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Several substituted tri-2-pyridylamines have been
synthesised and their complexing potential with transition
metal ions studied.

The synthesis of 6-methyl-2-pyridyl=-(2-pyridyl)amine
(émpdpa), 5-methyl-2-pyridyl-(2-pyridyl)amine (5mpdpa),
4-methyl-2-pyridyldi-(2-pyridyl)amine (4mpdpa), 5-nitro-2-
pyridyldi-(2-pyridyl)amine (5npdpa) and tri-(4-methyl-2-
pyridyl)amine (tri-hm-pyam) are discussed in terms of dif-
ficulties experienced and of modifications to the Wibaut
and La Bastide synthesis for tri-(2—pyridyl)amine (tripyam).
Attempts to prepare a pentapyridyl ligand £_2,6 di(di-2-
pyridylamine) pyridine_7 are discussed together with a
possible explanation for the failure to isolate the ligand
under the conditions used. The infra red and nuclear
magnetic resonance spectra of the pyridylamines were anal-
ysed and the effect of the substituent on absorption
position was noted. Nuclear magnetic resonance data were
used in an attempt to explain earlier observations by
Watson and Mann for the protonation of tri-2-pyridylamine.

Complexes of the above ligands were synthesised with
iron (II), Cobalt (II), nickel (II), copper (II) and molyb-
denum (0). The infra red and electronic spectra of the
nickel complexes and the M8ssbauer spectrg of the iron
complexes were studied. The single absorption in the M8ssbauer
spectrum of ZfFe(tripyam)2_7(Cloh)2 is split for / Fe
(5mpdpa)2_7(010h)2 and Z_Fe(hmpdpa)2;7(0104)2 indicating

that the metal ion is sensitive to the effect of the substi-



tuent present in one of the pyridine rings. The electronic
spectra of the nickel complexes and the M8ssbauer spectra
of the iron complexes were analysed to determine the
extents of ©° and W bonding in the complexes.

Isomeric complexes with copper(II) (e.g. Z_bu(Gmpdpa)2;7
(0104)2 and Z_Cu(6mpdpa)2(0104)2_7), were studied and data
obtained analysed to determine the morphology of the com-
plexes. Infra red, electron spin resonance and electronic
spectra were analysed and a tetragonally distorted octa-
hedral environment was suggested for complexes of the type
[Cu(L)2_7(Cth)2 where L = 6bmpdpa and 4mpdpa. Complexes
of the type ZfCuLg(Cth)2_7 where L = 6bmpdpa, 4mpdpa and
Snpdpa were considered to have a trans stereochemistry.

The isotropic nature of several of the esr spectra
presented the problem of determining whether a static or
dynamic Jahn Teller distortion existed for the complexes
concerned. Electron spin resonance studies were extended
to cover related copper(II) systems, the ligands involved
being di-2-pyridylamine and pyridine.

An exploratory examination of complexes with cobalt(II)
was undertaken, with an emphasis on magnetic behaviour, in
an attempt to ascertain whether earlier observations for
Z-Co(tripyam)2_7(010h)2 were common to the tri-2-pyridylamine
type ligand in general. Data obtained suggested that the
detailed behaviour of Co(tripyam)g(Cth)z, which undergoes
a change of spin multiplicity between 100°K and 200°K, was
not general for the series. Although the new complexes

with substituted tri-2-pyridylamines give room temperature



magnetic moments remarkably close to the spin only wvalue
for 3 unpaired electrons, the Curie-Weiss Law is obeyed
to 77°K, the limit of the measurements.

Finally, the use of physical techniques for studying
structural variations in silver(II) complexes was consi-
dered. The techniques used were found to yield limited

information.
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The availability of wvacant low energy orbitals
on transition metal ions enables a variety of donor
molecules, ligands, to co-ordinate to the metal ions,
affording complexed products of metal salt and ligand.
This ability to accommodate ligands has opened up the
vast field of co-ordination chemistry.

This particular area of chemistry is of importance
for several reasons, the following being some of the
more interesting. The ability of chlorocarbonyl
bis(triphenylphosphine)iridium to take up gases was
observed by Vaskal. He observed that, in benzene as
solvent, IrCl(CO)(PhBP)2 takes up one molecule of
oxygen per metal atom. He also found that the gas
uptake is reversible when the oxygen pressure above

the solution is reduced.

O
P O P \O
Ir m \lr/

/ 5 CI/I\P
CO

De-oxygenation is fairly rapid in boiling benzene but

is also observed at 250C. The oxygen adduct is best



formulated as a molecular peroxide of tervalent iridium
with both oxygens bonded to the same central atom.
This discovery promptly stimulated interest in the
potential of transition metal complexes as catalysts.
Nitrogen fixation has been studied by biologists
and chemists alike in attempts to gain insight into bac-
terial nitrogen fixation. Breaking of the N-N bond of
molecular nitrogen is achieved on route to ammonia forma-
tion. It is thought that the natural enzyme contains an
iron atom in such an electronic state (determined by the
protein ligand) that it picks up nitrogen very easily.
Molybdenum is thought to be concerned with the reducing
action, acting as a cource of electrons, energy being
produced by the hydrolysis of A.T.P. Electrons from
the reducing source are fed to the iron atom and then to
the anti-bonding orbitals on the complexed nitrogen via

