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known to adopt a trans octahedral structure.

The preparaztion, characterisation and vibrational spectra have

been described for two series of complexes ﬁ015§2NM63 and MC1332PM65
(where M = Sc¢, Ti, V, Cr, Fe:s and M = S¢, Ti, V, Cr, Fe, Co, Ni,

respectively). Cryoscopic molecular weight data for CrGlBﬁZPMe%

indicate it to be monomeric in benzense. The vibrational spectra

have in every case been interpreted in terms of a trans D—Zh trigonal
LEels Vs 5

bipyramidal structure, supplemented by G.V.F.F. calcvulations on

o L
D}h 11013 ,ZN—MEE

the adducts TiClB,ZNMesj VClEQZNMe

and TiClj92PM950 Previous x-ray determinations on
3 and GrClB,ZNMQE had shown them
to adopt such a structure.

The spectra obtained are compared, and in the light of competiticn
experiments carried out on the pa.rs of complexes ScClB?ZPMeag
8001532NM85 and F801392NM63; FeOlBSQPMezg differences in the spectra
between the series of phosphine and amine complexes for different
members of the series are discussed in terms of the nature of the

bonding involved, Class (b) acceptor character, force field

parameters and steric effects.



CHAPTER T.

Introduction



I.1 General

Any theory of chemical bonding must provide a satisfactory
understanding of two fundamental areas of chemical knowledge.
Firstly, it must provide a rational account of the formation of
chemical bonds between elements and of the resulting bond energiess
secondly it must account satisfactorily both for the shapes which
molecules adopt and also the molecular dimensions which are
observed. A formidable array of physical methods has been
employed, with varying degrees of success, to gain a better under-
standing of the factors involved in these two areas. As far as
spectroscopic techniques are concerned, interpretation of results
in terms of molecular stereochemistry is generally found to be on a
much sounder basis than conclusions concerned with the nature of the
bonding involved.

For inorganic coordination compounds, the techniques of x-ray
and neutron diffraction in structure determination are definitive.
However, their use is limited to crys@glline solids. Electron
diffraction and microwave spectroscopy are normally confined to

studies in the gas phase.

A great deal of effort in the recent past has been devoted to
the study of transition metal coordination compounds, whose formal
electronic configurations involve a central metal ion possessing a
partially filled d-shell. The results of magnetic measurements
and electronic absorption spectroscopy have been successfully

rationalised to a large extent by the crystal field and ligand field



theories in terms of the local symmetry of the ligands surrounding
the central metal ion. Advances in the understanding of the
bonding involved in these complexes have similarly been made.

In addition to these techniques involving effects due to electrons
in partially filled d-shells, there remain the techniques of
vibrational spectroscopy and nuclear magnetic resonance spectroscopy.
Indeed, for coordination compounds involving acceptors with either

0 10

nd” or nd =~ electronic configurations, these are the principal methods

available for structure determination apart from x~ray diffraction
and related techniques. Although, as stated azbove, results from
x~ray diffraction experiments are definitive, they are normally
confined to the solid state. Vibrational and NMR. spectroscopy are

invaluseble for yielding structural information for solutions and the

liquid state.

I.2 BMR. Spectroscopy

In principle, chemical shifts can be resolved in spectra of solid
compounds provided that the line widths, which are primarily governed
by dipolar interactions in solids, are small compared with the
chemical shifts involved. Thus, the 205T1 spectrum of solid '1‘12013
consists of two peaks of relative intensities 1.3, consistent with
the formilation as (T1+)3(T10163~), (1). 1In a study of the - P
resonance spectrum of solid PCl5, dipolar broadening effects were

minimised by high speed rotation () 800 rps) of the sample on an axis



at an angle of 5@0 A41 to the direction of the magnetic field. The
spectrum observed was consistent with a formulation as P014+ P016-
in a tetragonal lattice (2). However, the study of the NMR.
spectra of solids is still rather limited.

