l_JyW LTM g ‘ | jx\_

1 L | | 1 1
2 3 &4 5 6' Z 8 [

‘H-n,m.r. spectrum of compound (1 02) in deuterochloroform
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having structure (103). Structure (103), with the |
alcohol at the position o to the nitrogen carrying the

bipyridyl residue is favoured since here the possibility

(103)

for intramolecular hydrogen bonding exists which may help il
to offset the tendency for the compound to dehydrate through

te the aromatic .product, and so explain its stability.

The infrared spectrum shows a very broad v 0-H

. 1 | |

band consistent with strong hydrogen bonding 23. It (l
. |

: 4 this structural assignment is correct then the dehydrated

product derived from (103) should be identical to (102).

Compound (103) was readily dehydrated by stirring
it in acetic acid for a few minuteS. The dehydrated
product was identical. in all respects to (102), thus

providing additional evidence for the proposed structure. it

Since benzoylacetone exists almost entirely in its |

enol form, (104), due to the stabilisation obtained from

Z |
the resulting conjugation, 124 and hence behaves as an |
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a,B-unsaturated ketone, there is little doubt that

initial attack by the amine occurs at the terminal position
of the conjugated system (i,e. on the carbon bearing the
methYl graup). Fromvthe structure of the product, it is
obvicus that attack at this position takes place by way

of the terminal amine whether it be co-ordinated or not.

So it appears as expected that the terminal amines in
Ni(DHBP) (C10,), are indeed quite labile and that they retain
their basicity towards available electrophiles +to an extent
where they are still more basic than the adjacent secondary
amine which, but for steric effects, would probably be the

more basic, even in the free ligand.

Again, Jjust as with the hydrazone ligands discussed

in Chapter Two, we are dealing with facultative ligands

which in principle can combine with a metal to form products
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having trans, cis o or cis B stereochemistry (see Fige. 2.7).

Ih order to establish which were the prevailing stereo-—
chemistries in the solid state, the perchlorate complexes
of the two ligands, (96) and (99), were converted to |
their highly insoluble isothiocyanate complexes, (105) and
(106), by methathesis with ammonium thiocyanate. These
complexes have magnetic moments of 3.17 B.M. and 3.09 B.M.
respectively, which are in the range generally found for |
octahedral nickel(II)SO; their elemental analysis indicated
stoichiometries of Ni(ligand)(NCS)2 suggesting that both

anions are co-ordinated.

Molecular models indicate a high degree of steric
strain associated with the trans bonding configuration
arising from the interaction between the twé methyl groups
which are vy to the bipyridyl bearing nitrogens. One would
expect this hindrance to be less than it was in the case
of the hydrazone compounds discussed in Chapter Two owing
to the increase in the relevant bond angle,. at the secondary
amine position, from c.a. 109° to c.a. 120° concomitant
with the change in hybridisation (sp3 to spz) at that point.
Of the two cis arrangements the cis o is the least hindered,

but the difference between the two is only slight.

The isothiocyanate complex derived from acetylacetone,
(105), - shows a single very sharp v C=N band at 2099 cm !
(Fig. 3.3). As explained in Chapter Two this may indicate
the trans structure, however, it may be a case where the

resolution of the spectrometer is insufficient to distinguish

between the two components of a split band; it should be
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emphasised though, that this band is not at all broad ?
and also that it does not occur at the frequencies which |

we shall see with the benzoylacetone derivative, (106),

was seen in Chapter Two that the frequencies of the v C=N

I —————— A

f

|

|

appear to be associated with the cis configurations. It ‘
bands remained fairly constant for a given stereochemistry
|

as one imposed peripheral changes on the ligand.

The benzoylacetone derivative, (106), shows four
vV C=N bands in the infrared spectrum, all of which are N
extremely sharp, at 2077, 2061, 2048 and 2036 cm ! (Fig. 3.3).
This combination of bands can only be rationalised as y
i arising from a mixture of the cis a and cis B isomers each |
\

of which would be expected to show a split band. |

Figure 3.3
M 7

2099 cm !

i 2077
} ' T~ = i
! 204a(cm ) ;
}. . , ' 2061

(105) : (106)

Infrared, in the v C=N region, of Compounds (105) and (106) ‘

i These stereochemical differences, which apparently occur

in response to the substitution of a phenyl group for a

|

!

E methyl group on the periphery of the ligand, must surely
!

:

.
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be an j_ntermoiecular latvtice packing- effect. rIt will
be .'seen in Chapter Fbur that ther Sothion electronic
spectra of the nickel(II) perchlorate complexes of these
two ligands, (96) anda (99\, show no evidence to suggest
the presence of the trans b.o_nded species v:Ln aqueous

solution,

3.2 Formation of Thirteen Membered M,acrécyclic Ligands

from 6,6° =Di-N-methylhydrazino-2,2'-bipyridyl

It would appear that the reaction of B-diketones
at both of the nitrogen nuclei in a given hydrazin’é residue
~'of DHBP, fo produce the substituted pyrazole derivatives
described in the i)revidus section must readily be blocked
_by converting the secondary amine to a teftiary aminé.
Thus it was anticipated that by using the methylated
derivativé, DMeHBP, (hh) 5 whiéh already has a tertiary amine
at the', appropriate position, rather than DHBP, cyclisation
to form a macrocyclic product may well reéult simply through

- lack of any alternative mode of reaction.

Since the nickel(II) complexes of DMeHBP have been

. found to be appreciab.ly inert towards acylAcompou_nds,
initial inv;estigations were carried out on >the metal free
‘.System in an attémpt to prepare the type of macrocyclic

b Precursor used by Cumming558 (c.f. page 30). Thé reaction

. of two moles of acetylacetone with DMeHBP under neutral

€onditions in refluxing ethanol gave the expected compound,

= (107), which has the structure shown, Two moles of acetyl-

" acetone are incorporated; bound simply as their monohydrazones.




- 117 =

be an intermolecular lattice packing effect, It will
be seen in Chapter Fbur that the solution electronic
spectra of the nickel(II) pPerchlorate complexes of these
two ligands, (96) and (993, show no evidence to suggest
the presence of the trans bonded species in aqueous

solution.,

3.2  Formation of Thirteen Membered Macrocyclic Ligands

from 6,6’=Di—N-methylhydrazino—2,2!—bipjridyl

It would appear that the reaction of B—-diketones
at both of the nitrogen nuclei in a given hydrazine residue
‘of DHBP, to produce the substituted pyrazole derivatives
described in the brevious section must readily be blocked
by converting the secondary amine to a teftiary amine,
Thus it was anticipated that by using the methylated
deriVativé, DMeHBP, (HM), which already has a tertiary amine
at the appropriate position, rather than DHBP, cyclisation
to form a macrocyclic pProduct may well result simply through

lack of any alternative mode of reaction,

Since the nickel(1I) complexes of DMeHBP have been
found to be_appreciably inert towards acyl compounds,
initial investigations were carried out on the metal free
System in an attempt to pPrepare the type of macrocyclic
Precursor used by Cummings58 (c.f. page 30). The reaction
of two moles of acetylacetone with DMeHBP under neutral
conditions in refluxing ethanol gave the eXxpected compound,

(107), which has the structure shown, Two moles of acetyle-

acetone are incorporated, bound simply as their monohydrazones.

w




(107): R=Me |

i

!

; (108): R=Ph \

| \‘

|

i |

| |
I

| )

E Table 3.2 1

i Analyvtical Data

! . ,

] Cnipd. . Found Expected . ‘

: No-. c H N (#4) ¢ H N P

| \

| .

. 107 64,8 7.00 20.9 64,7 6,91 20.6 230-3°

? 108 72,2 6.30 16.0 72.2 6.06 15,8 22h.6°

The stoichiometry was détermined from.the elemental analysis
(see Table 3.2) while the exclusive formation of the
particular isomer shown was determined from the p.m.r.

spectrum, togéther with infrared and mass spectral data. ‘

“As may be observed, several different configurationally

: unstable isomers are possible, ’ |

The p.m.r. spectrum of (107), (Flg. 3.4) in deutero- i
; ' -chloroform shows in addition to the resonances arising i
| from the bipyridyl protons just four signals: A singlet
; : at 4,857, (2H); attributable to the methine proton; a ﬂ
singlet at 6,58, (6H); arising from the nitrogen bound |

methyl groups and two singlets each integrating for six

protons at 7.,90T and 8.06T due to the methyl groups on




Compound: (107)
Solvent: CDCly

(107) C
X

Aromatic

Figure 3.4
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the acetylacetone residue, This data leads to the
foilowing conclusions concerning the structure of the
compound, Firstly, the Precise ratio 3 : 1 of either

one of the signals at 7.90T or 8.067 to that at & 85T,
together with the absence of‘any me thylene resonance,
establishes that all of the acetylacetone residue exists

in the enol form. This is readily rationalised, since
acetylacetone itself exists 85% in the enol form12h, so

as to take advantage of the hydrogen bonding and resonance
stabilisation available in this configuration, In compound
(107) several possibilities for hjdrogen bonding leading

to cyclic systems exist, which probably account for the
total absence of any of the compound in the keto form.
>Secondly, the presence of only two methyl resonances

from the acetylacetone residue shows that only one
configuration exists about the imino double bond. Presumably
this is the least sterically hindered configuration in which
the methyl group on the imino carbon is cis to the tertiary
nitrogen substituent, That only one configuration is
adopted is quite reasonable in view of the relative steric

bulk of the two imino substituenté;

The solid state infrared spectrum of (107) confirms
’tﬁe'presence of the hydrogen bonded hydroxyl groups by
showiﬁg a broad Vv O0-H absorption centfed on 3170 cm ',
" Also seen is the hydrazone V C=N band, at 1610 cm ', some
30 em ' to higher frequency than that observed in the pyrazole
derivatives, reflecting the placement of this moeity in a

linear rather than a cyclic system,




Reaction of DMeHBP with benzoylacetone in a similar
Wayrproduces (108). " The structure which is indicated
for this cohpound assumes that the primary amine of DMeHBP
attacks, in the usual way, at the terminus of the conjugation

existing in the enolic form of benzoylacetone,

The p.m.r, spectrum of (108) in deuterochloroform
shows, besides the expected aromatic signals, a methine
singlet at 4,127, an amino methyl singlet at 6.51T and
an imino methyl singlet at 7.90T, The first two signals
are both displaced downfield, relative to their position
in (107), presumably, in the usual way, by the phenyl
groups, by an amount which decreases with the distance of
the proton from the phenyl group. If this downfield shift
is also applied to the 7.90T signal then it suggests
that the imino methyl signal in (107) is that occurring at
8,061 rather than that at 7.907, which then must arise from

the olefinic hethyl group.

58

Following the general procedure used by Cummings™
which could be expected to lead to the rearrangement of
(707) in suéh a way as to form the macrocyclic ligand
corresponding to the overall condensétion of one méle of
acetylacetone with one mole of DMeHBP, (107) was refluxed
with nickel(II) acetate in water, which had been acidified
to PH 5 with acetic acid, After three hours at reflux
the white, potentially sexadentate ligand had completely
dissolved to yield a deep red solution. Addition of this

solution to a saturated aqueous solution of sodium iodide




T

- 122 -

resulted in the precipitation of a red crystalline solid.
Tts observed diamagnet ism and visible spectrum showed

that it was a square-planar nickel(II) complex (see Chapter
Four). Analytical data (Table 3.3) confirmed that it

had the expected stoichiometry, namely that shown in

structure (109). The molar conductivity in acetonitrile

(109)

was consistent with that normally observed for 1 : 1 electro-

125

lytes in this solvent

In order to establish whether or not the compound
was monomeric an attempt was made to obtain its mass spectrum;
as its low solubility prohibited é solution molecular weight
determination. At 265° the compound was found to have a
sufficiently high vapour pressure for a spectrum to be
obtained at 70 e.v, The highest peak in this spectrum
had an In/e value of 365 corresponding to the mass of the‘

cationic part of the molecule, The fact that the peak at

A M/e = 365 is the highest peak shows that the compound is

in fact monomeric, however the fact that a spectrum is




Table 3,3

——— T

Analytical and Conductance Data

.Expected

C?S(f' Compound c EOT{@ N (%) ¢ —m N cm®ohm "M
109 Ni(ADMeHBP)I 4,2 3,90 16,4 41,4 3,88 17,0 144 ,
110 Ni(ADMeHBP) C104 43,7 4,05 17,8 43,9 4,11 18,0 138 =
111 Ni(ADMeHBP)-PFs 39.8 3.78 16,5 39.9 3.75 16.5 130 -
112 Ni(HADMeHBP) (PFs) . 29,9 3,09 11,2 31,1 3,07 12.8 - '
113 Cu( DMeHBP) (C10,) 2 28,6 3,20 16.2 28,4 3,18 16.6 198"

a 10 3M in acetonitrile at 22°,°

b Conductivity in water,
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obtained at all is interesting and suggests that the
macrocyclic complex may be undergoing reduction in the
spectrometer, at this high temperature, to form a neutral
species, Cummings58 succeeded in cbtaining a mass spectrum

of the triethylenetetramine analogue of (109) under similar

conditions, although the spectrum of that particular compound

has as its highest mass peak that corresponding to the
parent compound minus hydrogen halide. It should be
noted though, that in that particular compound the two
secondary amino groups provide a readily available source
of protons which would faciiitate the loss of the hydrogen
halide.  The mass spectrum of the 2,3,2=tet analdgﬁe of
(109), however, shows a parent peak corresponding to the
m/e value for the cation, in the same manner as (109)61.
Despite the low solubility of the macrocyclic species
it was possible to record the p.m.r. spectra of (110)
and (111) using pulse Fourier Transform techniques at
80 MHz in deuterated dimethylsuiphoxide. The spectrum
from (111) is shown in Fig, 3.5. The methine proton

resonates at much the same chemical shift value, 5.667,

as it does in the corresponding triethylenetetramine analogue

(~5.37)58., Similarly, the resonance due to the methyl
protons on the acetylacetone residue are found to occur
at approximately the same vaiues; 8,217 in (111), ~8 .07 in
the triethylenetetramine analogue., The p.m.r. spectrum of
the perchlorate‘salt, (110), also shows similar data to
that of the trien analogue. Minor downfield shifts of the

signals relative to (111) may indicate slightly less ion

bPairing in solution,




Compound: (111)
Solvent: dg-DMSO

a1 -

Aromatic

Figure 3.5
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The rate of formation of this cyclic system decreases
significantly if the pH is allowed to rise above five. | Il
This suggests that acid hydrolysis of one of the imine .1
moeties is responsible for the initiation of the reaction,

It then appears that the reéulting free amine attacks
Vthe acyl group of the bound acetylacetone residue, which, |
because of the metal'template effeét, is favourably positioned I
for attack, Two observations support this suggestion; the
first is that no cyclic DProduct is obtained in the absence
of a metal, hence supporting the requirement for favourable

peositioning of the bound acetylacetone residue, so as to

avoid preferential recombination with a molecule of free
acetylacetone, Secondly, attempts to cyclise the benzoyl-
acetone derivative, (108), in the same manner as (107) gave }

no result, The compound did not react at all, This is
\
reasonable in view of what has been suggested, since attack
_ _ at the benzoyl carbon atom, which would be necessary for M
cyclisation, is known from Section 3.1 to be less favourable
than attack at an acetyl carbon atom. Hence with (108)

the primary amine formed in the initial hydrolysis step will

always tend to recombine with the free benzoylacetone, rather I

| ' than the bound benzoylacetone, thus avoiding cyclisation, 3L

. l
Once the cyclic product has formed the characteristic “

: ~ :
inertness of the imines in such systems towards hydrolysis6 :

Prevents any further hydrolysis.