2
the d and T system .
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The oxygen carrier in the bloodstream, haemoglobin,
is a protein, which, on hydrolysis with HCl, is cleaved
into two fragments, haemin and globin. Haemin contains

an iron centre surrounded by four nitrogen heterocycles,



the actual passage of oxygen being a function of the
metal ion. The poisonous property of carbon monoxide
stems from its ability to complex more strongly with

3,

the iron than does Oxygen

\X\ ‘ \

/ <X

In order to enable studies to be carried out in

more specialist fields such as those mentioned above,
more fundamental research is necessary to study bonding
and stereochemistry (which is often very important in
enzymic functioning). Research into the adaptability
of physical techniques to aid in solving problems is
also of great importance. It is, however, important to
stress that it is not always possible to extrapolate
from the behaviour of one compound to determine what
is happening in another compound.

The co-ordination of nitrogen heterocycles to trans-
ition metals has been studied, complexes with ligands
4,5,6

such as pyridine, bipyridyl and di-2-pyridylamine

7+8,9,10

having been extensively studied. Emphasis has
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been placed on studying variations in co-ordination
behaviour and so a section of this work has been devoted
to a study of the bonding of ligand to metal in tri-2-
pyridylamine complexes. Tri-2-pyridylamine is a useful
ligand to study because of the high degree of symmetry
it enforces on the metal ionll. Basically, there are
two possible contributory factors to the strength of the
metal-nitrogen bond in tri-2-pyridylamine complexes, &
bonding involving overlap of the lone pair on the ring
nitrogen with vacant low energy orbitals of correct
symmetry on the metal and Y bonding involving overlap of
the filled d orbitals on the metal with the delocalised
T cloud above and below the aromatic ring. It is
feasible that either one of these factors or more
probably a combination of both is responsible for the
strength of metal-ligand bonding.

A brief survey of the co-ordination behaviour of
tri-2-pyridylamine will be useful at this stage. Tri-2-
pyridylamine was first synthesised in 1927 by Wibaut
and La Bastidelz, who found that it was less basic than
2-aminopyridine and di-2-pyridy1amine13. In hydrochloric
acid it was found to form an adduct with mercuric chlor-
ide. In 1948 Watson and Mannlh attempted to protonate
and methylate the three pyridine ring nitrogen atoms.
They were, however, only able to protonate two of the
rings, the third ring being reluctant to accept a proton
or methyl group. Reduction of the base, by the same
workers, with tin and hydrochloric acid resulted in the

formation of di-2-pyridylamine, a free radical mechanism



being suggested. Kulasingam and McWhinnie studied the
co-ordination to transition metal ionsl5'l6’17’18. As
in the case of di-2-pyridylamine it was found to co-
ordinate to transition metal ions wvia the ring nitrogens
rather than the amino nitrogen. The base was found to
co-ordinate either bidentate or terdentate, there being
no evidence to date of unidentate co-ordination. The
preference for bidentate co-ordination in many cases is
difficult to understand in terms of the considerably
lower ligand field strength for bidentate co-ordination
(11,000 cm-l) compared to that for terdentate co-ordination
(12,800 cm’l). The co-ordination behaviour will now be
discussed in more detail.

The perchlorates of iron(II), cobalt(II), nickel(II)
and copper(II) yielded bis terdentate complexes. In
the diffuse reflectance spectrum of Ni(tripyam)z(Cloh)Z,

the & band (3A2é~a3

ng) occurred at 12,800 em™ ! indica-
ting that terdentate tripyam is a strong field ligand.
The three absorptions in the electronic spectrum of the
Ni(II) complex are consistent with an octahedral (Oh)

11,62 was found

stereochemistry. Fe(II)(tripyam)g(ClOu)2
to be low spin, as indicated by the low magnetic suscep-
tibility (0.9 B.M.) and position of absorption in the
M8ssbauer spectrum. The single sharp peak at S = 0.63 mm/
sec (sodium nitro-prusside) indicated a microsymmetry
around the metal very close to Oh' X-ray data showed

the bis terdentate tri-2-pyridylamine iron(II), nickel(II),

cobalt(II) and copper(II) perchlorate complexes to be

isomorphous, indicating microsymmetry close to Oh in“all

S ld



four complexes.

The study of cobalt(II) complexes with tri-2-
pyridylamine revealed that the magnetic moment of
Co(tripyam)z(N03)2 is 5.15 B.M. whereas Co(tripyam)2
(0104)2 exhibited a moment of 4.8 B.M. The low moment
for the perchlorate complex could possibly be due to
deviations from true 0h symmetry, which would result in
a quenching of the orbital contribution to the magnetic
moment. However, X-ray powder photography indicated
that Co(tripyam)z(ClOM)2 is isomorphous with Fe(tripyam)2
(Cth)g. This suggests that lattice spacings of the
heavier elements are similar in both complexes. The
57Fe(II) M8ssbauer spectrum of Fe(tripyam)2(0104)2
consisted of a single sharp isotropic peak indicating