The vast majority of stereochemical studies of inorganic
molecules involving NMR. spectroscopy, however, have involved high
resolution NMR. measurements on either vapours, liquids or solutions.
This technique yields, in favourable cases, from an analysis of the
spectra in terms of chemical shifts and spin spin coupling constants,
a simple, unique assignment of stereochemistry. In contrast to its
obvious value in structural organic chemical problems, examples of
inorganic structures first demonstrated by NMR. are few. Typically,
orgenic compounds are liquids or solids easily soluble in a large
number of non polar solvents and they contain hydrogen atoms which
have an ideal nucleus from the point of view of NMR., both in
regards to detection, and also interpretation of results in terms of
the electronic structure of the bonds involved. By contrast,
inorganic compounds are largely solids of low solubility and few
contain nuclei which have a nuclear spin = 1/2 (with a zero
quadrupole moment),  Thus, NMR. of inorganic chlorides is generally
of little value since both 3501 and 3701 possess large quadrupole
moments, a feature leading to excessive line broadening due to
quadrupolar relaxation. Furthermore, examination of paramagnetic

species is prohibited, since strong electron-mucleus relaxation



broadens the resonances to such an extent that only a single broad
absorption signal is observed. However, if electron relaxation
times and exchange times are favourgble (3), one may cbserve for
paramagnetic species, the unusually large chemical shifts known as
contact shifts. The great advantages of NMR. as a technique for
structural determinations are its speed and simplicity of
interpretation. Even in cases where second order effects are
operating, spectral analysis is relatively speedy to carry out. In
this comnection, recent advances in double resonance techniques (4),
especially for heteronuclear spin coupling effects, have greatly
facilitated spectral assignments, and allow the relative signs of
coupling constants to be determined.

‘Although relatively few atomic nucleil are amenable to study by
NMR., a great deal of significant structural work has been carried
out. In this field the study of fluorides has been particularly
successful. Thus, the 19F NMR. spectrum of SF4 can be interpreted
in terms of a CZV structure based on a trigonal bipyramid with the
lone pair in an equatorial position (5). Moreover, the interpreta-
tion of the '°F NMR. spectrum of antimony pentafluoride (6) in terms
of a polymeric structure involving cis-fluorine bridging provided
structural information which probably could not have been obtained
as simply by any other physical technique. Of special relevance to
the work described in this thesis is the work carried out by Dean

and Evans on the JF NMR. of some tin(IV) fluoro-complexes (7a), and



by Muetterties (7b) on the stereochemistry of adducts of transition
metal fluorides, and in particular Tth, SnFA, SiF #, GeF and MOF
This work illustrates the ease with which the spectra of L MF4
species may be interpreted in terms of stereochemistry, but it also
draws attention to the effects of intermolecular exchange phenomena.
As a result of this, the interpretation of spectra consisting of a
single resonance in terms of all miclei being magnetically equivalent
is a very dangerous procedure in the absence of a temperature
variation study and/or adequate supporting evidence, In this
comnection, intramolecular exchange phenomena may also sometimes be
important, especially if the alternative structures have a very low
energy barrier for interconversion between them, as for example
trigonal bipyramidal and tetragonsl pyramidal gecmetries, Indeed,
many coordination compounds possessing trigonal bipyramidal geometry
have NMR. spectra which show spectroscopic equivalence of the ligands
(e+g. PFy, VF,, AsF, end the 3¢ spectrum of Pe (€0), ).

Applications of 1H NMR. have been successful, particularly in
the structurel chemistry of hydrides, (where X~ray diffraction is of
little value) and in organometallic chemistry. Direct bonding of
hydrogen atoms to metals is charscterised by abnormally large proton
chemical shifts, and NMR. has yielded much information in the field

of transition metal olefin complexes,



I.% Vibrational Spectroscopy

As may be seen from the problems with ligand exchange and
stereochemical non-rigidity encountered in NMR. studies, the time
scale for this technique is relatively slow (i.e. 1071077 secs. ).
A great advantage of vibrational spectroscopy is that it is a much
"faster" technique, the time scale involved being of the order of
’l()"'13 secs. Thus, few processes commonly occurring for molecules
in their ground states are too fast for vibrational spectroscopy to
follow,

Infrared and Raman spectroscopic techniques yield complementary
information about molecules. However, until three years ago the
application of Raman spectroscopy to problems of chemical interest
was extremely limited, due to the extreme feebleness of the effect.
With the use of lasers as sources of excitation, however, this
technique is now probably more accessible and more convenient to use
as a diagnostic tool in stereochemical studies than is infrared
spectroscopy.