The final step in the reaction involves the deprotonation

of the v carbon atom in the acetylacetone residue to form 1

| |
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the delocalised 1 electron system. With compounds (109)
to‘(111) the system is fully deprotonated under the
prevailing reaction conditions, that is at pH 5, and it is
only necessary to add an appropriate counterion to precipitate
the 1 : 1 complex. With thé triethylenetetramine system

and those derived from 2,3,2-tet and 3,2,3-tet, however,

it is mnecessary to bring fhe pPH to ten before deprotonation
occurs,58’60’61 and with systems such asb(11h) precipitation
of a deprotonated product does not occur until pH 14 is

reached52.

(14)

There seems little point in speculating oh the reasons
for this wide variation in the acidities of the Y protons
in these systems until more information is accrued, however,
perhaps it is worth noting that the facility of (109) to so
readily stabilise a negative charge on the ligand may be
due to>deldcalisatioh of that negative charge into the
bipyridyl system by way of conjugation through the metal
atom, This is borne out by the p.m.,r. data from both (110)
and (111) where the bipyridyl protons appear approximately

0.6 p.p.m, to higher field than they do in any case where

they are part of a neutral co-ordinated ligand system

(c.f. Table 2.8).




In accordance with Cummings who has named the ligand

: 8

derived from acetylacetone and triethylenetetramine, "AT"5 5
the macrocyclic ligand co-ordinated in compound (109) will

hereafter be referred to as ADMeHBP.

If instead of precipitating the cyclic compound as
its iodide, (109), or perchlorate salt, (110), by filtering
the reaction solution into aqueous sodium iodide or sodium
perchlorate réspectively, hexafluorophosphoric acid is added,
one initially obtains the bright red hexafluorophosphate
salt, (111), of the co-ordinated uninegative macrocycle,
By adding further HPF¢ the red precipitate is converted to
a yellow precipitate; a process which is complete by
the time the concentration of HPFg has reached 2M. The

yellow product, (112), [Ni(HADMeHBP)(PF¢).], proved difficult

Me\C/CHz\C/Me
I I
N N
/ AN
Me—N \/Ni{{ N—Me

(PFg),

(112)

to purify owing to its high acidity and low solubility,
however, elemental analysis indicated that protonation had

occurred to yield a neutral ligand system,

A comparison of the solid state infrared spectra of

(111) and (112) in the VvV C=N region suggests that protonation
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of the charge delocalised system has occurred to yield
the‘structure shown, rather than protonation at one of the
tertiary amines.  Whereas (111) shows a broad unresolved
band between 1605 and 1520 cm_1, (112) shows a well resolved
C=N stretching absorption af 1601 cm ', No band is seen

in the spectrum of (112) in the region 2700 to 2250 cm |
where the v N-H characteristic of protonated tertiary amines

generally occurs126.

Attempts were made to remove the macrocycle from
(110) by reacting it with sodium cyamnide, however, the
complex proved to be totally inert towards cyanide and the
6nly Products isolated were those in which partial metathesis
had occurred to yield compounds containing varying amounts
of ionic cyanide, This observation is in common with

53

that of Cummings who has found that the triethylenetetramine

analogue, (31), shows total resistance towards demetallation,

As'copper(II) macrocyclic complexes generally undergo

demetallation more readily than their nickel(II) counter-

=

o3 an attempt was made to prepare the copper(II) analogue

parts
of (110) by reaction of copper(II).acetate,rather than
nickel(IT) ;céfate,with (107). 1Instead of cyclisation
though, hydrolysis of both of the Schiff-base linkages of
(107) resulted giving only the copper(II) complex of DMeHBP,

(113).

The fact that this cyclisation does not occur in the
presence of copper(II) is dinteresting. As has already been

noted in Chapter One, pKa determinations have shown that
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copper(II) prefers co—-ordination with the protonated, more ME
flexible, form of the ligand to a greater extent than
nic_k:el(II)a The suggested reason for this is that the i

slightly more bulky copper(II) ion forms a less stable

system, than nickel(II), when bound to the sterically
constrained, deprotonated form of the ligand, As a
corollary, it would seem that where a ligand approaches its |
strain limit, whether this be due to the required geometry l

or to intraligand repulsions, it will tend to form with

nlcke‘(II) whilst not with copper(II) This is evidenced

by the fact, for example, that the fourteen membered rings 1
(115) and (116) can be formed around both nickel(II) and
copper(II), whereas, the fifteen membered ring, (117), in

which there is interaction betWeén the protons and methyl }

groups on the adjacent six membered rings, will only form M
about nickel(II) and will not undergo deprotonation to

form a more constrained, planar, charge delocalised system61.

So it appears that in accordance with what was

anticipated from molecular models as well as from a study
\
\
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Me\”/\”/Me _ h ’
| |

| ‘\
L [ﬁN\M%fN
N ~

N NH 3
l\) X2
ms) | (me) | |

M= Ni,Cu o

of the crystal strubture of the triethylenetetramine
analogue, (31),63 that the reaction under study forms a

macrocyclic system which exists under the influence of :H

(17) | "q

virtually as much internal strain as such systems will tolerate.

. |
For this reason a determination of the crystal structure of
|

the ADMeHBP complex would be interesting, so that a measure




of the trapezoidal distortion, in the plane of the nitrogen
atoms, and of the departure of the internal angle at the Y

6
carbon atom from 120° (1280 in the trien analogue 3) can

be made,

3.3 Experimental

Aquo-6,6'~pis(N-3,5-dimethylpyrazole)=2,2'-bipyridyl=

nickel(II) perchlorate (96) 3 Acetylacetone (0.16 g)

was added to a stirred refluxing suspension of 6,6'-
dihydrazino¥2,2P—bipyridylnickel(II) perchlorafe (0.25 g)
in ethanol (40 ml). After one hour the complete dissolution
of the reactant marked the completion of the reaction, The
green solﬁtion was filtered and was redgced in volume to
c.a, 5 ml by evaporation under reduced pressure. Addition
of diethyl ether precipitated the pure compound as pale
green plates (0.28 g5 85%) .

Alternatively : 6,6 '-Bis(N-3,5-dimethylpyrazole)~

nkﬂﬂ@{)

2,2'-bipyridyl ' (97), (0.2 g) was suspended in ethanol (25 m1)
and tﬁe suspension brought to reflux, Hexaaquonickel(II)
perchliorate (0.25 g) was added and the suspension refluxed
until all pf the reactant had dissolved, The pure product
wés then isolated from the resulting solution in the manner
described above, (0.31 g, 89%) .

I.R. (nujol) : 3400s, 160ks, 1585m, 1566s, 1490s,

1426s, 1333s, 1310s, 1275m, 1194w, 1182w, 1150 to

1030s, 990m, 925w, 848w, 792s, 715m.

§467—Bis(N_315_dimethylpyrazole)—2,2'—bipyrigyl {o7) -

Compound (96) (0.2 g) vas dissolved in methanol (25 ml) and
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the solution brought to reflux. Sodi um cyanide_(0.075 g)
was then added and the solution refluxed for a further
fifteen minutes before evaporating to drynéss under reduced
pressure, The resulting residue was extracted with hot
chloroform (2 x 20 mlj and the extract filtered, before
evaporating it to dryness under reduced pressure to yield
the crude product.  Recrystallisation, once, from a
‘mixture of chloroform and petroleum ether gave the pure

compound as white needles (0.1 g, 87%).

Alternatively : 6,6'-Dihydrazino-2,2'-bipyridyl
(O.h g) was suspended in refluxing methanol; to the
suspension were added acetylacetoﬁe (O.h ml) and glacial
acetic acid (2 drops). The suspension was réfluxed for
one hour before collecting the white pfecipitate, which
formed, by filtration, The precipitate was washed with
"methanol (2 x 10 ml) and dried in vacuo to give the pure
ﬁf0d¥ﬁt. (0.6 =, ol .

p.M.,R, (cDC1l3): 1.77 to 2.27, m, (6H); 3.957, s,

(2n1); 7.2071, s, (6H); 7.6971,.s, (6H).

I.®. (nujol) : 1586m, 1578m, 1562s, 1282w, 1143w,

1095m, 1072m, 1041m, 982w, 968s, 793s, 770s, 697s.

Mass Spectrum : m/e of parent ion caloulated 34,

Found : 34bL.

Dichloro=6,6"-bis(N-3,5-dimethylpyrazole)-2,2"'—

bipyridylnickel{IT) hydrate (98) : 6,6!'-Dihydrazino-2,2"-

bipyridyl (0.2 g) was suspended in ethanol (20 ml),concentrated

aqueous hydrocnloric acid (11,5 M) was added until the

solution attained pH 2, Acetylacetone (0.13 g) was then
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added and the solution refluxed for one hour. - The solution

was then filtered and reduced in volume, under reduced
pressure, to c.a. 5 ml, whereupon:bright green crystals of

the pure product precipitated. The product was isolated

by filtration, washed sparingly with water and dried in vacuo.

Yield : (0.15 g, 72%).
I.R. (nujol) : 3400s, 1600m, 1560s, 1339m, 1307m,
1272m, 1196m, 1125s, 1028m, 990m, 919w, 850w, 803s,

796s .

Diaquo—6,6‘—bis(N;B—methyl—S—phenylpyrazole)—2,2'—

bipyridylnickel(II) perchlorate (99) : Benzoylacetone

- {0.26 g) and 6,6'-dihydrazino-2,2'-bipyridylnickel{IT)
perchlorate (0.25 g) were refluxed together in 95% ethanol
(AO ml) until, after five hours, complete dissolution of
the reactant marked the finish of the reaction. The pure
Product was isolated from the resulting green'solution in
the same manner as the acetylacetone derivative, (96).
Yield : (0.36 g, 89%).

' In the same manner as compound (96), compound (99)

was also prepared by the direct interaction of hexaaquonickel(II)

perchlorate with 6,6'-bis(N-3-methyl-5-phenylpyrazole)-

2,2"-bipyridyl in ethanol,

I.R. (nujol) : 34L00s, 1600m, 1581m, 1575m, 1481s, 1&355,'

1335m, 1310m, 1279m, 1205m, 1150 to 1030s, 986m, 975m,

930m, 849m, 815m, 793m, 696s.

6,6'—Bis(N—3umethyl—S—phenylpyrazole)—2,2'—b;pvridyl

(102) : Compound (102) was prepared from its nickel complex,

(99)'in the same manner as that in which (97) was derived
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from (96). Recrystallisation, once, from methanol gave

the pure compound,

Alternatively; 6,6'-Dihydrazino-2,2'-bipyridyl
(0.3 g) and benzoylacetone (O,hB g) were refluxed together
for three hours, The white precipitate which had formed
after this time was collected by filtration and recrystallised
twice from methanol, This product was found to be 6,6'-
bis(N—Z,3—dehydro—B~methyl—5—hydroxyphenylpyrazolidine)—
2,2'—bipyridyl, (103); it was dissolved in glacial acetic
acid (10 ml) and stirred at room temperature for twenty
minutes before adding ethanol (90 ml) and allowing the
solution to cobl overnight in the fridge, At the conclusion
of this period the white crystals which had formed were
collected by.filtration and recrystallised once from methanol
to yield the pure compound., (0.6 g, 929%) .

P.M.R. (€DC13) : 2.317, d of d, J=8.0 Hz, J'=1.0 Hz,

(2H); 2.527, t; J=8.0 Hz, (2H); 2.727, s, (10H);

3.227, d of d, J=8.0 Hz, J'=1.0 Hz, (2H); 3.74r1, s,

{2H); 7.637, s, (6H).

I.R. {nujol) : 1584m, 15655; 1556s, 154khs, 1194w,

1146w, 1105w, 1071w, 1017w, 992m, 971s, 909w, 810s.

Mass Spectrum : "/e of parent ion calculated : L68 . -

Found : 468.

656'—Bis(N—ZJ3—dehydro—3—methyl—B—hydroxyphenyl—

erazolidinel:212'-bipyridyl (103) ¢ This compound was isolated

in the manner described above.

P.M.R. (CDC13) : 2.4r to 2.87, m, (14H); 3.257, d of d,

J=7.0 Hz, J'=1.0 Hz, (2H); 4.057, s, (2H); 6.73+,
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d, J=18 Hz, (2H); 7.057, d, J=18 Hz, (2H); 7.94n,
5, (6H),

I.R. (nujol) : 3L00m br, 1572s br, 1309m, 1249w,
1211w, 1156w, 1091w, 1071m, 1034w, 1019w, 977w, 911w,
872m; 796s, 772s.

Mass Spectrum : /e for parent ion calculated : 50,

Found : 504,

Diisothiocyanato—6,6'—bis(N—Blj—dimethylpyrazole)—

2,2'-bipyridyinickel(II) (105) : The corresponding

perchlorate salt, (96), (0.2 g) was dissolved in methanol
(20 m1).  Ammonium thiocyanate (0.08 g) was added to the
solution which was then stirred for thirty minutes. = The
pale blue precipitate was isolated by filtration and purified
by washing with methanol (2 x 10 ml). Yield : Quantitative.
I.R, (nujol) : 2099s, 1602s, 1585m, 1569s, 1551m,
1326w, 1305w, 1269w, 1192m, 1174w, 1127m, 1037w,

-1017w, 990m, 819m, 811m, 787s.

A Diisothiocvanato—6,6’fbis(N}B—methyl—5—phenzlpyrazole)—

.2,2’«binvridylnickel(II) (106) ! The corresponding perchlorate

ait, (99), was treated in the same way as described above

[}

fqr the preparation of the acetylacetone analogue, (105).