a truly O, microsymmetry around the iron metal. This

h
evidence, together with X-ray powder data, indicates

Oh symmetry around the cobalt ion; there is no evidence
for a trigonal distortion along the C3 axis. Kulasingam69,
therefore, suggested the presence of spin doublet®spin
quartet isomerism with a Boltsman distribution between

the spin states. The presence of I\LTﬁ;gE equilibrium

has since been confirmed19. Previously, spin isomerism

in Co(II) complexes has only been experienced for com-
plexes where W delocalization is possible. The presence
of an insulating group on tri-2-pyridylamine inhibits
electron delocalization via the W metwork. The avail-
ability of substituted tri-2-pyridylamines prompted the
synthesis of CoLz(Cth)2 complexes in an attempt to

ascertain whether the spin isomerism is common to the
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tri-2-pyridylamine class of ligand generally. It is,
however, noted that the presence of a substituent in
one of the rings enforces a microsymmetry lower than Oh
and presence of spin equilibrium can only be confirmed
by determination of magnetic susceptibilities at wvarious
temperatures.

]

Hogg and Wilkins studied some cobalt(II) complexes
with 2,21,6!,2"~terpyridyl and they noticed that values
of the magnetic moments have an unusual dependence on
the anion present, ranging from 4.3 B.M. for the per-
chlorate to 2.1 B.M. for the chloride (only slightly
higher than the value expected for a low spin complex).
A temperature-dependence study on the bromide complex
indicated the possibility of a spin equilibrium.

Stoufer and co-workers76 also noted that the occur-
rence of spin isomerism was dependent on the anion present
and this was confirmed by Barnard et al. Co(tripyam)2
(PF6)2 was found to obey the Curie-Weiss Law at low
temperatures.

The tendency for Co(II) complexes to distort in the
low spin state resulted in alteration of the infra red
spectrum for Co(tripyam)z(CIOu)2 on cooling. The spectrum
of Co(tripyam)2(PF6)2 remained unaltered on cooling,
apart from a small shift of 4 cm™t of the whole spectrum.

Copper(II) perchlorate was found to yield two inter-
convertible isomerség, one containing bis terdentate tri-
2-pyridylamine and ionic perchlorate anions, the other
containing bis bidentate tri-2-pyridylamine with co-ordinated

perchlorate anions.

Complex formation with nitrates, thiocyanates was sub=-

17,77,

sequently studied Cobaltous nitrate preferentially

=105



forms a bis bidentate dinitrate complex with tri-2-
pyridylamine but it was possible to effect isomerization
to the bis terdentate complex analagous to the perchlorate
complex prepared previously. The diffuse reflectance
spectra of the perchlorate and nitrate complexes were
superimposable. 1In solution the tendency for one ring to
break loose to enable solvent co-ordination is evident.
Copper (II) nitrate forms a dinitratobis tri-2-pyridylamine
copper(II) in the solid but in solution there is evidence
for a tetragonal species ZTCu(tripyam)z(N03)5_7+ where

S represents a co-ordinated solvent molecule. Metal
nitrate complexes with tri-2-pyridylamine where metal:
ligand ratio is 1l:1 have been obtained for M = Co, Ni,

Cu. Z—Ni(tripyam)(H20)2N03_7N03 was shown to be octa-
hedral, conductivity data indicating a uni-univalent
electrolyte. The postulated formulation of bis(tri-2-
pyridylaminelCobalt(II)tetranitratocobaltate for the
cobalt(II) nitrate complex was suggested after comparison
with the corresponding halide complex. In the solid

state Cu(tripyam) (NO contains bidentate ligand and

3)2
co-ordinated nitrate groups.

Thiocyanate groups can function as unidentate
ligands bonding to the metal viathe nitrogen atom
(iso-thiocyanate) or via the sulphur atom (thiocyanate).
It is also possible for thiocyanate to act as a bridging
ligand between two adjacent metals. Co(tripyam)z(NCS)z
contains bidentate tri-2-pyridylamine, thiocyanate bonding

via the nitrogen, octahedral stereochemistry being indi-

cated. In the absence of excess ligand, solutions give

P [ o



rise to Co(tripyam)2Co(NCS)h containing both octahedral
and tetrahedral Co(II). Nickel forms complexes of the
form Ni(tripyam)z(NCS)z and Ni(tripyam)(NCS),. Both
complexes have been shown to possess octahedral stereo-
chemistry, the bis tripyam complex containing bidentate
tri-2-pyridylamine but Ni(tripyam)(NCS)2 possesses ter-
dentate tri-2-pyridylamine with at least one bridging
thiocyanate. Copper thiocyanate forms complexes Cu(trip-
yam)(NCS)g, three distinct forms having been prepared,
Cu(tripyam) (NCS)(CNS), Cu(tripyam)(NCS)2 and Cu(tripyam)
(CNS)2, tri-2-pyridylamine co-ordinating bidentate in all
cases.

Cobaltous halidesl6 tend to form complexes containing
tetrahedral Co(II) due to the presence of the tetra-
halocobaltate anion. Copper halides complex similarly
but data obtained for complexes with Ni(II) halides are
consistent only with the formulation of an octahedral
environment around the metal. ZfNi(tripyam)(H20)2X_7 is
the suggested formulation. Rhodium and iridium halides
also form octahedral complexes with tri-2-pyridylamine

of the form Rh(tripyam)Cl The cis complexes of the

3°
type Pd(tripyam)2012 are thought to possess a cis dihalo
planar structure with bidentate ligand.