Applications of vibrational spectroscopy in the sodium chloride
region, with the simple idea of group frequencies, to obtain
information about functional groups, the approach found most useful
in organic chemistry, have been very successful in the fields of
organometallic and hydride chemistry. However, nearly all the metal
ligand vibrations of interest to the structural inorganic chemist

occur below this region, and require the extension of the accessible



infrared region down to about 200 cm."1. Assuming that certasin
metal~ligand vibrations are relatively "pure" modes, and using the
concept of "stretching regions", the symmetry of a molecule can in
favourable cases often be decided from the number of vibrations
observable in the stretching region, using the results of simple
group theory.

With‘large molecules, however, and where differences in symmetry
are small, this approach is less dependable. The infrared region
down to 30 cm.-1 is now readily accessible through the use Qf
instruments such as the Beckman I.R.11, and as stated above, Raman
spectroscopy is now much more easily studied since the introduction
of laser sources. Given these practical possibilities complete
vibrational spectra of molecules over the whole infrared region may
now easily be obtained. Using the concepts of stretching and bending
regions, Raman and infrared activities, depolarisatiqn ratios for
solutions and coincidences in the Raman and infrared, the stereo-
chemistries of fairly complex molecules may be assigne&. However,
the possibilities of Fermi resonance or, for solids, crystal field
effects should always be borne in mind. Furthermore, modes which are,
from group theoretical considerations, shown to be, say, Raman active
may have very low intensities and escape detection, and neither
shouldvthe possibilities for accidental coincidences be overlooked.
Indeed, because of the very wide range of masses and bond force

constants found for inorganic molecules, even the concept of
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"stretching rgions" is of very limited applicability.

The advent of new computer techniques (8), (9) has meant that
vibrational analyses of quite complicated molecules may be carried
out. Force constants are transferred from simple symmetrical
molecules whose structure and vibrational assignments are well known.
Even using extensive approximations, results are generally obtained
which are a great aid in assigning spectra. Stretching frequencies
are usually readily calculated to within 10% of observed values, and
the relative degrees of mixing of normal modes msy be determined, as
a test of the validity of the common assumption that certain
stretching vibrations are relatively pure modes. This approach is
limited by the number of simple molecules whose vibrational spectra
have been unambiguously assigned, and for which a reliable set of
force constants has been calculated. Molecules whose structures
have been confirmed using vibrational spectroscopy in conjunction
with vibrational analyses are AlH , 2Ne (10), HC1), ,NMe
(M = 8i, Ge, Ti, Sn) (11) and CH3PCL,, (12). Results obtained with
these molecules suggest that in certain cases stretching vibrations
are relatively pure but none the less, the concept of "group
frequencies" is not a helpful one for inorganmic compounds. Results
obtained in this thesis indicate, furthermore, that in cases of
coordination complexes involving ligands complexing through the
heavier group V and VI donor atoms (e.g. P and S) that mixing of

skeletal and ligand modes is much more serious.
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Useful though approximate vibrational analyses undoubtedly are,
there remain cases where genuine ambiguity still arises in the
assignment of certain modes, (for instance in the assignment of omne
of the stretching modes (vzeg) compared with one of the deformations
(V5f25) in octahedral MX; species (13)).

The well defined plane polarised nature of laser radiation has
made studies of the single crystal Raman spectra of inorganic species
a practical possibility. The Raman tensor which describes the
polarisability of the molecule or crystal for each mode is subject
to restrictions by the symmetry of the scattering system. This
tensor may be used to predict Raman activities and directional
intensity changes in the Raman scattering for each mode, leading, in
favourable cases, to unambiguous assignments. Thus the ambiguity
mentioned above for MX, has been resolved by single crystal measure-
ments (13). For studies involving more complex molecules, single
crystal results can resolve ambiguities arising from approximate
normal coordinate calculations brought about by our lack of knowledge
of force fields.

By a combination of far infrared, Raman and single crystal
studies, supported by an approximate vibrationsl analysis, confident
assignments may be made for quite complex structures. Considerable
advances in the study and interpretation of the spectra of polymeric

species such as NbFg (14), AugClg, Nb,Cl,,, NbyBr,, etc. (15) have been
made, and assignments have been made even for three dimensional erystals

such as rutile (16), anatase, cassiterite and molybdenum trioxide (13).
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Undoubtedly the most significant advance has been the
introduction of lasers as sources in Raman spectroscopy. Powdered
solids may now be studied with ease, especially with the 180°
collection system employed in the Cary 81 spectrometer, and with the
use of such instruments as the Spex monochromator which employ
detection systems of high sensitivity, vapours may be conveniently
studied without the need for multipass cells.  The production of
stable helium/neon and argon ion lasers has opened the way to the
study of a wide range of highly coloured species, especially
transition metal coordination compounds. Despite these important
advances however, results must still often be treated with caution.
Problems due to correlation splitting, birefringence and crystal
imperfections should always be borne in mind in single crystal
studies (13), as should the possible occurrence of the resonance
Raman effect (17) in the study of coloured compounds, and
perturbations of observed intensities as a result of scattering by
spin waves or magnons in megnetic materials (18).  The relative

importance of such effects is still uncertain, however.