.The pale‘gréen product was obtained in quantitative yield.
I.R. (nujol) : 2077s, 2061s, 2048s, 2036s, 1600m,
1578m, 1565m, 1309m, 1278m, 1204m, 1175w, 1157w,

1036s, 1002w, 989m, 976m, 846w, 828m, 797s.

BiS(N‘-acetylacetonemono@idrazone)—6,6'—di—N—mothyl—

hydrazino-2,2'-bipyridyl (107) 6,6'-Di—=N-methylhydrazino-
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2,2'-bipyridyl, (44), (0.45 g) was dissolved in ethanol

(60 ml) and the solution brought to reflux. Acetylacetone
(0.3 g) was added and the solution refluxed for one hour.
As the reaction proceeded the crude product precipitated
from the solution; it was isolated by filtration and
purified by washing with methanol (2 x 10 ml). Yield : ‘
(0.7 g, 93%).

P.M.R. (CcDC13) : 2.167, d, J=8.0 Hz, (2H); 2.41r, ‘

t, .J=8.0 Hz, (2H), 3.297, d, J=8.0 Hz, (2H); L.85rT, |

S’ (6H)- g

I.R. (nujol) : 3170s br, 1610s, 1568s, 1301m, 1277m,

1216w, 1191w, 1120w, 1078w, 1015m, 978m, 874m, 788s. M
Mass Spectrum : m/e of parent ion calculated : 4O8. | }

|
|
S, (ZH); 6.581, s, (6H); 7.90T, s,'(6H); 8.06T, {
Found : 408,

Bis(Nf—benzoylacetonemonohydrazone)—6,6'—di—N—methyl—

hydrazino-2,2'-bipyridyl (108) : 6,6'-Di~-N-methylhydrazino- |

2,2'-bipyridyl, {(Li), (0.3 g) was dissolved in ethanol

(30 m1) and thé solution brought to reflux. Benzoylacetone
(0.6 g) ﬁas added and the. solution wefluxed for four houvs |
before cooling it and reducing the volume to c.a. 10 ml by ”
evaporation under reduced pressure. The product was
collected by filtration, washed with methanol (2 x5 ml) and |
dried in vacuo (0.61 g, 93%) . | A |
i

P.M.R. (CcDC13): 2.0 to 2.77, m, (14H); 3.217, d,

J=8.0 Hz, (2H); &4.127, s, (2H); 6.517, s, (6H); |

7.901, s, (6H).

|
|
I.R, (nujol) : 1602s, 1571s, 1549s, 1537m, 1341m,
|
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1284m, 1203m, 1127m, 1042w, 1069m, 1029w, 979m, 89km,

850s, 790s, 758s.

Mass Spectrum 3 m/e parent ion calculated : 532.

Pound : 532.

Ni(ADMeHBP)T (109) : Compound (107) (0.1 g) was

suspended in boiling water (15 ml). Nickel(II) acetate
(0.08 g) was added and the pH adjusted to five with acetic

acid, After refluxing, with stirring, for three hours the

ligand had completely dissolved to yield a deep red solution.
This reaction solution was filtered into an aqueous solution ‘
of sodium iodide (5 g NaI in 15 ml H,0). The resulting
floculent redrprecipitate was collected by filtration and
washed with water (2 x 10 ml) to give the préduct (0.1 &,
83%). Further purification for analytical purposes was
effected by recrystallisation from a pyridine diethyl ether
mixture. |
I.R. (nujol) : 1605 to 1520m br, 1160m, 1080w, 1031m,
975w; 812m, 781s.

Mass Spectrum : /e of parent cation calculated : 365. |

Found : 365.

Ni(ADMeHBP)C10, (110) : The reaction solution,

prepared in the manner described above for compound (109),
was filtered into an aqueous solution of sodium perchlorate.

The resulting red precipitate was collected and purified in

the same manner as (109). : 1

T.R. (nujol) : 1605 to 1520m br, 1170m, 1090s, 990m, 787s.

P .M.R., (d¢-DMSO): 2.50 to 3.137, m, (6H); 5.517, s,

(11); 6.971, s, (6H); 8.0971, s, (6H).
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Ni (ADMeHBP)PFg (111) : This compound was prepared

in the same manner as (110) using, instead, an aqueous

B iution of ammonium hexafluorophosphate.

T.R. (nujol) : 1605 to 1520m br, 850s, 788s.

N ( HADMeHBP) (PFg) » (112) : Hexafluorophosphoric
acid was édded to the reaction solufion, prepared in the.
.Eﬁamer described above for compound (109). Initially a
xed precipitate formed, but more acid was added until thié
"was completely yellow in colour,. The yellow precipitate
"‘ stirred for one hour. It was collected by filtration.
an acid washed sinter and washed once with concentrated

i’hydrochloric acid.

T.R. (nujol) : 1601s, 1565s, 1302s, 1169s, 109hw,

1065w, 1046m, 969m, 901m, 900 to 860s br.

6,6 —Di-N-methylhydrazino-2,2'-bipyridylcopper(IT)

L perchlorate (113) : Compound (10’7) (0.15 g) was suspended

'n,boili.ng water. The pH was adjusted to five with acetic
_a-cid before adding cupric acetate monohydrate (0.0’72 g‘).‘
The resulting green solution was refluxed for three hours.
At this stage the product was isolated and purified in the
. same manner as (110). Yield (0.18 g, 96%).

T.R. (nujol) : 3290s, 1630s, 1605m, 1520m, 1310m,

1220s, 1100s br, 1018m, 965w, 786s.
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Ni (ADMeHBP)PF, (111) : This compound was prepared “ k

in the same manner as (110) using, instead, an aqueous
solution of ammonium hexafluordphosphate. Il

T.R. (nujol) : 1605 to 1520m br, 850s, 788s.

Ni (HADMeHBP) (PFg) , (i12) : Hexafluorophosphoric

acid was added to the reaction solutiomn, prepared in the M
manner described above for compound (109). Initially a
red precipitate formed, but more acid was added until this

was completely yellow in colour, The yellow precipitate ‘H{

was stirred for one hour. It was collected by filtration
on an acid washed sinter and washed once with concentrated H;

hydrochloric acid. | ‘

T.R. (nujol) : 1601s, 1565s, 1302s, 1169s, 1094w, IR

1065w, 1046m, 969m, 901m, 900 to 860s br. W

6,6' -Di~N—methylhydrazino-2,2'—bipyridylcopper(II)

perchlorate (113) ¢ Compound (107) (0.15 g) was suspended

in boiling water. The pH was adjusted to five with acetic

acid before adding cupric acetate monochydrate (0.072 g);

|
|
U The resulting green solution was refluxed for three hours. iV\
| At this stage the product was isolated and purified in the
same manner as (110). Yield (0.18 g, 96%). ity

I.R. (nujol) : 3290s, 1630s, 1605m, 1520m, 1310m,

1220s, 1100s br, 1018m, 965w, 786s.

|
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4.1 General

During the course of the preparative work deséribed
in Chapters Two and Three, the ligand field spectra and
magnetic properties of the complexes that were formed provided |
valuable assistance in their structural characterisation.
Additioﬁally, measurement of these properties provides a
means of gauging the ligand field strength of the particular
ligand array that confronts the metal and hence gives an
indication of the actual bonding situation within the inner
co-ordination sphere. It is the purpose of this chapter
toc describe the ligand field properties of those ligands

that have been discussed in previous chapters, in terms of

the data derived from their spectral and magnetic properties,

Magnetic moments were determined by the Gouy method127

on solid'state samples (unless otherwise noted)'using a

Newport Variable Temperature Magnetic- Susceptibility

“Apparatus, and are corrected for inner core and ligand
pD

27

1
diamagnetism . The apparatus was calibrated over the : |
temperature range 80°K to 300°K using mercury tetrathiocyan- |

atocobaltate(II) which was prepared in the recommended manner128

(10x = 16,44 (2 0.08) c.g.s. units at 293°K, 6 = + 2°k) 129,
.ViSible spectra were recorded on a Unicam SP700A Spectrometer.

Solution spectra were obtained using the solvents specified,

Solid state spectra were obtained by transmittance through

nujol mulls supported on calcium fluoride plates.

L 2 Spectral and Magnetic Properties of Nickel(II) Complexes

.o+ L
The Ni?" ion has the 3d® outer electron configuration
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which gives rise to the singlet and triplet terms (in order

130 The simple

of increasing energy) °F, 'D, 3P, ‘G, 'S.
crystal field diagram for the orbital splitting of this ion
in octahedral and tetragonal fields (the fields which are

relevant to the compounds under discussion) is shown in Fig. L.1.

It can readily be seen from this diagram that in

Figure 4.1

Orbital Splittings for Ni(IT) in Various Ligand Fields

1/,4" (b! g) X =y
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f 3. vz
eg
Free Ion - Octahedral Slight Tetragonal .
. . Square-planar
Distortion ,

octahedral and in slightly tetragonally distorted. octahedral
fields two unpaired electrons are present and that the ground
state makes no orbital contribution to the magnetic moment.

In strong tetragonal fields the electrons pair and the

complex becomes diamagnetic.




Under the influence of an octahedral field the low |
lying free ion terms split in the manner shown in Fig. 4.2.
The spin allowed transitions and the energies involved are

as follows :130 ‘ H

Figure 4.2 - _ W

The Cubic Ligand Field Splitting of Ni(II) Free Ton Terms

|
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AT (F) v, = 15D+ 158 /5 _ 1[(158 - 6Dq)? + 64(Dq)?7? 1
( H
1
3A2§rﬁ3T1g(P) Vy = 15Dq + °B/a 4+ 3[(15B - 6Dq) + 64(Dq)*]%

These three transitions are generally observed in the

regions 7,000 to 13,000 cm ',11,000 to 20,000 cm ' and

20,000 to 28,000 cm—1, respectively and fréquently the spin i
g ‘

forbidden transitions

1 3 1 H
A — E and "A— T are also
2g g 2g 2E

observed in the ranges 11,000 to 15,000 cm ' and 17,000 to
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- 1 v
22,000 cm k respectively 30. The ratio 2/v1 lies in most

cases between 1.5 and 1.7. In the bipyridyl containing

complexes of this work V, is never observed due to the overlap W‘i

’ I

of an intense charge transfer band.
The best fit for the three observed bands using the ‘
equations for the transitions enables the values of Dg and

B to be obtained for a given complex. Often this is : :

simplified to 10Dg = v, and B :(\)2 + Vv

1 - 3V1)/15. Some

3

representative values of 10Dq are given in Table 4.1.

Table 4.1

Compound 10Dq VZ/V1 Reference 3%
|
+ il
Ni(EtOH) &2 8,180 1.64 131 i
s
Ni(MeomH) ¢27 8,430 1.69 131 ‘@
| ‘1
Ni(H,0) 6% 8,500 1.59 132 I
_ il
Ni{NCS) 62 9,600 1.66 153 it
i I
Ni{trien)(H,0),2" 10,200 1.70 134 | }
. "
Ni(CH3CN) ¢27 10,600 1.65 135 it
_ i
Ni{NH;),(NCS), . 10,750 = 138 i
|
Ni(NH; ) 427 10,800 1.64 132 ii
Ni(en)s2™* 11,500 - 138 |
I
s if 2+ H
Ni(bipy)a 12,650 1.52 136 I
5 “\
Ni(1,10-phen)s;2¥ 12,700 1.52 136 i

Geometrical distortions and/or non-identical donor i

atoms cause departures from 0O, symmetry. The orbital

h
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triplets then undergo further splitting so that a large
number of transitions are expected in the electronic spectra.

Figure 4,3 shows the effect on the energy levels of

Figure 4.3

Ni(II) Energy Levels in Ligand Fields of Symmetry Lower than Oh
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substituting two weaker ligands in the cis and trans positions

137

of an octahedron : The largest splittings are observed

. ) _ —- 138
for a trans distortion and are as much as 2,000 to 3,000 cm u 3

depending upon the difference in the axial and equatorial

fields., Generally the splittings arising from a cis
distortion.are too small to be resolved. The mean value of

the split v1 band corresponds approximately to the average

ligand field strength,.
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As stated, octahedral compounds of nickel(II) are
always paramagnetic. Although there is no orbital
contribution to the magnetic moment from the ground state

spin-orbit coupling introduces a slight orbital contribution

3

ng level, which augments the spin-only value of

magnetic moment by about 10%. This additive contribution

from the

is proportional to the spin-orbit .coupling constant, A,
and inversely proportional to the separation between the
levels, 10Dq. The magnetic moments are given by the

relationship S

1 = 4 ‘ ' (4-1)

veff - Hs,.o. s
e 10Dg

where A is, in general, 70 to 80% of the Ni2+ free ion value

of =315 cm | .”‘O

Thus, the deviation of the magnetic.moment from the
spin only value affords a measure of the ligand field
.strength—or‘of the spin-orbit coupling constant. Use of
this‘method, though, is severely limited in accuracy by two
facts : Fifstly, the relative error in the'small difference

between_ueff and is large, often as high as - 20%.

Us.o.
Secondly, the value of the spin-orbit coupling constant for
the complex (if 10Dg is being determined) is not known

accurately.

Square~planar complexes of nickel(II) are stabilised

by strong nickel to ligand covalent bonding (both g and ™

bondiﬂg) and short nickel to ligand bond lengths are commonly
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2 Z(TA

5 b2g 1g term)

observed, The configuration egh, a1g

is favoured if the separation between the dxé—yz and dXy
orbitals is greater than 10,000 cm @ . 137 The compounds
are generally orange or red and have a strong spectral

band (¢ = 50 to 500) around 15,000 to 23,000 cm ', believed

to correspond to the transition b_.—b

1 1 138
2g  1g ( Az A2g) :

4,2,1 _ Nickel(II) Complexes of DHBP and DMeHBP

Although solid samples of Ni(DHBP)(C10,)., (43),
and Ni(DMeHBP)(C104),, (47), are both orange and diamagnetic
indicating square-planar geometry, in aqueous solution they
both exhibit ligand field spectra characteristic of

octahedral complexes (Fig. 4.4). The implication of this

Figure L.k

Visible Spectrum of Ni(DHBP)(ClO4)2 in Aqueous Solution

0 . .
400 700 1000

|
|




is that two water molecules enter the inner co-ordination
sphere to form a six co-ordinate diaquo species. Such
square-planar to octahedral interconversion is commonly
observed.139

On examining the spectra in Fig. 4.4; firstly, no
splitting of vy is observed. This suggests thaf the two
water molecules are mutually cis and that the ligand has
rearranged to adopt either the gis a or cis B configuration.
If the frequency of v1~is taken as the average ligand field

strength, this gives a value for the DMeHBP complex (Table 4.2)

which is a 1little higher than that for the DHBP complex.