It is obvious that a large number of variations in
co-ordination behaviour of tri-2-pyridylamine to transi-
tion metal ions occur. For this reason, present work
concentrated on the relatively straightforward perchlorate

complexes. Several substituted tri-2-pyridylamines were

synthesised, the role of the substituent being to alter

e



the relative extents of © and «ww bonding on co-ordination
to transition metal ions. Methyl substituents were intro-
duced due to their electron donating properties as a result
of hyperconjugation; the nitro substituent was chosen as

a result of its ability to withdraw electrons both induc-
tively énd mesomerically. Characterization of the bases
involved microanalysis, infra red spectroscopy and nuclear
magnetic resonance spectroscopy. As the nuclear magnetic
resonance data are discussed in detail later, a brief
survey of the application of nmr to related nitrogen
heterocycle systems will be useful.

The simplest related heterocycle, pyridine, has been
extensively studied by Pople, Bernstein and Schneidergo.
The marked difference between chemical shifts for ortho,
para and meta protons was noted. Partial deuteration of
pyridine enabled coupling constants to be obtained (from
the spectra of 2.6D, pyridine, 3D pyridine and 4D pyridine).
Elimination of certain spin interactions by deuteration
is justified in view of the absence of any electronic
effect on deuteration.

1,10-phenanthroline and its complexes wgth Fe(II),
Co(II), Ru(II) and Zn(II) have been studied7in terms of
AA'MM'SS'X2 system. A high field shift for protons 2 and
9 was observed on complex formation, postulated as being
due to a metal-non-bonded proton interaction. The single
absorption for protons 5 and 6 is due to their equi-
valence and is also indicative of their inability to
interact with any other protons.

Cox and Bothner-By2l studied the nuclear magnetic

- LS -



resonance spectra of tautomeric substituted pyridines
and their conjugate acids. The spectra of 2-pyridone,
2-chloro, 2-amino and 2-methoxy pyridine were studied.

A marked substituent effect on the chemical shift of the
ring protons was observed. In general, the chemical
shifts of substituted pyridines appear to low field

as the electronegativity of the substituent is increased.
A comparative study of coupling constants was also made.
For normal 2-substituted pyridines, J3h is 7.98 - 8.38HZ
and increases to 9.201—1Z in 2-pyridone. Similarly, J56 is
greater in 2-pyridone compared with other 2-substituted
pyridines. This has been attributed to the greater
double bond character between these positions in 2-
pyridones over normal 2-substituted pyridines.

Griffin and Thoma522 recently studied the nmr
spectrum of tri-2-pyridylphosphine, chemical shifts
observed for protons 3, 4, 5 and 6 being 2.60, 2.30,
2.82 and 1.30X respectively.

Nuclear magnetic resonance spectra of the substitu-
ted tri-2-pyridylamines were of particular interest in
that they provided a possible explanation for various
observations of previous workers. Watson and I\JI:EJ.n:n'sllt
inability to protomnate all three rings of tri-2-pyridyl-
amine was hard to understand in terms of the apparent
equivalence of the three rings. Secondly, preference for
bidentate co-ordination despite the more favourable ligand
field strength on terdentate co-ordination was not easy

to explain in the absence of any steric hindrance.

A study of the co-ordination behaviour of the ligands

= 0 -



and the complexes formed was also undertaken, the effect
of the substituents on the microsymmetry around the metal
being examined. In the search for novel complexes co-
ordination with copper(II) ion was examined, the ability
of tri-2-pyridylamine to form two interconvertible
isomers with copper perchlorate having been mentioned
previously. A summary of the more common stereochemical
environments experienced by copper(II) will be useful.

The copper(II) (3d9) ion is susceptible to Jahn
Teller distortion in which the degeneracy of the eg
orbitals is removed in the presence of an electrostatic
field. The Jahn Teller theorem requires that any non-
linear molecular system in a degenerate electronic
state will be unstable and will undergo some kind of
distortion which will lower its symmetry and split the
degenerate state. 1In copper(II) systems, the unpaired
electron occupies one of the os orbitals, Z_eg d(xz— y2)_7.
In this case the d22 orbital is doubly occupied and
ligands on the z axis are more screened from the electro-
static attraction of Cu2+ ion than are ligands in the XYy
plane. This will result in ligands in xy plane being
held more closely to the metal ion.

Consequently, a regular octahedral stereochemistry
is uncommon for copper(II) systems K2PbCu(N02)6 contains
six equivalent Cu-N bond523 (2.11 Ao) and the electron
spin resonancezu spectrum consists of a single isotropic
absorption, consistent with a regular octahedral environ-
ment. However, the electronic spectrum is consistent

with an elongated tetragonal octahedral CuN6 environ=-
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ment. The isotropic electron spin resonance spectrum
has been explained in terms of a dynamic or pseudo
rotationa126 Jahn Teller rather than a static distor-
tion, which is observed in the majority of copper com-
plexes.

Tris-ethylenediamine copper(II) sulphate contains
six equivalent Cu-N bonds (2.17 A°) but the symmetry
is lowered from true octahedral (Oh) to trigonal I)_3
due to the methylene groups of the ligands. The occurrence
of a dynamic distortion is considered likely in this
compound. A dynamic distortion results from distortion
along the equivalent x, y and z axes. Cooling the sample
results in !freezing! the complex into one of its poten-
tial minima and in this state it is possible to detect
the distortion.

There is no evidence for the occurrence of a regular
tetrahedral stereochemistry. The most common stereo-
chemistry around copper(II) is elongated tetragonally
distorted octahedral which contains four short bonds in
the plane of the copper(II) ion and two longer bonds
in the axial direction. This is experienced in Cu(NHB)h
(scN) 27, cu(NH,,), (NO )25 and Cu(en),(BF,),. The

2 3’4 24 2 472
spectra of these complexes are consistent with th
stereochemistry with a dx2 - y2 ground state. An effec-
tively square coplanar stereochemistry, involving
bonding ligands is believed to exist in 1~1ah0u(1~n{3)1L

ZfCu(8203)2_7H2028. Polarised single crystal spectra29

and the esr spectrum30 indicate a stereochemistry

approximating to trigonal bipyramidal although stereo-

- L



chemistry is not regular D Polarised single crystal

3h°
spectra of Z_Cu(bipy)zl;71 indicate a distorted trigomnal

bipyramidal stereochemistry.

Cu [

N

[ cu(bipy),I_/1I

Square based pyramidal stereochemistry is more
common, examples being ZﬁCu(NHB)u(HZO)_7SOh31 and
Z—Cu(l, 3 pn)2H20_780u32. In most cases the copper(II)
ion is displaced about 0.2 A° out of the plane of the
four in plane ligands, towards the fifth ligand.

In contrast with the common occurrence of the
elongated tetragonal octahedral stereochemistry a cis
distorted octahedral stereochemistry has only been
established for a few complexes, one example being

Z_Cu(bipy)20N0_7N0333. The esr spectrum is considered

to be indicative of a dz2 ground state.

L



N
/[ Cu(bipy),0NO_/NO,
Elucidation of structural details of copper(II) com-
plexes involves use of techniques including infra red,
diffuse reflectance and electron spin resonance spec-
troscopy, together with X-ray powder and diffraction
data. The copper(II), i.e. with a d9 configuration

has an effective spin of with an associated spin

z
angular momentum of Ms = Il leading to a doubly degen-
erate spin state in the absence of a magnetic field.
In a magnetic field this degeneracy is removed and the
energy difference between these two states is given by

h v = g p. H
" where h is Planks constant, v is the frequency, g is
the Lande splitting factor,f3 is the electronic Bohr
Magneton and H is the magnetic field. For the free

copper(II) ion there is also an interaction with the

- 2% -



magnetic field due to the orbital angular momentum (L)
of the electron.

In practice the esr spectra of polycrystalline samples
of copper complexes are displayed as first derivative
absorption curves. Hathaway and co-workersju consider the
esr spectra of axial complexes, in particular the precise
value of‘caL., useful for distinguishing between de_ y2
and d22 ground state. Axial compressed complexes, where
the unpaired electron is in the dz2 orbital, are considered
to exhibit a considerably lower g value (g1:2.004) than
for axially elongated (dx2 - y2 ground state) complexes
(g{f2.056). It is emphasised that such simple interpreta-
tions of the esr spectra only apply if all the tetragonal
axes of the local copper(II) ion environment are aligned

54

parallel to the unit cell. However, Hitchman has recently
suggested that for low symmetry complexes the ground state
can only be described in terms of a hybrid orbital, pos-
sibly involving contributions from all five d orbitals.
It seems dangerous, therefore, to interpret the lowest g
factor in terms of a pure de_ y2 or d22 ground state.
Recent publications by Hathaway illustrate the short-
comings of the original suggestion. The lowest g factor
for dichloro bis-(2-methylpyridine)copper(II)55 was
found to be 2.033 but the complex was discussed in terms
of a dx%yz ground state, rather than d22 ground state.
The same worker856 have suggested a dxy ground state for
2,2'bipyridylbis(hexafluorqacetylacetonate)copper(II)
despite a value of 2.029 for the lowest g factor.

In many cases, an isotropic esr spectrum is obtained.

LIRS D



This, however, does not indicate the presence of a
regular octahedral or tetrahedral environment but can
result from either a dynamic Jahn Teller distortion or
misalignment of molecular axes within the crystal.
Electronic spectra provide information about
electronic transitions between the ground state and

excited state of the crystal field levels.
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These transitions occur in the range 4.0 = 30.0 kK.
The number of bands and relative intensities of the
bands afford information as to the precise structure of
the complex.

In fact, Hathaway and co-workers have suggested that
there are certain characteristic spectra for particular
stereochemical environments around the copper(II) ion.

A spectrum involving a single sharp band at 12.0 - 12.5
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kK is considered to be characteristic of a trigonal
bypyramidal environment, whereas square pyramidal

structure is indicated by a single band in the region
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15.0 - 18.0 kK. The presence of two bands of equal
intensity in the regions 9.2 - 10.8 kK and 14.3 -

15.6 kK has been assignedjj’Bh

by the same workers to

a cis distorted octahedral stereochemistry. A single
broad band in the region of 14.4 - 15.2 kK, suggesting
more than one transition under the band envelope, has
been assigned for Cu(bipy)z(Cloh)2 to a stereochemistry
involving twisting of the pyridyl rings out of the x¥y
plane towards a tetrahedral stereochemistry.