Table L. 2

Electronic Spectral Properties in Aqueous Solution

1

s - + . . 5 . :
(Frequenoy in cm - 1%, extinction coefficient in parentheses)

Compound _BAZE*Qng, BAég”JEg '3A2§*?T1g(F) 3A2§TJT1g
o (10Dg)
NiDHﬁF(ClG4)2a - 11,560(28) 12,970(21) 19,380(6) 20,920(11)
NiDHBP(H,0)C1,° . 11,550(30) 12,970(22) 19,380(10) 20,880(15)
NiDHBP(NCS),C’® 10,340 12,640 18,450 19,920
NiDMeHBP{C10,4),° 11,950(33) 13,000(28) 19,960(17) 21,050(43)
d

NiDMeHBP(H,0)C1,

1
11,850(37) 13,020(13) 19,380(32)  21,140(37)

; ; ‘b ' d -
? Diamagnetic, Ueff = 3.04, © bepp = 3-12, vepp = 2:97 B.M.,

© Solid State

This suggests that DMeHBP is the more basic of the two ligands

and is consistent with the observed chemical properties of




the two complexes where Ni(DMeHBP)(ClO4)2 was found to be

the less reactive of the two.

The relative magnitude of 10Dgq for the two ligands
is also borne out by the values for the corresponding

chloride derivatives (Table 4.2).

The absolute value for 10Dg is somewhat higher than

the 11,030 cm ' that is expected empirically using Jgrgenson's

f and g pan':lrne1:e3:'s1L}5 (10Dq = f.g cm_1 x 103) for a co-

ordination sphere consisting of one bipyridyl, one ethylene-

diamine and two water molecules. Thus the strained geometry

of the ligand does not produce an abnormally low field

strength,.

The magnetic moments of the two dichloro complexes,
whilst indicative of predominantly octahedral geometry,
gfadually decreased over a period of time suggesting a slow
transformation to a square-planar species possibly by loss

of water.

The solid state spectrum~(the solution spectrum not
being obtained for solubility reaSons) of Ni(DHBP)(NCS)g.

shows no splitting of V, suggesting a cis configuration.

1

This is in agreement with the determination based on the
number of VvV C=N absorptions in the infrared spectrum, The

value of 10Dg suggested by V however, is lower than that

1’
expected by comparison with the data for the other compounds

in Table 4.2. The NCS~ group lies higher in the spectro-

chemical series than either H,0 or C1  and accordingly should

lead to a higher wvalue of 10Dg, although inversions within
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the spectrochemical series are frequently observed . It
is questionable, though, whether it is reasonable to closely
compare solid state data with solution data. In previous
cases discrepancies have been observed, which have been

attributed to lattice packing effects1h2.

L.2.2  Nickel(IT) 2,2'-Bipyridyl Dihydrazone Complexes

The solid state spectra of the diaquated nickel(II)
dihydrazone complexes, (51) to (57), are similar to Fig. L.k
and agree with the structural assignments already proposed.
The data is tabulated in Table 4.3 Comparison of the
average ligand field strengths in this series of compounds
is interesting since ligand field strength is inversely
proportional to the sixth power of the metal-ligand distance143.
As_has already been discussed, the approach of the two
terminal donors of the quadridentate hydrazone ligand
towards the metal co-ordination sites is expected to be
effected by the intramolecular steric repulsions existing
between the alkyl groups attached to the imino carbon atoms.
This is seen quite clearly by the difference in the value
of 10Dg associated with those hydrazones that are derived
from aldehydes and those derived from ketones. The sterically
more crowded ketone derived hydrazones produce fields of the
order of 1,300 cm | less than those of the less crowded
aldehyde derivatives. This trend is also seen in the iso-
thiocyanate derivatives, (88) to (94), (Table 4.3) and in
the Copper(II) complexes, (115) to (121), described in

Section 4.3. It is parallelled by the increased departure
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Table 4.3 My i
" Spectral and Magnetic Data for Compounds of the Type®* HN )ﬁ NH
. . 5 -1 + N X N
: _ (Frequency in cm 1%) MHX:HZO:(C!Q;)Z
No. 1 ; »2 2¢n kg 2g 7=4 2g 1g £ 2g 2g 1 eff
(10 D, V¢ ) ‘ Yy)
51 CH; H Hy0 11,720 12,950 18,420 20,000 1.57 3.16
52 CH5 CH» H H,0 11,450 13,040 17,890 19,840 1.57 F1h
53 CH3CH,CH, - H H,0 11,880 13,020 17,860 19,960 1.50 3.09
54 CHj " CH; H,O 10,470 12,900 16,180 19,920 1.55 3.29
55 CH3CH,  CH, H,0 10,460 12,970 15,970 19,800 1.53 3.33 i
56 CH;CH, CH3CH, H»0 10,420 12,920 15,950 19,960 -1.58 3.51 -
wt
57 CH3CH,CH, CH; H,0 10,560 12,840 16,640 20,000 1.58 3.28 =
88 CH3 H NCS 10,270 12,280 18,080 20,200 1.76 314
89 CHs3 CH, H NCS 10,120 12,350 17,420 19,880 1.72 3.11
90 CH3;CH,CH, H NCS '10,200 12,270 18,050 19,230 1.77 3.01
91 CHj; CH,3 NCS 9,350 12,390 15,700 19,080 1.68  3.25
92 CH; CH, CH,4 NCS 9,430 - 15,840 19,270 1.68 3,27
93 CH;CH, CH;CH, NCS 9,220 - 15,850 19,680 1.72 3.28
9L CH3CH,CH, CHj NCS 9,400 - 15,770 19,190 1.68 3.25

* Solid state data
T B.M.at 22°
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of the magnetic moment of the ketone derived compounds from

the spin-only value, in accordance with equation 4.1,

When recorded in aqueous solution the spectra of (51)
to (57) show several absorptions in the range 20,000 to |
7,000 cm | Superimposed upon the spectrum exhibited by the
compound in the solid state (Fng 4.5 is typical of the

series). It is possible that these absorptions originate

Figure 4.5

Visible Spectrum of Compound (51) in Aqueous Solution
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“
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Absorptions indicated correspond to ‘ 0

those found in the solid state spectrum |

0 . 1 - - - : i : o ' I
400 650 900 - 1150 1400 ; i

nm . il

from an equilibrium concentration of a five co-ordinate

species, as five co=ordinate nickel(II) complexes are known
to exhibit similar low energy absorptions, although their H
origin is not well understood1ah. Generally five co-ordinate

nitrogen donor complexes are high spin and have magnetic

moments in the range 3.2 to 3.4 B.M. The solution (methanol)

magnetic moment of the acetaldehyde derived hydrazone, (57>,
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'was determined and found to be 3.25 B.M. in contrast to its
solid state value of 3.16 B.M. Although this is barely
beyond the bounds of experimental error it is a shift in
the direction expected due to the presence of a five co-—
ordinate species, perhaps mofe important ly though, it

precludes the existence of any significant octahedral to

square-planar equilibrium. It was verified from the spectra

of the corresponding zinc complexes, (72) to (78), that

none of these absorptions originate from within the ligand.

4.2.3 Nickel(IT) 2,2'-Bipyridyl Bis(pyrazole) Conplexes.

This series of complexes showed spectra both in the
solid state and in solution (methanol) indicative of six
co-ordination with two monodentate ligands disposed cis to

one another, The data is tabulated in Table 4.4, The

Table 4.4

Spectral and Magnetic Properties

(Frequency in cm | - 1%, € in parentheses)
Me Me B £
. (96) Me - H,0
Nﬂ\\x¢A//Nfiﬂ\ (99) Ph H, 0
R %;E;gzi:§ B (98) Me c1
: if X = H,0:(ClQ;), (105) Me NCs
(106) Ph NCS

Cmpd. PAp z=3To

3 1 3,4 .3 34, 1 Vo
No. ?TODq) Azg By ChagTTiglP) *Acp-Toy V2/v

96 10,380(26) 12,850(8) 15,720 (5) 21,500(6) 1.5
99 10,410(24) 12,280(8) 16,230 (4) 21,510(7) 1.56

98 10,380(27) 12,770(8) 15,390 (5) 21,600(6) 1.48
105% 9,970 12,590 .. 17,670 - 1.77
106% 10,250 12,260 17,450 - 1.70

Solid state data T B.M.at 22°
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ligand field strengths are approximately the same as those |
obéerved.for the ketone derived hydrazones of the previous

section, which was to be expected in view of their structural
similarity. The magnetic data is consistent with the

proposed octahedral formulation.

L,2.4 Nickel(II) Macrocyclic Complexes

These complexes, (109) to (112), are all diamagnetic
and show a single absorption band in the visible region of
the spectrum, This dis in accordance with what is normally
observed for square-planar nickel(II). There is no
indication of any octahedral species, formed through solvation, i
in equilibrium with the square—plaqar complex. This is a |
property frequently encountered with macrocyclic complexes,

55

in contrast to similar open chain species™ ~,

Table 4.5

Electronic Spectral Data

(Frequency in cm ! 2 1%, € in parentheses)

C?i?’ Compound 1A1g—*’A2g Solvent

109 Ni(ADMeHBP)T 20,080 (227) CH;CN

110 Ni(ADMeHBP)C10,4 20,100 (241) CH3CN

111 Ni( ADMeHBP) PF 20,080 (253) CH;CN

112 Ni(HADMeHBP) (PFg) » 23,200 - Solid state i
|

L .3 Copper(II) Complexes of 2,2'-Bipyridyl Dihydrazone w

Ligands

In order to verify the ligand field determinations




]
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made on the nickel(II) complexes of the dihydrazone ligands

!
the corresponding series of copper(II) complexes, (115) to i
(121), was prepared, This was achieved by addition of the
appropriate ligand to a methanolic solution of hexaaquo-
copper(II) perchlorate,. The resulting greenish-blue complexes

were 2:1 electrolytes. This was indicated by their molar

1:1 metal to ligand complexes in varying degrees of hydration

|
conductivity76. Analytical data indicated that they were 1
Table L4.6).

|

Copper(II) has the outer sphere configuration 3d°.
The ground term of an octahedrally co-ordinated copper(II) :w
ion is zEg(tggs, eg’). Application of a tetragonal distortion, il
which may originate from the Jahn-Teller effect, if not through

the bonding pattern, results in a partial loss of the

degeneracy of the system. This splitting is shown in

Fig. 4.6.

Figure 4.6

Term Splitting Diagram for a d° System

..... 2Eg
Tog e
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Table 4,6 ; ;
' N
Analytical and Conductance Data Hﬁ,\\‘mF”/P\H

} : Do
' o ® “N N
for Compounds of the Type : %;:>__<;:§ (c10}), XHp

Expected : J/\\

cﬁi?' Ry Rz X ¢ EQ%EQ N (%) ¢c T H N cm?ohm M
115 CH, ] - 0 - 31.2 3.03 15.6 31.7 3.04 15.8 ° 203
116 CH; CH, H 0 341 3.53 149 344 3.61 15,0 174
117 CH3 CH,CH, H 0O 36.8 L,15 14,5 36 .8 '4.12 14,3 161
118 CH; _ CHa 2 32,4 3.80 14.2 32.3 L.,07 1k4.1 172
119 CH3CH, | CHs 1 35.8 4,08 13.9 35.7 4.33 13.9 166
120 CH3 CH; CH3CH, O 39,1 4,51 13,7 39,1 4,59 13,7 162
121 CH3 CH,CH, CH; 2 36,9 h,72 12,8 36,9 L,96 12,9 157
122 Cu(DHEP)(01o4)2. - 24,8 2,88 17.6 25,1 2,53 17.6 LA

&L
ry

107 3M in methanol at 22°
A 3t

Too insoluble




The.result of this is that copper(II) complexes
normally give rise to a single absorption band in the
visible region of the spectrum at about 16,000 cm . The
band can sometimes be resolved into two or three components
originating from the transitions apparent from Fig. L.6.
However, generally these components are not resolved1h6.

The extinction coefficient of the absorption normally varies

from 20 to 50 for centrosymmetric molecules to several

hundred for acentric molecules.

The spectra of the complexes, (115) to (121), are
typical of that shown in Fig. L4.7. The frequency of the
absorption together with its extinction coefficient is

given in Table L4.7.

Figure 4.7

Visible Spectrum of Compound (115) in Methanol
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Table 4,7

Electronic Spectra of Copper(II) Complexes in Methanol L

=1

. + .
(Frequency in cm - 1%, € in parentheses)

VRIS
s

Cmpd. Derived — Tg vealc, “effT
No. From 10Dq) ‘
115 Acetaldehyde 15,870 (145) 15,820 1.90 i
i
116 Propionaldehyde 15,850 (109) 15,440 1.86 |
117 Butyraldehyde 15,850 (102) 16,040 1.91 |
118 Acetone ' 14,370 (93) 14,130 1.88 |
119 Methyl Ethyl 14,420 (96) 14,120 1.89 i
Ketone » |
120 Diethyl Ketone 14,580 (90) 14,040 1.85 |
121 n-Propyl Methyl 14,510 (112) 14,260 1.87
Ketone
e \i
122 DHBP¥* 17,890 15,590 1.84 i
it J‘
. I
113 DMeHBP* 17,700 16,110 1.83 i
* Solid state spectra. *¥ See text. t B.M, ‘
: (at 22°)

By use of Jgrgenson's parameter145 (g = 12.0 for cu? .
-8.9 for Ni2+) the value of 10Dg for the copper(II) complexes,
(115) to (121), may be predicted from the value of 10Dg
determined for the nickel(II) complexes. These expected
values have been calculated and are compared with the observed |
values in Table 4.7. In all cases they agree to within

3%. This good correlation between ligand field strengths

suggests that the copper(II) complexes are almost certainly

solvated in solution and hence six co-ordinate. It is not
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clear from the analytical data whether the complexes are

four or six co—-ordinate in the solid state.

Magnetically dilute, octahedral copper(II) complexes
generally show magnetic meoments corresponding fo one
unpairéd electron, augmented by an orbital contribution from
the upper orbital‘triplet, by spin-orbit coupling. Their

140
magnetic moments are given by the equation b 2

Hepp = Mg, o, | 1 ~22 (4.2)
10Dg

where,in general, A is 70 to 80% of its copper(II) free ‘ion
value of =830 cm !. All the complexes in Table 4.7 have

magnetic moments within the range predicted by this relation-

ship.