However, McKenzie58 has examined the electronic
spectra of a number of closely related Z_CuN5_72+ and
ZfCuN6_72+ chromophores to assess the validity of using
electronic spectra to assign structures to copper(II)
compounds. He noted that the spectra of many of the
Z_CuN5_72+ chromophores are well within the range which
Hathaway regards as characteristic of a cis distorted
octahedral stereochemistry. 1In all cases the ZTCuN5_72+
chromophores have at least two absorption bands separated
by P 3kK, although they are not always resolved. 1In
some cases there are two well defined peaks separated
by 5kK.

It is also interesting to note that recent publica-
tions by Hathaway discussing the electronic spectra of
[Cu(NHB)BJAg(SCN)B and [Cu(bipy)21j159 are reported.
Three absorptions are shown in the spectra for both,
which is not consistent with his earlier data, where one
maximum was indicated in both cases.

However, McKenzie noted that comparison of electro-

nic data within closely related series of compounds was
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still valuable and in this respect Hathaway'!s work is
useful.

It was hoped to extend the co-ordination study of
the copper complexes to those of silver(II), little
work having been done of a comparative nature. TUnfor-
tunately, it was not found possible to stabilize Ag(II)
with tri-2-pyridylamines as ligands.

However, it was decided to undertake a comparative
study of the bis(2,2!-bipyridyl) and bis(1l,10-phenanthro-
line) complexes of copper(II) and silver(II). With this
in mind, a summary of previous work with Ag(II)bipy and
phenanthroline complexes will serve as a background to
future discussion.

Bivalent silver is stabilized by co-ordination
with some nitrogen containing heterocycles, co-ordination
occurring in most cases by formation of four dsp2 hybrid
bonds35 although compounds of higher co-ordination are
known36. The oxidation potential of Ag(II)/Ag(I) is
strongly reduced from 1,914 volts in mitric acid solution37
to 1.453 volts on complexing with dipyridleS. Many
of these complexes are stable in the solid state.
Pyridine forms a tetrapyridine complex Ag(Py)h820837’h0
which is considered to be isomorphous with the corres-
ponding cupric complex. Compounds with di—z-pyridylhl,
1:e'r—2--py'ridylh2ancllo-phenaa.nthr01inez‘3 have also been
prepared, by oxidation of the corresponding Ag(I) complex.
Solutions of silver iodide in the presence of excess

ligand molecule are oxidized by means of potassium

persulphate or ammonium persulphate. The silver(II)
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persulphate complexes are then precipitated as yellow to
dark red crystalline powders, sparingly soluble in water.
By further double decomposition, different salts can be
obtained, a series of salts Ag(l,lo—phen)zxz,(where

37 ClO3 and Clo;)having been prepareth.

Various bipyridyl complexes have also been obtained by

X = %5208, HSO,, NO

oxidation with persulphate followed by double decomposi-
tion, e.g. Ag(bipy),S,0q, Ag(bipy),(HSO0,),, Ag,(dipy),
: b1
(NO4),s Ag(dipy)4(C10,), .
Because of the considerable lowering of oxidation

potential on complex formation, it is possible to use

Ly
2

can also be used but care must be taken to avoid oxidation

Ozone

oxidizing agents such as PbO BaO2 and CeO

2’
of the ligand.

A more common route to complexes of Ag(II) is via
anodic oxidation in a divided cellhB. In the presence
of dilute nitric acid, Ag(terpy)NO3 is oxidized readily
at the anode of an electrolytic cell forming [_Ag(terpy)
N03_7N03. Other complexes with terpy can be prepared
via anodic oxidation or double decomposition. There is
no evidence for the formation of an argentic complex
with more than one molecule of terpyridyl co-ordinated.
There is little detailed structural data available on
the complexes formed, a square coplanar stereochemistry

having been postulated in the case of bipy, o-phen and

terpy complexes.
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The visible and ultra violet spectra of several

Ag(bipy)g+ complexes were found to contain two absorption
bands, a weak absorption at about 460 mm and an intense
band near 360 mm. It was suggested that the high
extinction coefficient of the shorter wavelength band
indicated that it was caused by a charge transfer pro-
cess. Similarly, the higher wavelength band was assigned
to a d-d transition of the metal. The higher wavelength

band is shown below.
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In all three complexes studied, the bivalent silver
was tetraco-ordinated. It was then argued that the
stereochemistry of the complexes is either planar or
tetrahedral, intermediate stereochemistries not being
considered. As the above absorption band on gaussian
analysis was considered to contain three components,
it was deduced that these corresponded to the transitions
between the four energy levels present in a planar
environment dxy, dzz, de_ y2 and dxz, dyz.

Recent work by Harris61, where the solution spectrum
of Ag(terpy)8208(10-3M) in aqueous (NHh)zgfce(N03)6_7
(4 x lO_BM) was obtained, showed that the extinction
coefficient for a band at 470 mm was 880 which is too
high to be considered as a ligand field transition. It
therefore seems likely that the bands previously assigned
to ligand field transitions are in fact charge transfer
bands.