The copper complexes of DHBP and DMeHBP, (122) and
(113)3 were isolated as their perchlorate salts by reaction
of tﬁe free ligand with hexaaquocopper(II) perchlorate in
methanol, They are 1:1 metal to ligand complexes with no
tendency to hydfate in the solid state. | The Vv C1-0
absorption in the infrared spéctrum shows no splitting which
would have suggested co-ordination of the perchlorate counter-

ion., In view of this, it seems likely that the complexes

are square-planar. Both compounds exhibit magnetic moments
above 1.8 B,M, at room temperature (Table 14.’7) and it was
verified that these were essentially constant down to 80°K;

showing that there ‘is no significant copper~-copper interaction

in this temperature range.




The electronic solid state spectra of Cu(DHBP)(ClO4)2 w
and.Cu(DMeHBP)(ClO4)2 show a single band at c.a, 17,800 cm_1.
this does not correlate with the 10Dg value expected from
the determination of 10Dq in the corresponding octahedral

(through solvation)'nickel(II) complexes and further suggests

that the stereochemistry in these cases may well be square-—

L. L Cobalt(II) Complexes of 2,2'=-Bipyridyl Dihydrazone 1

|
|
planar rather than octahedral.
I
\
i
Ligands , ‘ ]

The cobalt(II) complexes of the series of dihydrazone
ligands were prepared by the reaction of the appropriate 1
free ligand with hexaaquocobalt(II) perchlorate in methanol, |
The orange-brown complexes thus obtained were air stable. il
Analytical data indicated the stoichicmetry; Cq(ligand)=
(H20)2(0104)2 and the conductivity measurements (Table h.8)
were in accord with a 2:1 electrolyte76. The nature of

the inner co=ordination sphere was determined by a study of

the spectral and magnetic properties of the complexes, These I

were found to be consistent_(vide infra) with a spin-free
octahedral formulation involving co-—ordination of the two
water molecules and the ligand. An alternative means of
synthesising this series of complexes involved initial
formation of Co(DHBP)(NCS)g, (130), followed by reaction

with the appropriate acyl compound, in a fashion analogous

to the method by which the corresponding nickel(II) complexes,

(51) to (57), were prepared,

The ligand field spectrum of octahedral cobalt(II)
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Table 4,8 ¢~ 2 R‘\C/RZ
| : [
. ) _ N H,0 N
Analytical and Conductance Data / \\\\%2”/// \
HN Co NH
for Compounds of the Type : //I\\
. N
H,0
(ClO,),
3¢
Cmpd, ’ Found Expected ‘ _
No, Ry Rz C H N (%) ¢ H N em®ohm™ ' M~
123 CH; H 30.0 3.63 14.7 29.9 3.59 14,9 182
I
124 CH3CH, H 33.1 4,29 14,3 32.6 L4L.10 14,2 185
125 CH; CH,CH, q 35.3 5.08 13.0 35.0 L4.56 13.6 184 A
126 CH; CH;, 33.2 L.,50 14.2 32.6 4,10 14,2 179 !
12% CH;CH, CHs; 35.4 4,99 13,7 35.0 4.56 13.6 193
128 CH,CH, CH, CH, 37.1 4,89 12.9 37.2 4,99 13.0 191
129 CH3CH,CH; CHj 37.4 5,02 13.2 37.2 4,99 13,0 186
130 co(DpHBP) (NCS) , 36.7 3.10 28.8 36.8 3.09 28.6 ®¥

g 1073M in methanol at 22°
¥* 3%

Too insoluble
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(d7, “F free ion ground term) complexes generally consists
of two principal bands assigned in accordance with the

term splitting diagram shown in Fig. 4.8.

Figure 4.8

Simplified Tanabe-Sugano Diagram for Cobalt(II) (d7)
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A band between 8,000 and 10,000 cm ' (e = 1 to 10) is
normally assigned to the 4T,g(F)—~AT2g(v1) transition1h7.v
In addition a multiple band is generally observed near
20,000 cm ' which is assigned as the 4T1g(F)—*4T1g(P)(v3)
transition mixed in with spin forbidden transitions to doublet
terms. The 4T1g(F)——4A2g(v2) transition is generally weak
in intensity owing to the fact that it is formally a two
electron transition. The assignment of this band is
facilitated if Vv; is observed since the transition energy

ratio Vz/V1 is almost invariably in the range 2.0 to 2.2

within the limits of Dq/B values found for octahedral Cobalt(II).

Approximate values of Dg and B may be obtained from
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the more sensitive v3/v1 ratio. Considered in conjunction
with the appropriate Tanabe-Sugano diagram, (rig. 4.8) (or
better, Figures A IIT 7 and A IIT 9 in reference 138).this |

gives the corresponding ratios of Dq/B and of E (the energy

evaluated.

|
!
of the transition v3) to B, from which Dq and B may be
A typical cobalt(II) dihydrazone solution spectrum

Figure 4.9

Visible Spectrum of Compound (128) in Methanol

(methanol) is shown in Fig. 4.9. The multiple band expected |
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at c.a. 20,000 cm ' occurs as a series of shoulders on the

tail of the metal to ligand charge transfer band. The

effect of this charge transfer band, besides making the |
frequency of the absorption maxima of the shoulders difficult
to determine, is probably to shift the‘position of the maxima
and to enhance the intensity of the peaks, At c.a. 9,000 cm '

there is a peak which may be due to the 4T1g(F>—*4T2g

transition, but again this appears as a shoulder. The origin'
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of the broad area of absorption below 9,000 cm | is unknown,
altﬁough, as in the case of the nickel(II) spectra, of which
it is reminiscent, it may be due to a species of lower symmetry
formed by dissociation in solution. The data for the other

members of the series of complexes is tabulated in Table 4.9,

The ratio between the lowest energy component of the

' was always

multiple band and the shoulder at c.a. 9,000 cm
found to be c.a. 2.06, This suggested that the 9,000 cm |

band was due to the *Ty4(F)—*T,, transition and that the

low energy component of the multiple band was the 4T1g(F)~.fA2g |
transition enhanced by intensity stealing from the main band. i
Of the other two components of the multiple band one is

probably a spin forbidden transition and the other the

4T1g(F)———-4T1g(P) transition.

By determining the value of B using both possible il
ratios of V3/v1 a much better agreement with the B wvalue
normally obtained (approximately 80% of the free ion value of
W7

— :
1,120 cm 1) is found by assigning the lower energy band

as Vvi.

For wll compounds the ratie "%/ Ffalls wilhin the
limits 2.21 % 0.04 which leads to a value of 900 & 40 cm '
for B and 11,430 ¥ 700 cm™ for 10Dg. Relating this back
to the 10Dg values determined for the corresponding nickel(II)
complexes, (51) to (57), (Tablevh.B), by use of Jgrgenson's
parameter‘s1h5 (Co2+ g = 9.3, Ni2" g = 8.9) the range

10,270 to 11,610 cm | is spanned, which correlates quite

reasonably. Similarly relating it to the copper(II) 10Dg




Table 4.9

Spectral® and Magnetic Properties of Cobalt(II) Complexes

{Frequency in cm™' I 1¢)

Cﬁi?‘ | Dﬁiiled 4T1ga£)”ﬁT25 _4T’g(€3"AA2g ¢T‘g(F$;ﬁT‘g(P) Asiggned VATRIAY Herr

123 Acetaldehyde 9,340 19,270 20,700 21,980 2 .20 2,06 4,69

124 Propionaldehyde 9,090 18,940 20,280 21,600 2.23 2.08 h,74L

125 Butyraldehyde 9,130 18,690 20,080 21,370 2.20 2.05 4,60

126 Acetone 9,050 _18,660 20,040 21,460 2.21  2.06 L,70

127 Methyl Ethyl 9,070 - 18,800 19,960 21,320 2.20 2.07 L.,76
Ketone :

128 Diethyl Ketone 9,040 18,620 19,880 21,140 2.20 2,06 L., 67

129 n=-Propyl Methyl 8,990 18,520 19,780 21,060 2.20 2,06 b,75
Ketone

130 DHBP - - - - - - h.79

Solution Spectra in Methanol

.'-

B.M,at 27
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values for the corresponding compounds, (115) to (121),
(Table 4.7), the range 13,850 to 15,650 cm ' is spanned

(Cu2+ g = 12.0). Again this is quite a good correlation.

Since the ground state for octahedral cobalt(II) is
an orbital triplet which will undergo splitting into a
number of thermally accessible J states through spin-orbit
coupling, omne expects the magnetic momeht of octahedral
complexes to be temperature dependent. The absolute value
of the magnetic moment does not uhambiguously distinguish
between tetrahedral and octahédral stereochemistry; complexes
of both types can have moments of about 4.6 B.M. at room
temperéturejhg. Tetrahedral complexes, however, have an
orbital singlet ground term and hence the magnetic moment,
corrected for temperature independent paramagnetism, is
temperature independent. Thus by observing the variation
‘of the magnetic moment with temperature, the stereochemistry
méy be deduced. Square-planar cobalt(II) complexes are
usually spin—paired1ho and have moments corresponding to a
singie unpaired electron plué a temperature independent

orbital ceontribution and are thus readily distinguished by

the absolute value of the moment.

The cobalt(II) dihydrazone complexes, (123) to (129),
have room temperature magnetic moments in the range 4.60
to 4.75 B.M. (Table 4.9). The moment of one compound, (126),
was recorded in the range 300°K to 80°K and was found to
+ +

vary from 4.70 - 0.03 to 4.56 - 0.03 B.M. through a maximum

of 4,77 B.M., over that temperature range. This temperature

variance is plotted against KT/)\ in Fig. 4.10 and compares




Figure 4.10

Temperature Dependence of Hopr for Compounds (130) and (126)
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closely with the theoretical curve, seen for example in
reference 148, for octahedral cobalt(II) with a ligand
field that is approaching the strong field limit. A plot
of the reciprocal molar susceptibility (corrected for the
diamagnetism of the ligands and inner core) against

temperature, gives 0 as -L°K.

Thé»cobalt(II) complex of DHBP, (130), was prepared '
as its diisothiocyanate derivative by reaction of the free
ligand with diisothiocyanatotetrapyridinecobalt(II).
Analytical data shows it to have the stoichiometry Co(DHBP)—
(ncs) .. Owing to its low solubility it was only possible

to obtain a solid state electronic spectrum and from this

the peaks (which all appear as shoulders) could not be




sufficiently well resolved to make any definite assignments.
Magnetically, however, the compound shows a temperature
variable moment, Y pp = 4.79 £ 0.03 at 300°K to 4.61 X 0.03

at 93°K, and 6= —8°K, indicative of octahedral stereochemistry

(Fig. 4.10). The infrared spectrum shows two VvV C=N bands

suggesting mutually cis isothiocyanate groups.

L.5 Experimental

Analytical grade hexaaquocopper(II) perchlorate and
hexaaquocobalt(II) perchlorate were used without further
purification. DiisothiocyanatotetrapYridinecobalt(II)

: 1
was prepared according to the published procedure 15.

6,6'—Bis(N'—hxdrazone)—2,2'—bipxridylcopper(lllr

Qprchlorate complexes (115) to (121) ¢ The appropriate
dihydrazone ligand (0.2 g) was dissolved in methanol (30 ml).
Hexaaquocopper(II) perchlorate (one molar equiValent) dissolved
iﬁ methanol (5 ml) was added dropwise to the stirred, refluxing
solution over a_period of ten minutes. On completion of

the addition the solution was refluxed for a further fifteen
minutes before cooling and filtering it. To the stirred
filtrate diethyl ether was added until precipitation of the
product was complete. Recrystallisation,Aonce, from ethanol

gave the pure product (>80%).

6,6'—Dihydrazino—2,2‘—bipyridylcopper(II) perchlorate

(122) ¢ 6,6'-Dihydrazino-2,2'-bipyridyl (0.3 g) was

dissolved in refluxing methanol (40 ml). Addition of

hexaaquocopper(II) perchlorate (0.6 g) dissolved in methanol

(5 ml) dropwise over a period of ten minutes led to the




|
|
|
precipitation of a fine grey crystalline product. This |
was collected by filtration and washed with methanol 1
(2 x 10 ml) to yield the pure product (0.6 g, 96%) .
I.R. (nujol) : 3394s, 3306s, 3246m, 3188m, 1621s,
1582m, 1302w, 1278w, 1215m, 1175 to 1050s br, 933w,

797s.

6,6'—Bis(N‘—hydrazone)—2,2‘—bipyridylcobalt(Ill

perchlorate'complexes, (123) to (122)_: These complexes

were prepared from hexaaquocobalt(II) perchlorate and the

free ligand by a procedure analogous to that described for
the corresponding copper(II) complexes, (115) to (121). As ;
a precaution against oxidation solutions of the complexes

were handled under nitrogen, Yield : (>80%). it

cobalt(11) (130) : Diisothiocyanatotetrapyridinecobalt(II)

Diisothiocyanato—6,6'—dihydrazino—Z,Z‘-bipyridyl— L
|

(0.66 g) was suspended in degassed acetonitrile which had

been brought to reflux under an atmosphere of nitrogen.
6,6' ~dihydrazino~2,2'-bipyridyl (0.3 g) was added and the

resulting suspension stirred for twenty minutes before

E filtering to separate the pale brown crystalline material
which had precipitated. The precipitate was washed with

' : i
acetonitrile (2 x 10 ml) before drying in vacuo to give i

the pure product (0.52 g, 96%).

5 | T.R. (nujol) : 3330s, 3305 to 3130s br, 211ks, 2095s,
1621s, 1604s, 1574s, 1409m, 1267m, 118Lm, 1167w, 112hm, |

1023m, 1007m, 810w, 789s.

;
f




CHAPTER FIVE

1
THE OXIDATIVE DENITROGENATION OF '
il

DICHLORO=6,6'-DIHYDRAZINO-2,2" —BIPYRIDYLIRON(IT)
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5.1 _ Preparation of Dichloro-6,6'-dihydrazino-2,2"'-bipyridyl-

iron(II)

As a prelude to.the study of macrocyclic complexes
containing the biologically ihteresting element iron, the
possibility of synthesising an iron(II) complex of the linear,
quadridentate DHBP was considered. - The formation of a
complex of this type WOQld enable its reactivity and
potential for cyclisation to be studied and at the same time
allow techniques for the synthetically more difficult
introduction of iron(II) into macrocyclic systems to be

developed.

The primary difficulty associated with_preparing
iron(II) amine complexes is related to the great téndency
that iron has for forming hydroxo species, which will then
oxidise to wvarious o0xo species in the presence of traces of
water1é9.' This behéviour is observed with simple amines
such as ammonia, linear polydentate amines such as trien
and also'witﬁ macrocyclic amine ligands. Thus, before
attempting fo introduce iron(II) into macrocyclic systems
careful consideration was given to the source of iron(II)
that was to be used. The required compound should be a
monomerié;.substitutionélly labile, anhydrous iron(II)
compouhd. Diiodotetracarbonyliron(II) was considered
initially, but on examining the compound it was found that the

carbonyl groups wWere so labile that the complex underwent

spontaneous decomposition in the solid. This, together

with the fact that the product is an intractable iodide
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. 150 : : .
bridged polymer rendered it unsuitable. Dichlorotetra-
s s . 151 2 152
pyrldlnelron(II) , however (as well as the dibromo and

15

diisothiocyanato1 derivatives) can readily be prepared as

an anhydrous compound free from iron(III), and occurs as a

stable, but substitutionally‘labile monomer., This substance
151

‘Was prepared according to published procedures and was

used in the initial metallation studies.

The interaction of DHBP and dichlorotetrapyridine-
iron(II) in acetonitrile (from which oxygen and water had
been thoroughly removed, in the recommended manner153) under
an atmosphere of dry nitrogen, precipitated a fine orange-
red crystalline compound, (131), in 90% yield. Analytical
data indicated that it had the stoichiometry Fe(DHBP)Clz

(Table 5.1). The infrared spectrum (solid state) (Fig. 5.3)

Table 5.1
Analytical Daté

Found . "Expected

Cmpd. , 4
No. G onpround c H N (%) ¢ H N
131 Fe(DHBP)C1, 34,9 3.54 24,3 35.0 3.53 24.5

132 = Fe(DHBP)(NCS), 37.1 3.41 28.9 - 37.1 3.12 28.9
133 Fe(DHBP)Br, * 28,8 2.64 15,4, 27.8 2.80 19.5

134 Fe(DMeHBP)C1, 38.9 k.31 22,5 38.8 L4.35 22.7

* Partially denitrogenated

was consistent with this, particularly in the presence of

the three strong Vv N-H bands previously seen in complexes of

this type with other metals. On the basis of its magnetic
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properties and MBassbauer spectrum (vide infra) this compound,

(131), was formulated as a six co-ordinate, high-spin iron(II)
complex. Preparation of Fe(DHBP)(NCS),, (132), in a ‘
similar manner, by the use of diisothiocyanatoﬁetrapyridine—
iron(II) and observation of the fact that it has two V C=N

1

absorptions in the solid state infrared at 2095 and 2076 cm

suggests that the ligand is bound in the cis configaration.

Octahedral high-spin iron(II) has a Sng ground state

and accordingly its eomplexes are expected to show a magnetic
moment corresponding to four unpaired electrons, perturbed

by a temperature dependent orbital contribution. A theoretical’
variation of magnetic moment with temperature may be eeen
plotted, for example, in reference 148, The magnetic moment

of (131) was recorded over a temperature range and was found

+ +

to vary from 5.33 = 0.03 B.M. at 294°K to 5.05 - 0.03 B.M.

at 84°K (Fig. 5.1) in a manner approximately in accordance

Figure 5.1

Temperature Dependence of Hoff shown by Fe(DHBP)Clg, (131)
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with the theoretical curve. A plot of the reciprocal

|
molar susceptibility, corrected for diamagnetism, against
temperature gave a © value of -8°%K, The moment of the ‘

diisothiocyanate derivative (132) at room temperature was

5.38 B.M., that of the dibromo derivative, (133), was

5 5.34 B.M. and that of (134) was 5.36 B.M.

Of the various combinations. of oxidation and spin-
state in which iron may occur, MYssbauer spectroscopy is
fregquently able to distinguish high-spin iron(II)'unambiguéusly,
by the magnitude of the quadrupole splitting that some complexes
of this species exhibit. This arises because, with few

exceptions, only complexes of high-spin iron(II) ever show

a quadrupole splitting of over 2.8 mm sec | (ref. 154);

frequently it is over 3.0 mm sec” ',

Accordingly, when the M8ssbauer spectrum of (131)
was recorded (Fig. 5.2) and was found to exhibit a quadrupole

' at an isomer shift

doublet with a splitting of 3.06 mm sec
of O,Sh mm sec |, which is in the fange normally expected
for high-spin iron(II) (ref. 154), there was little doubt I
f . _ "that the formulation indicated by the magnetic measurementé f

was correct,. The isomer shift, although it lies within the . |
\

normally observed range for high-spin iron(II) (0.7 to 1.4

il secf') (ref. 154) is not diagnostic since signals due to

iron in several other forms also fall within this range.

Furthermore, the magnitude of the quadrupole splitting

is consistent with six rather than five co-ordination.

op! 554156

Bus has correlated the magnitude of the quadrupole

!
!
!
:
!
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Figure 5.2 M8ssbauer Spectrum of'Fe(DHBP)Clg, (131)

splitting in macrocyclic complexes of spin-free iron(II)
with the co=—ordination number of fhe iron; He suggests
that whereas six co-ordinate species have splittings in the
range 0 to 3.0 mm sec—’, five co—-ordinate species have
somewhat larger splittings which are generally in the range

3,3 to 3.8 mm sec !,

3.2 The Oxidative Denitrogenation of Fe(DHBP)C1,

The above mentioned characterisation of the orange-

red Fe(DHBP)Clg, (131), was carried out on freshly prepared
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samples of the compound. On standing exposed to the air,
or in pure oxygen, the compound undergoés reaction in the
solid state to form a deep-red substance. For bulk samples
of up to 1 8 the process is essentially complete in about
eight days. At the conclusion of this period the product
analyses approximately as Fe(bipy)Clg(H20)1‘33 (Found : C,
39.2, 38.9; H, 2.97, 3.30; N, 9.07, 9.23; Cl, 23.5,

23.3. C10H10.66012F9N201.33 requires C, 39.1; H, 3.50;

N, 9.13; Cl1, 23.1%). - The hydrogen analysis is somewhat
iow, but this is explicable and the reason will become
obvious in due course,’ In contrast to the reactant the
product is totally soluble in most polér solvents. A
comparison of the infrared spectrum (Fig. 5.4) with that of
the reactant (Fig. 5.3) shows, most significantly, that all
the v N-H absorptioné have been lost. Contact with oxygen
for more than about eight days gradually leads to the furmation
of insoluble components within the product. On storing
under pure ‘nitrogen, however, the initial compound, (131),

is stable indefinitely. : ‘

The most obvious way in which this spontaneous change
in elemental constitution can have occurred is by the loss ;
of the two hydrazine moeties, as two moles of nitrogen, |
! accompanied by the uptake of oxygen, in an oxidative process.

The ovérall gas balance during the reaction was determined
by allowing a weighed, solid sample of the compound, (131),

to decompose, whilst measuring volumetrically the overall

amount of gas that (as it turned out) was evolved. It is
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Figure 5.3

Infrared Spectrum of Fe(DHBP)Clg before Denitrogenation
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Figure 5.4

Infrared Spectrum of Fe(DHBP)Clz after Denitrogenation
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then a simple matter to relate this volume, in terms of
mole-equivalents, to the weight of material from which it

was derived.

The experiment was performed in duplioate, allowing

ten days for the reaction to go to completion. In both

cases significant gas evolution had ceased after five days.
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The overall amount of gas evolved corresponded to approximately
one mole-equivalent; the actual results are detailed in

Table 5.2.

Table 5.2

Wt. of Sample Gas Collected Volume Expected Actual No. of
g) (ml.at S.T.P.) for 1 mole-equiv. mole-—equivs,
" (ml1. at S.T.P.) collected
0.2046 12.29 13.36 0.92
0.3128 20.84 20.43 1.02

It was also noted during these gas evolution measurements
that overall gas evolution only occurred during daylight
hours, suggesting that a photochemical process may be
involved, and also that there was a distinct period of gas
uptake at the beginning of the decomposition, before any

evolution occurred.

These measurements were verified semi-quantitatively
by mass spectroscopy in an experiment expected to show that
this overall evolution of one mole of gaseous products
corresponded specifically to the uptake of one mole of oxygen
and the evélution of two moles of nitrogen. A sample of
(131) was placed in a calibrated flask, which was then
evacuated, and a pressure of oxygen admitted such that if
the reaction went as expected the ultimate nitrogen to

oxygen ratio would be close to the atmospheric ratio for

these gases. The experiment then simply involved comparing
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: the nitrogen to oxygen mass peak ratio in the mass spectrum

of the gases in equilibrium with the sample after ten days,

|
|
i
with the same ratio in the spectrum of the atmospheric gases, ‘
At the same time a check could be made for the presence of

any other gaseous products fdrmed during the reaction, That

the sample had not been contaminated by the atmosphere

through leakage into the low pressure system could be

verified by the absence of any CO, peak in the spectrum of

the sample gases,

The experiment was carried out énd gave the expected
results, Theronly gas detected as being férmed during the
reaétion was nitrogen and this occurred in twice the volume
of the one mole-~equivalent of oxygen that was absorbed by

the compound. These observations may be summarised in Scheme

One,

Scheme One

N N N N 1?
| HN R WM 2z H VR H
e > : e ‘
\ /
o W,
2H,0 + 2N,

Hydrazines as a class of compounds are known to be oxygen

157

scavengers . However, in contrast to others, free DHBP is ‘
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gquite stable over long periods of time and, more particularly,

o+ + y
2+, Ni? ’ Cu2+ and Zn®" are quite

its complexes with Co
stable towards aerobic oxidation, Thus, so far, the

= decomposition reaction appears peculiar to the iron(II) v

species, In solution (methanol)‘the reaction of FG(DHBP)Clz
with oxygen is even more rapid and a series of visible '
spectra, representing the full course of the reaction over
é three hour period is shown in Fig. 5.5. In pyridine,
however, the reacfion is completely prevented and solutions
of Fe (DHBP)C1l, will remain in equilibrium with oxygen : i
indefinitely, This behaviour is reminiscent of iron(IT) |
. hems, the protein free active constituent of hemoglobin,

158

which is rapidly oxidised to iron(ITI) in aqueous solution 3
. . . .1

but which remains as the 1ron(II) complex in pyridine 59.

Perhaps an obvious suggestion is that in these situations

.initial co-ordination of oxygen to the

0]

. oxidation require
iron and that.in a good co—-ordinating solvent such as pyridine
access to the inmner co-ordination sphere is totally blocked,
In this respect it is worth noting that iron stands out

amongst the other metals studied in conjunction with DHBP in
' ' ' 160

g

its greater tendency to become seven co-ordinate

g

The process by which hydrazines react with oxygen is
] ‘ thought initially to involve a straight forward oxidation
of the.hydrazine to a diazene species160. Thus, in the case

of DHBP, compound (135) should be formed. i

Diazenes are unstable and in a free radical reaction

. readily eliminate nitrogen 61’162. In so doingsin the
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Figure 5.5

Electronic Spectra Shown by the System Fe(DHBP)Clz + 02
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Polypyridyls + + Hp

case of (135), bipyridyl free radicals, (136), and hydrogen
free radicals shoula be formed, Combination of these free
radicals can then give rise to bipyridyl, various polypyridyl
species, formed by coupling bf the bipyridyl free radicals,

and, for every molecule of coupled bipyridyl a molecule of

; hydrogen must be formed.(or vice versa).

This mechanism is consistent with the ligand degradation

that occurs in Fe(DHBP)Clg_for the following reasons:




I
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Firstly, the overall gas balance is substantially correct
and oxvgen uptake preceeds nitrogen evolution. Hydrogen
may be formed in the reaction, but this will ohly be in

small amounts (vide infra). It was not detected by mass

spectroscopy because of instrﬁment limitations in reaching
such low m/e values., Secondly, the product from the
denitrogenatidn reaction was further decomposed with hot

2M sodium hydroxide so as to isolate the free ligand.

This was extracted from the inorganic residue with diethyl
ether and subjected to mass spectroscopy, which showed that
it -was predominantly bipyridyl mixed in with wvarious poly-
pyridyl species. .Mass.peaks corresponding to as many as
four cdupied bipyridyl residues were detected in this way.
The presence of these pdlypyridyls is precisely in agreement
with the proposed free radical decomposition of the diazene,
(135), . Thirdly, there is a photochemical step in the

reaction sequence,

One apparent inconsistency was the absence of any
well defined V O-H absorption in the infrared spectrum of
the dgnitrogenated complex (Fig. 5.4) which should,ariée
bécauSe'of the formation of water during the reaction, Only

a very broad area of low intensity absorption appeéred in

. the region 3500 to 3200 cm ', the assignment of which was

doubtful, This, however, was resolved by the following

deuterium incorporation experiment.

The active protons in DHBP were replaced with deuterium

by repeatedly dissolving it in deuterated acetic acid and
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precipitating the product by the addition of deuterated

sodium hydroxide. This was done until virtually complete
replacement of the six protons was indicated by mass spectro-
SCOpPY . Preparation-and subsequent denitrogenation of
deuterated Fe(DHBP)Clz gave a product showing a broad area

of absorption in the region 2600 to 2300 cm ! of its infrared
spectrum, Using the usual ratio of vXnH/yX—D of 1.4

(rer. 163) this area correlates with the broad area of
absorption found in the infrared spectrum of the non-deuterated
product and sﬁggesfs that there is in fact water present in
the compound . The broad nature of the absorption suggests
that the water is strongly hydrogen bonded123. Additionally,
isolation of the free deuterated ligand from the product

and comparison of its p.m.r, spectrum with that of non-—
deuterated bipyridyl (Fig. 5.6 and 5.7) shows that deuterium
incorporation occurs exclusively at the 6 and 6' positions.
This is obvious because of the absence of a resonance,dué

to the protons normally present in these positions, which

is known to occur at 1.&&T16h. The remainder of the spectrum
shows the expgcted perturbations in the coupling pattern,

but apart from that is the same as for non-deuterated bipyridyl.

Again this is in agreement with the proposed mode of ligand

decomposition,

One further piece of evidence in support of the initial

‘oxidation of the hydrazine moeities to diazenes comes from the

compound Fe(DMeHBP)Cl,, (134). This is prepared in the same

manner as Fe(DHBP)Clz using instead the methylated dihydrazine,

DMeHBP, (44). In the presence of oxygen it is stable over
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long periods of time, This is fully consistent, since
for oxidation to a diazene to proceed elimination of a

methyl group would have to be effected.