A compound of silver(II) with 8 hydroxyquinoline

arising from disproportionation of Ag(I) into Ag(o)
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and Ag(II) in boiling aqueous solutions of silver acetate

and ligand molecule has been reportedh6. The compound,

L7

Ag in the bivalent stateuB.

49

Argentic picolinate ~, prepared by solution of

however, is diamagnetic and there is no evidence for

silver nitrate with potassium persulphate in the presence
of picolinic acid has been shown to be co-omorphous with
the analagous copper compound by X-ray diffraction analy-
sis50. Although its X-ray diffraction pattern could not

be elucidated, the isomorphism with the corresponding

cupric complex whose structure has been studied suggests

O

B 7

{

s R
T‘: O

1
The nicotinate and isonicotinat95 are also known

a square planar structure.

to be isomorphous52 with the cupric compound. The
stability of Ag(IT) complexes of pyridine mono, bis and
tricarboxylic acids decreases with increase in the

number of carboxyl groups present. The position of these

s



carboxyl groups has a definite influence on stability,
with the exception of the mono acids. This variation
in stability has been attributed to steric effects
hindering the formation of the planar configuration

22

around the metal .
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EXPERIMENTAL

1.1 Chemicals and analysis

Chemicals - Amino-pyridines and 2-bromopyridines were
obtained from Koch Light Laboratories Limited; p-cymene
was obtained from Hopkin and Williams. The author
would like to thank Midland and Yorkshire Tar Distillers
for gifts of 2-amino-4-methylpyridine and 2-amino-6-

methylpyridine.

Analysis - Microanalytical data for carbon, hydrogen
and nitrogen were obtained from:
(1) Analytical Laboratory, Department of Chemistry,
Reading;
(2) pDr. F. B. Strauss, 10 Carlton Road, Oxford;
(3) A. Bernhardt, 5251 Elbach #iber Engelskirchen,
West Germany, Fritz-Pregl-Strasse 14-16; and

(4) University of Aston analytical laboratory.

Solvents - Solvents were obtained from commercial sources

and were purified by literature methods; nitromethane70,
acetone7l and ethanol72.

1.2 Physical Technigues

Conductivity - Molar conductivities were measured with

a Mullard conductivity bridge using a standard conducti-
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vity cell (constant = 1.36). Measurements were made

for 10_3M nitromethane solutions.

Magnetic Susceptibility determinations - Magnetic

susceptibilities were measured by the Gouy method at
room temperature. The electromagnet was water-cooled
and all determinations were carried out using a current
of 10 amps. The tube was calibrated using HgCo(NCS)u,
(Yg = 16.44 x 1076 cgs units at 20°C). HgCo (NCS)

was also used to determine the height to which the tube
should be packed. The pull vs length of tube packing
was found to reach a plateau of 9.5 ecm. In all subse-
quent determinations the tube was packed to a height

of 10.3 cm. Diamagnetic corrections were made from
Pascals constants73.

Magnetic susceptibilities were calculated using

the equation:

\C§1L of ¥ ﬁ&?r

- T

where o{ = 0.017, (3 = 0.2305, ¥ = force or pull and

AW = weight of sample.

X-ray powder photographs - X-ray powder photographs were

obtained using Cu K& radiation with nickel filters

(M= 1.54 A”). Exposure time of 1} - 3 hours was used.

Infra red spectra - Infra red spectra were recorded

for nujol and fluoro-chemical mulls (for solids) and for
liquid films (for oils). The instruments used were Perkin

-1
Elmer 225, 237,and 457 spectrometer between 4000

O L

and 250

it



Diffuse reflectance spectra - Diffuse reflectance

spectra were obtained using Unicam S.P. 700 spectro-
photometer using S.P. 735 diffuse reflectance attachment.

Magnesium oxide was used as a reference and, in some

cases, as a diluant. The instrument was calibrated
using holmimmglass74 where the following results were
obtained:
Band position Expected
Difference
from SP 700 band position
kK kK kK
27.530 27.850 0.320
23.706 23.964 0.258
21.882 22.085 0.203
21.530 21239 0.209
The average error is 247 cm_l. The values quoted in
this thesis are corrected values.
Electron spin resonance spectra - Electron spin reson-

ance spectra were measured using Hilger Watts microspin
spectrometer using DPPH as a reference and Fremyt!s salt
and copper sulphate pentahydrate as calibrants. Spectra
were measured at room temperature in all cases and, in
several cases, at liquid nitrogen temperature. The
spectra were obtained for microcrystalline samples
contained in melting point tubes. Solution spectra were
obtained in several cases for nitromethane and dimethyl

formamide solutions.



Nuclear magnetic resonance spectra - Nuclear magnetic

resonance spectra were obtained using Perkin Elmer R.12
spectrometer, the frequency of operation being 100MHz.

The spectra were obtained for carbon tetrachloride and

deuterochloroform solutions on scale factors 10 and 1.

Tetramethyl silane was used as a reference.