5.3 Nature of the Product

To this point the structural alterations undergone
by the ligand alone have been considered. The precise
nature of the inorganic product of the reaction is somewhat

more complex and will now be discussed,

The spectral bands seen in the series of spectra in
Fig. 5.5 have extinction coefficients of several thousand
and accordingly, arise from fully allowed transitions.,
It is not likely that these bands arise from transitions
within the diazene ligands since m—n* transitions are not
commonly seen at such low energies (c.a. 21,000 cm~1) and
any n—n* bands, being symmetry forbidden, would not have
the observed intensity, Certainly the spectral bands in
the fihalvproduct (Fig. 5.5) must be associated with transitions
involving the metal since the ligand here is mostly bipyridyl,
which is colourless,., -~ These bands are commonly accepted,
in thevcase of iron(II), as arising from the excitation of
an electron in a metal tzg orbitél to an empty m antibonding
orbital associated with the ligand165’166. As the 1 anti-
bonding orbitals become lower lying in energy and this can
happen, for example, by extending the conjugation in a polyene

167

ligand sy the energy of the charge transfer transition will

decrease,

If the mechanism for the ligand degradation proposed
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in the previous section is correct; +the conjugation already
présent in the bipyridyl residue is extended in two stages;
first to the mono(diazene) and then, assuming that it doesn't
decompose in a more rapid reaction, to the bis(diazene),
(135)¥ As the progress of the reaction is monitored in

the visible regioniof the spectrum the first band to appear
is at L70 nm, eventually achieving a maximum extinction
coefficieht of c.a. 5 x 10° fifty minutes into the reaction,
Also appearing rapidly in the first stages of the reaction

is a band at 570 nm which achieves a maximum extinction
coefficient of c.a. 3 x f03 after twenty minutes, and then
decays completely in about the same period of time, It
Seems reasonable tovspeculate thatrthe first formed bandj;

the one at higher energy, is due to the mono(diazene) complex
and that the band at lower energy is due to the subsequent
formation of the more highly conjugated bis(diazene) complex
(Fig. 5.5b) . The bis(diazene) complex then decomposes
reforming a.mono(diazene) complex (Fig, 5.5c) which itself

y decomposes through to the bipyridyl complex

a
W
I—.l
|-.l

(Fig. 5;5&), The fact that one is able to make assignments
in this manner suggests that the rate of oxidation to the
diazene is approximately equal to the rate of free radical
decomposition'of the diazene, under the prevailing reaction

conditions,

So far as the nature of the final complex is concerned
Fig, 5.,5d is of principal interest, Seen here is the

characteristic "double humped'" charge transfer band

23

characteristic of all iron(II) &—~diimine complexes . In
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the case of tris(bipyridyl)iron(II) this band is known to |
have its maximum extinction coefficient of 8.78 x 10° at
522 nm (ref. 23). vThe band in spectrum 5.,5d does indeed
have its maximum at 522 nm, however, the apparent extinction
coefficient is of the order éf one=third of that which is J
expected, This suggests that only oné—third of the iron w
|
originally introdiced into the system as Fe(DHBP)Clz finishes
up as tris(bipyridyl)iron(ll), and is in accordance with |

the stoichiometry of the situation, if in fact the band is

due to the tris(bipyridyl) species,
In a similar way the conductivity of the solution ﬁ
il

(methanol) was monitored during the course of the reaction

and was found at all times to be in the range normally '
expected for 2:1 electrolytes,

After denitrogenation, allowing for the change in i

stoichiometry, the room temperature magnetic moment drops

from 5.33 B.M., for the reactant, to approximately 3.95 B.M.

The magnetic susceptibility was measured over the temperature L
range 300°K to 80°k and a plot of 1/fo against temperature.

shows CUrie—Weisé behaviour with a € wvalue, extrapolated
from 80°K, of -20°K (Fig. 5.8). No susceptibility maximum, W
indicative of antiferromagnetic behaviour, such as would be
expected if oxo-bridged dimerisation had occurred168, was
oﬁserved. The absence of any iron(III) oxo-bridged compound
was further verified by the absence of the v Fe-0-Fe absorbtion

which is normally seen in the infrared spectrum, at.c.a. 85C)cm—u ‘*

of such compounds169_ il
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Figure 5.8

Temperature Dependence of 1/X}M for Denitrogenated Fe(DHBP)Clg
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From the wvisible spectrum of the denitrogenation
?roduct it is known that the iron, at least that which is I
bound td tﬁe bipyridyl, is still iron(II). Thus, it seems
‘probable that the reduction in.mégnetic moment is due to | L
the parfiai formation of a spin-paired iron(II) species, and ¢ ‘M
here it should be noted.that tris(bipyridyl)iron(II) is _ Ii !
well‘established as beinglspin—paired175. Such species, i T
having.a 1A1g ground state, exhibit only a temperature |

|

independent magnetic moment, usually amounting to no more I

than 1 B.M. (ref. 170). A moment of 3.95 B.M. arising from

a mixture of molecules having moments of 5.3 B.M. and

0.6 B.M., for instance, corresponds to between one-half and
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one-=third of the iron(II) being spin-paired. This is shown

by the following relationships:-

1 s
(0.6)° + (5.3)%)% _ 5 5, (L0:6)% »2(5.9)9)% _y 5
2 | L 3 .

The MYssbauer spectrum of the denitrogenation product
was recorded, but showed only a broad envelope of absorptiomns.
extending from -0.6 mm sec'-x1 to 2.0 mm sec—1g corresponding
to a mixture of wvarious different iron species. Apart from
this no useful information could be extracted from the spectrum

owing to insufficient resolution of the overlapping absorptions.

Since the product was known to be an electrolyte,
separation of the cationic and anionic components was carried

out, by selective precipitation, in the following manner.

Addition of tetraphenylarsonium chloride to a solution
of the.dinitrogenation product in methanol resulted in

precipitation, over a period of time, of the known compound

(Phgas) T (Fec1l,)” (rer. 171). It is not fully clear whether

the precipitation of this species is due to the presence

of FeCl.%  or FeCl, in the compound, as the ferrous species

is notoriously difficult to isolate and purify, owing to its

facile oxidation to the ferric state171. In the M8ssbauer

spectrum both FeCls?” and FeCl, have absorptions which fall
s . : 172,173 -

within the envelope described above s In the wvisible

spectrum FeCl4_ shows several weak bands in the range 500 to

171
700 nm 7 , it was not possible to detect the presence or

otherwise of these bands in the spectrum of the denitrogenation
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product owing to the overlap of the tail of the 522 nm

charge transfer band.

Addition of ammonium hexafluorophosphate to an aged
agueous solution of the denitrogenation product, after
filtration, precipitated a deep-red compound which analysed
as Fe(bipy)g(PF5)2=2H20. The presence of water of hydration
is substantiated by a broad V O-H band in the infrared
spectrum. The analytical data obtained for the compound
is as follows : PFound : C, 42.5; H, 3.00; N, 9.66;

P, 7.36. CioHasF;2FeNg0,P, requires C, 42.4; H, 3.32;
N, 9.88; P, 7.28%. As before the hydrogen figure is low
and this is in accordance with the fact that some of the
bipyridyl residues are now known to have coupled to form

polypyridyls, wherein the overall hydrogen content is reduced.

An  authentic sample of tris(bipyridyl)iron(II) hexa-

fluorophosphate was prepared according to the method used

previously by Burstall and Nyholm174, for the préparation

of the cqrresponding perchlorate salt. Measurement of its
magnetic momeﬁtnshowed that, like the pevrchlorate salt, the
iron is spin-paired; +the compound having a room temperature
magnetic moment of 0.84 B.M. In contrast, however, the
hexafluorophosbhate'salt derived from the product of the
denitrogenation reaction has a room temperature maghetic

moment of 2.4 B.M., although this varied by as much as 0.2 B.M.
for different samples of the compound. A plot of 1/)(’M
against temperature (Fig. 5.9) is linear in the.range 300°K

to 80°K. Extrapolation from 80°%K suggests a 6 value of -100°K.
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i : Figure 5.9

|
1 ‘
Temperature Dependence of /x'M
|
L5071 ’ 1

Hexafluorophosphate Salt of Denitrogenated Fe(DHBP)CL,

( o ] ] l A 1 1 1 [ 1 ] 1 ) l J

100 -, 200 300
Temperature K

This marked difference in the magnetic properties
of the two salts suggests that the presence of polypyridyl
ligands, as well as bipyridyl ligands, in the salt derived it
from the denitrogenation product, may be leading to a simple |
mixture of molecules containing iron which is spin-paired,
with molecules in which the iron is spin-free. The magnetic
moment of the spin-free species would be approximately 5.3 B.M. I
The percentage of such a species necessary to give an overall

moment of 2.4 B.M. is seen from the following expression:

2 2\ 2
4(0.84)% + (5.3) = 2.49

5

to be about 20%. It is quite reasonable to suspect that in




cases where a polypyridyl chain consisting of two or more
bipyridyl residues binds two or three of these to the same
iron centre, the overall ligand field strength is less

than if three isolated bipyridyls were bound; because of

the more restricted geometry. If is well established that
in going from»tris(bipyridyl)iron(Il) to the more stereo-
chemically restricted tris(6-methyl-2,2! —bipyfidyl) iron(IT)
one goes through the crossover point between a spin-paired and
a spin-free system175; and it seems likely that substituting
a polypyridyl‘for one or more bipyridyls will have the same
effect, That polypyridyls do in fact lead to highly
~distorted geometries, upon co-ordination, is evident from

a recent crystal structure, which shows that when the
quadridentate ligand quarterpyridyl (two coupled bipyridyl
residues) bonds in an equatorial fashion to cobalt(ITI), it

176

does so only with extreme trapezoidal distortion .

The presence of the polypyridyl ligands may aiso
account for the large, negative. Weiss constant. Although
there is nb sgsceptibility maximum in the range studied, a
figure of -100°K suggests that there may be some weak anti-
ferromagnétic exchange177. If a polypyridyl ligand bonds
in such a way as to link several iron centres together, the

£

effec

ck

may well be to make the unit magnetically non-dilute
and to lead to antiferromagnetic coupling178. However, it
is also possible that there may be a thermal equilibrium

between spin-paired and spin-free species, which could be

the cause of the large Weiss constant.
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In conclusion, the magnetic behaviour of the hexa-
fluorophosphate salt of the denitrogenation product can be
rationalised in terms of a mixture consisting of approximately
80% of the spin-paired tris(bipyridyl)iroﬂ(II) and 20% of
a species which is stoichiometriéally similar, but which
is high-spin due to the co-ordination of polypyridyl rather
than bipyridyl ligands. The high, negative 6 value is
explicable in terms of weak antiferromagnetic exchange
between iron centres brought together by bridging polypyridyl

ligands, or by a thermal equilibrium of spin states.

The MUssbauer spectrum of the hexafluorophosphate
salt of the denitrogenation product is consistent with the
above formulation, showing (Fig. 5.10) principally a

gquadrupole doublet with an isomer shift of 0.30 mm sec ' and

a splitting of O.44 mm sec™ ', This is in good agreement

with published data for tris{bipyridyl)iron(II) perchlorate

(isomer shift : 0,32 mm sec_1; quadrupole splitting : 0.39 mm

sec-1)179. Superimposed upon the principal spectrum there

are possibly weak absorptions, one underlying the stronger

of the principal absorptions at c.a. 0.1 mm sec | and another

at c.a. 2,1 mm sec ', These two absorptions could well be

the quadrupole doublet expectéd of the high-spin iron(II)

species in the mixture; the isomer shift of 1.1 mm sec !

152

is in the expected region and the quadrupole splitting

154

suggests a reasonably symmetrical molecule

Returning to the nature of the denitrogenation product

itself;  the following conclusions can now be made : Since

! |
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Figure 5.10 M¥ssbauer Spectru;T;§ the Hexafluorophosphate
salt of denitrogenated Fe(DHBP)CL,. vl

three molecules of bipyridyl finish the reaction bound to
one iron atom, clearly the overall stoichiometry, Fe(bipy)m

Ciz(H20)1 31 represents a mixture of species, Multiplying

o3
this by three and including the species that are known to
exist suggests the following mixture as the initial product

formed upon denitrogenation:-—
Fe(bipy)s2™ + FeCl,2” + Fe(H,0).C1,

Subsequent reactions of this mixture, which may occur on

prolonged exposure to air and moisture are shown in Scheme

Two °
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Scheme Two

3
H N/ | \
2 2
Cl
02
H,0
* 2-
Fe(bipy)s + FeCl,  +  Fe(H,0) Cl,
NHPFs | 0, 0, |
H,0 H,0 |HO
OH
Fe(bipy)3(PFg), -2 H,0 FeCl; + OH™ Fe(OH)3 + 2CU |
Ph,As” :
:
Ph,AsFeCl,

This mixture is consistent with its observed physical,
chemical and spectroscopic properties, in the following ways:
The initial mixture suggests that one-third of the iron is
low-spin, which is in accordance with the observed magnetic
moment and, implicitly, with the extinction coefficient of

the charge transfer band in the visible spectrum. The

MBssbauer spectrum expected of the proposed mixture is in




- 197 -

accordance with that observed, in so far as that the expected
absorpfions would all fall within the absorption envelope.

In the precipitation involving Ph4As+ it is not surprising:
that FeCl4-, arising from oxidation of FeCl42*, is precipitated
from a system that has been well aerated, Precipitation

of the cationic species with ammonium hexafluorophosphate

was only carried out after an aqueous solution of the product
has been filtered so as to separate a fine brown suspension
that had formed over a period of time (see experimental
section). This fine brown suspension is quite likely an
iron(III) hydroxide formed by the oxidation of the ferrcus
chloride under conditions which are already somewhat basic

due to the release of hydroxide ion during the aerobic
oxidation of the FeCl4%2” to FeCl; . Thus the only significant
cationic species precipitated is the tris(bipyridyl)iron(ll),

which is resistant to oxidation,

One further point,  The secondary oxidation of the
two-thirds of a mole-equivalent of spin-free iron(II) will
consume cone-s3ixth of a mole—equivalent of molecular oxygen.
It would seem, therefore, that the gas balance measurements
descriﬁed in the previous section should show é net gas
evolution of‘only 0.83 mole~equivalents. The fact that an
amount closer'to cne mdle—equivalent is observed accounts

for the small quantities of hydrogen expected to be produced,

concomitant with polypyridyl formation, during the free

radical decomposition of the diazene,'(135).
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5.4 -Experimental

Dichloro-, dibromo- and diisothiocyanatotetra-

pyridineiron(II) were prepared according to published

151,152,115

procedures Acetonitrile was purified in the

recommended.manner153. Analytical data may be seen in
Table 5.1 for compounds (131) to (134), and otherwise

within the text,

Dichloro—6,6'—dihydrazino—2,2'—bipyridyliron(II),

(131) 2 Dichlorotetrapyridineiron(II) (0.5 g) was added to
dry degassed acetonitrile (40 ml) which had been heated to
50° in a stream of nitrogen. The suspension was stirred
for ten minutes before adding 6,6'~dihydrazino-2,2'-bipyridyl
(0.25 g), the resulting slurry was then stirred for ome hour.
The fine red precipitate which had completely formed by
this time was collected by filtration under nitrogen and
washed with degassed acetonitrile (2 x 5 ml) yielding the
product (0.35 g, 89%) .
I.R. (nujol) : 3315s, 32355; 3175s, 1628m, 1597m,
1571m, 1560m, 1415m, 1312w, 1270m, 1186m, 1117m, 1075m,

1023m, 994s, 791s.