59

Fe M8ssbauer spectra - M8ssbauer spectra were measured

using an NSEC Model B analyser. A 1 millicurie 5700 was
used, embedded in a stainless steel matrix. The absor-
ber was moved at velocities from O to 6 mm/sec relative
to the stationary source. Spectra were measured at
ligquid nitrogen temperature and isomer shifts are quoted

relative to sodium nitro prusside.

1.3 Preparation of complexes

Preparation of complexes with ferrous perchlorate

All preparations were carried out under oxygen-free

dry nitrogen, solvents having been saturated with nitrogen.

Preparation of ferrous perchlorate hexahydrate.

British Standard specification iron metal was
mixed with perchloric acid (50/50 v/v). After reacting
for five hours, the pale green solution was decanted from
the unreacted metal and the solvent volume reduced
under low pressure. Pale green crystals of ferrous

perchlorate were obtained.
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Preparation of bis(h-methyl-Q-pyridyldi-2-pyridyl)amine

ferrous perchlorate

Freshly prepared ferrous perchlorate hexahydrate
(0.2 g) was added to 4-methyl-2-pyridyldi(-2-pyridyl)
amine (0.75 g) (See Chapter II for synthesis) in ethanol
(15 ml). A red solution was formed which yielded a
bright red crystalline solid within half a minute.
The solid was filtered and washed with ethanol and ether
and dried over phosphorous pentoxide under reduced

pressure. Yield 0.45 g.

Preparation of bisz_B-methyl—2—pyridyldi—2—pyridy1amine_7

ferrous perchlorate

Freshly prepared ferrous perchlorate hexahydrate
(0.25 g) was added to an ethanolic solution (10 ml) of
5-methyl-2-pyridyldi-2-pyridylamine (0.5 g)(See Chapter II
for synthesis) forming a bright red solution. A red
solid was obtained which was filtered and washed with

ethanol and ether. Yield 0.45 g.

Attempted preparation of bisZ_G-methyl-2-pyridyldi

(-znpyridyl)amine_7ferrous perchlorate

Freshly prepared ferrous perchlorate was added to
6-methyl-2-pyridyldi(-2-pyridyl)amine (See Chapter II
for synthesis) in ethanol. A yellow solution was
formed which did not yield a precipitate even after
cooling to 0°C and reducing the solvent volume. This

method was attempted several times.
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The preparation was then attempted by adding
ferrous chloride to an aqueous ethanolic solution of
6—methyl-2-pyridyldi(-2—pyridyl)amine containing an
excess of sodium perchlorate. However, precipitation
did not occur.

A mixture of ferrous sulphate heptahydrate in
water was added to an aqueous ethanolic solution of
6-methy1-2-pyridyldi(-2-pyridyl)amine saturated with
sodium perchlorate. A small quantity of a pale yellow
precipitate was obtained on cooling on an ice bath.
Analytical data suggested that the compound was Fe
(6mpdpa)2(0104)2 but the failure to obtain a M8ssbauer
spectrum indicated the absence of iron. The appearance
of a strong perchlorate band in the infra red spectrum,
together with ample evidence of the aromatic nature of
the compound, suggested the formation of a ligand per-

chlorate.

Preparation of diaquo bisZﬁS—nitro-Q-pyridyldi(-2-

pyridyl)amine_7ferrous perchlorate

Ferrous chloride (0.9 g) was added to an ethanolic
solution (10 ml) of 5-nitro-2-pyridyldi(-2-pyridyl)amine
(0.04 g) saturated with sodium perchlorate. A bright
yellow solid was formed which was filtered and washed

with ethanol and ether. Yield 1.2 g.

Preparation of bis th—methyl-2—pyridyldi(-2—pyridyl)

amine_/cobalt(II) perchlorate

Cobalt(II) perchlorate hexahydrate (0.36 g) in
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ethanol (10 ml) was added to U-methyl-2-pyridyldi(-2-
pyridyl)amine in ethanol (10 ml). The solution was
warmed for several minutes and then left to stand for
two hours. A buff solid was deposited which was recrys-

tallized from acetone/ethanol. Yield 0.32 g.

Preparation of bis/ 5-methyl-2-pyridyldi(-2-pyridyl)

amine_7cobalt(II) perchlorate

5-methyl-2-pyridyldi(-2-pyridyl)amine (1.1 g)
in ethanol (10 ml) was added to cobaltous perchlorate
(0.7 g) and the solution became cloudy on leaving to
stand for five minutes. After standing for two hours
the solution was filtered and the precipitate recrystal-

lized from acetone/ethanol.Yield 0.8 g.

Preparation of bislﬁ6-methyl-2-pyridyldi(-2-pyridyl)

amine_/cobalt(II) perchlorate

Cobalt perchlorate (0.7 g) in ethanol (10 ml) was
added to 6-methyl-2-pyridyldi(-2-pyridyl)amine (0.95 g)
in ethanol (10 ml). After refluxing for five minutes
precipitation occurred. The filtered solid was recrys-

tallized from acetone/ethanol. Yield 0.41 g.

Preparation of biséﬁtri(-h-methyl—2-pyridyl)amine_7

cobalt(II) perchlorate

Cobaltous perchlorate hexahydrate (0.3 g) in ethanol
(10 m1) and tri(-4-methyl-2-pyridyl)amine (0.55 g)

were mixed and a pale yellow solid was obtained on stand-
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