Diisothiocyanato-6,6"'—-dihydrazino-2, 2'—b1pyr1dyllron(II),

(1322 ¢ Compound (132) was prepared from dllsothlocyanato—
tetrapyridineiron(II) (0.45 g) and DHBP (0.2 g) in a manner
analogous to that used for the preparation of cpmpound (131).
Yield : (0.33 g, 92%).

I.R. (nujol) : 3289s, 3247s, 3162s, 2095s, 2076s, 1616s,

1595s, 1568s, 1260m, 1186s, 1166m, 1153m, 1123m, 1023m,

1005m, 782s.
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Dibromo—6,6'—dihydrazino—2l2'—bipyridyliron(II), (133);
Compoﬁnd (133) was prepared from dibromotetrapyridineiron(II) %
(0.5 g) and DHBP (0.2 g) in a manner analogous to the
preparation of compound (131). Yield : (0.35 g, 87%).

I.R, (nujol) : 3310s, 3290 to 3110s br, 1621s, 1610s,

1575s, 1268s, 1182s, 1170s, 1120s, 1080w, 1025m, 1009w,

993m, 796s,

Dichloro—6,6'—di—N—methylhydrazin05212'TbiPYridyliron(ILL

' (13&2 : Compound (134) was prepared from dichlorotetrapyridine-

iron(II), (0.19 g) and DMeHBP (0.1 g) as described above for
compound (131). Yield : (0.14 g, 924) .
I.R. (nujol) : 3400s br, 3210s br, 3160s br, 1625s,
1595m, 1563m, 1289m, 1224m, 1200s, 1122s, 1002s, 1068s,

783s.

\
Tetraphenylarsonium tetraChloererrate(III) : A sample
of the denitrogenated compound (0.2 g) was dissolved in _ ‘
degassed methanol (20 ml). Tetraphenylarsonium chloride
(0;5 g) dissqlved in degassed methanol (5 ml) was added and
‘the solution allowed to stand at room temperature for three
days, The solution was then filtered and the yell wish-
white precipitate éollected. Recrystallisation of this,
ohce under nitrogen, from ethanol gave yellow needles of the

pure compound (0.1 g). (Found : C, 49.8; H, 3.49,.

C24H20AsC1Fe requires C, 49.,6; H, 3.47%).

Tris(polypvridyl)iron(II) hexafluorophosphate dihydrate:

A sample of the denitrogenated compound'(0.9 g) was dissolved

in water and allowed to stand for two hours. This solution
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was then filtered and a solution of ammonium hexafluoro-

phosbhate (1.1 g) in water (5 ml) was added to the filtrate,
the resulting solution was allowed to stand overnight. The
red crystalline product, which had precipitated, was collected
by filtration and washed sparingly with methanol (5 ml).
Yield : (0.4 g).

I.R. (nujol) : 3400 to 3200s br, 1607s, 1518m, 134km,

1161s, 1071w, 1049w, 1023w, 959m, 8L4Os, 771s, 768s.

Tris(bipyridyl)iron(II) hexafluorbph0§phate t 2,27~
bipyridyl (2.0 g) was dissolved in hot distilled water
(300 ml) and was treated with an excess of ferrou§ ammonium
sulphate (2.0 g) and ammonium hexafluorophosphate (2.1 g).
The red suspension was heated on a water bath for one hour
and left to cool, The red crystalline precipitate (3.4 g)
which separated was filtered off, washed with distilled
water and dried in vacuo, (Found : C, 44,3; H, 3.05;

N, 10.3. C3oHs4F4 2FeNgP, requires : C, 44 .3; H, 2.97;

N, 10.3%).
I.R. (nujol) : 1610s, 1320m, 1278w, 1246m, 1165s,

1130w, 1076m, 1051m, 86L4s, 840s br.
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CHAPTER SIX

SECOND ROW TRANSITION METAL COMPLEXES

OF MULTIDENTATE LIGANDS DERIVED FROM

242" ~BIPYRIDYL
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6.1 Introduction

8 . 18
Except with respect tolmthalocyanine1 Q and porphyrln1 !

ligands, little has been reported concerning the co-ordination
of macrocyclic ligands to second row transition metals. It
is not clear whether this is due to fundamental chemical
difficulties associated with the formation of such complexes
or whether it is éimply due to a paucity of effort applied

in this direction, Some preliminary observations that

have been made using the ligands under discussion, in
conjunction with second row metals, are briefly reviewed in

this chapter,

6.2  Palladium(IT) Complexes

The interaction of DHBP with potassium tetrachloro-
palladite in methanol leads to the precipitation of a highly
insolublie orange complex, (137), which analyses as Pd(DHBP)—
Ci,. (Found : C, 30.3; H, 3.19; N, 21.5. CioH;2C1,NgPd
requires C, 30.5; H, 3.07; N, 21.&%). The similarity of
its infrared spectrum in the VvV N-H region, to that shown by
Ni(DHBP)(ClO4)2 sﬁggests that the usuwal four nitrogen donors
are co=—ordinated, It is poséible, however, that the two
chlorides are co-ordinateéd and that the terminal amines of
the DHBP are positioned away from the inner co;ordination
sphere, Conductivity measurements, which ﬁay have rescived
this matter, were not possible owing to the low solubility

of the compound.

Reaction of this species, (137), with acetone does
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not produce the bis(hydrazone) complex as was the case with

the nickel(II) system, Instead, condensation with only

one mole of acetone takes place, resulting in the monoﬂuﬁrazone)
species, (138). (Found : Cc, 35.8; H, 3.87; N, 19.2.

Ci3H; ¢Cl,N¢Pd requires C, 36,0; H, 3.72; N, 19.4%), This

HN NH+ PdCl HN / \
HoN NH HoN _
20 c12 |
(137) |
- |
Acetone
|
Q—Q NN }
MeOH 2 |
HN NH + PdCl Pd |
N L N Pdi K ;
N N H,N N \
I I 1 cp |
AN PN ~
M "Me e Me Me” " ~“Me |
\
\
(62) - . (138) |
is interesting. Palladium(II) does not have the extreme
facility for square-planar to octahedral interconversion
that is shown by nickel(IT)'%2 and thus it seems that if the
ligand is to bind as a quadridentate, then it must do so
in a trans configuration, When considering the chemistry

of the nickel(II) bis(hydrazone) complexes in Chapter Two,

the reason proposed for the fact that the ligands were never
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observed to bind in the trans configuration was that the

steric interaction between the two opposing alkyl groups
was excessive when the ligand was in this orientation.

The manner in which the complex avoids this unfavourable

steric interaction; by only forming the mono(hydrazone%
where it does not exist, reflects not only evidence for the
proposed interaction and the inability of the system to
dissipate it by adopting octahedral stereochemistry, but
also a preference for retaining four nitrogen donors in
the inner co-—-ordination sphere. - Displace@ent of the two
terminal nitrogen donors by the chloride ions would leave

them free to react in an unconstrained envivronment.

Whenever the preformed bis(hydrazone) ligand, (62),
was reacted with K;PdCl,; in anhydrous methanol one imine
group was always found to hydrolyse, so as to generate the [

same mono(hydrazone) complex, (138),'

6.3 Rhodium(I) Complexes

83

Reaction of the rhodium dicarbonyl chloride dimer1 g i
(139), with DHBP in tetrahydrofuran produces a red, crystalline
compound, (140), which is a non-electrolyte and which analyses
as Rh(DHBP)COC1. (Found : ¢, 34.7; H, 3.33; N, 22.0;
Cl, 9.26. C;1H; ,CIN4 ,ORh requires C, 34.5; H, 3.16; N, 22.0;
Cl, 9.27%). The infrared spectrum showé a single v C=0
absorption at 1985 cm 1, Since a six comordinate rhodium(I)

complex is unlil«:ely"BLl it is probable that the DHBP is bonded

through the a-diimine group alone, in a square-—planar complex,
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and that the terminal amines are not co-ordinated, The
possibility of one terminal amine co-ordinating to form a

five co-ordinate species, however, cannot be discounted.

N N
0Cw Cl. _CO
TRKCRHT + HN NH
P SRS \ /
oc” Tt o H,N NH,
(139) THF ©(20)
N\
| N N
H ~ H
Hy N—N /Rh\ N—NH,
Cl co
(140)

Attempts to react the rhodium diethylene chloride
85

dimer1 with DHBP led to the formation of a pyrophoric

material which could not be satisfactorily purified.

6.4 Ruthenium(II) Complexes

The formation of the ruthenium(II) analogue of
Fe(DHBP)Cl2 was of interest in order to ascertain whether or
not it would undergo oxidative denitrogenation. Accordingly,
Ru(NH,; ) ¢Cl, (ref. 186) was reacted with DHBP in acetonitrile
in a manner analogous to that used to prepare the iron(II)

analogue, The yellow complex that resulted proved to be

air-stable. Its analysis; as Ru(DHBP)(NH,;),Cl,, (Found :




——
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C, 26.0; H, 5.53; N, 30.5. C419H24C1lyN;joRu requires

C, 26.3; H, 5.30; N, 30.7%),Suggested, by analogy with
the rhodium complex, (140), that the bipyridyl residue had
simply displaced two amine groups and that the terminal

amines of the DHBP were not co—ofdinated.

6.5 Silver Complexes

Two reports concerning the interaction of cyclic
tetramine ligands with siiver have shown that ligands of

this type have a propensity for stabilising silver in the
' 187,188

+2 oxidation state . Excess silver(I) reacts with

the first formed silver(I) complex, in the presence of trace
amounts of water, in a manner which brings about disproportion-
ation, as shown by the following equation:-

Ag+

++
H,0 Ag L  + Ag

Ag+ + L Ag+L

The orange coloured Silver(II)-complexes so formed, . are

stable and have the expected magnetic moment of c.a. 2.0 B.M.

The ability of the ligands under discussion to exhibit
the same stabilising effect was of obvious interest. In
the absence of water the reaction of silver(I) perchlorate
with either DHBP or the bis(hydrazone) ligand, (62), derived
from the condensation of acetone with DHBP, gave the expected
1 1 silver(I) to ligand adduct. Analytical data is given

in Table 6.1.

When attempts were made to form the silver(II) complex

-by reacting two moles of silver(I) perchlorate with DHBP in
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Table 6.1

Analytical Data

Found Expected

Compound c H N (%) C T N
Ag(DHBP)C10, 28.1 3.02 19.7 28.4 2.86 19.8
Agl62)Cc10, 37.6 L.oh 16.L 38.1 4,00 16.7

water, the solution initially took on the orange colour |
characteristic of the silver(II) complexes referred to above.
Within a few minutes, however, the orange colour had disappeared
and the only products that could be isolated from the reac® ion
mixture were silver metal and free bipyridyl. - Thus, it

appears that DHBP is too powerful a reducing agent to exist |
in association with silver(II). In contrast, reaction

under the same conditions, of the bis(hydrazone); (62), ‘

showed no tendency to form the silver(II) species at all,
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APPENDIX

General Experimental Technigues

In general, all synthetic work was carried out using
standard techniques. Wherever the necessity to exclude
oxygen and/or moisture from a reaction system arose the w
. 189,190 '
Schlenk Technique was employed, so as to enable the

reaction to be conducted in an atmosphere of dry nitrogen.

|
|

The purification 6f solvents was effected using ;
published procedures191. Where necessary, this was followed
by a final distillation, from an appropriate drying agent, ‘
in a stream of nitrogen. :
Elemental analyses were carried out, using standard ‘
Microanalytical techniques, by the MicroanalYticél Department |

of this Laboratory.

Proton magnetic resonance data was obtained in the
continuous wave mode by use of either a Perkin-Elmer R12
(60 MHz) or a Varian Associates HA-100 (100 MHz) spectrometer,
in the case of the latter instrument TMS was used as the lock.
Alternatively, it was obtained in the pulsed Fourier Transform
mode using either a Varian CF.Ts 20 (80 MHZ) or a Varian
XL -1 00FT (100 MHZ) instrument, both of which employ the solvent
deuterium as lock, Chemical shifts are quoted on the T

scale and relative areas of signals are shown in brackets.

Signal multiplicities are abbreviated as follows: s = singlet,
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d = doublet, m = multiplet, br = broad. 3 magnetic

resonance spectra were recorded using the XL-100FT instrument
and signals are quoted in terms of their shift, in p.p.m.,

with respect to the carbon of TMS,

Infrared spectra were recorded on a Perkin-Elmer 257
or 457 grating spectrophotometer, in the range 4000 to
625 c@—1, using nujol mulls, supported between sodium chloride
discs. Absorbances.are described using the abbreviations:
s = strong; m = medium, w = weak, sh = shoulder, br = broad,
and were calibrated against an appropriate polystyrene

absorption.

Mass spectral determinations were made using an
A.E.I. MS9 or MS12 spectrometer operating at 70 e.v. In
cases where the volatility and thermal stability of a compound
permitted it, mass spectroscopy was used as a means of

verifying the molecular weight of the compound.

MBssbauer spectra of iron containing complexes were
recorded at 80°K using a °7Co in Pd source, in conjunction
1
with a spectrometer which has been described in the literature 92.

Isomer shifts are quoted with respect to natural iron. A1l

spectra were fitted without constraints to Lorentzian line

193

shapes using a computer program written by Dr. A.J. Stone
The standard deviations in the isomer +~hift and quadrupole
splitting values are believed to be less than ¢.02 mm sec |

(ref. 194) .

Melting points were determined on a Koffler Block and

are uncorrected.
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Conductance measurements were made using a Wayne Kerr

Universal Bridge. Determinations were made in the solvents

specified.

Experimental details concerning the measurement of

magnetic susceptibilities and the manner in which electronic ‘ |

spectra were recorded will be found in Section A4.1. |
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