I.4 Scope of the Present Work

Hitherto, studies of the stereochemistry of inorganic complexes
by vibrational spectroscopy have been largely confined to specles
involving either filled d-shells or empty d-shells of rather high

energy. It was felt that preliminary studies (8) should be made on
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systems vhere the sossibility of bonding involving empty d-orbitals
shd elecirons in d~orbitels was not a complicating factor. A Pairly
lorge smount of dats for these systems has now accumulated, especially
for neutral adducts of the halides of group III(b), group IV(b) and
group V{b) elements (19), (8), (20). In particular, the existence

ot b-coordinate specles appears to be quite common, and the actual
arrangement of the ligand around the central scceptor atom appears

to be the result of quite a fine balance between steric and electronic
effects (7), (8).

NMost of the work described in this thesis is devoted to studies
involving adducts of titanium (IV) halides. Comparisons asre made
between the results for adducts of group IV(b) halides and the
Ti(IV) systems where low lying empty d-orbitals are present.

Studies of the vibrational spectra of some adducts of a range of
transition metal trihalides of the first series (21) have also been
carried out. Comparisons are made with compounds involving

group III(b) acceptors and the effects of partially filled d-shells
on metal ligand vibrations are examined. Tentative conclusions
concarning the nature of the bonding in these complexes are put

forward.,



CHAPTER II.

The isolation and characterisation of dimeric acetyl-

acetonato-titanium oxide chloride / Ti0Cl(acac) _/,.

13
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II.1 The Occurrence of Multiple Bonding

A fundamental difference between the behaviour of elements in the
first row of the Periodic Table and those of succeeding rows is the
relative ease with which the former participate in the formation of
multiple bonds, involving pm-pm bonding. As a general rule,
multiple bonding of this type is restricted to bonds between first
row elements and the non-transition elements of group VI, This
behaviour could be attributed to a combination of such factors as
(1) small inner shell (152) repulsions of the first row elements,
leading to extensive pm-pm overlap, (22a), (ii) the smaller size of
the first row elements leading to low coordination numbers, and
(iii) the more efficient filling of orbitals in the polymer as
compared with the monomer (22b). Thus, the polymerisation of BOCL
and MeBO could be attributed to {iii). The umusual behaviour of
the non transition elements of group VI is brought out by a
comparison of the molecular specles SO2 as compared with the
polymeric PO, , with which it is isoelectronic. The behaviour of
the group VI(b) elements suggests that electronegativity differences
may be important. For example, where the other element involved is
more electropositive than sulphur, the d-orbitals might be expected
to be less accessible than in cases where sulphur is bonded to more
electronegative atoms.

With regard to systems in which d-orbital participation may be

reasonably postulated, one must consider the possibility of dm-p=x
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bonding. However, the factors favouring this and even the extent

to which bondsrmay possess dn-pr character are much less clear than
for the pr-pw case. Furthermore, there is the possibility that
either nd or (n-1)d orbitals may be involved. For bonding involving
transition metal ions, clearly the (n-1)d orbitals are sufficiently
accessible for possible dm~p® bonding with ligands surrounding the
central iqna The case for dzn-pn bonding involving back donation of
electrons, formally confined to the central metal, into suitable
empty orbitals on the ligands rests largely on the observations of
bond lengths, stabilities and ligand stretching force constants in
transition metal carbonyl, cyanide and nitrosyl complexes. It is
well known that these ligands are especially effective in stabilising
very low formal oxidation states of transition metals, and the
consequent large numbers of electrons in the transition metal
d-orbitals could well be stabilised by back donation, and hence give
rise to partial double bond character in the metal ligand bonds, In
support of this, it has been noted that complexes of this type are
much more stable than those involving ligands such as €1~ and Br ,
and that the metal-ligand bond lengths of complexes of this kind are
typically short. The case for m-bonding in phosphine and arsine
complexes is much less clear cut, however. A comparison of the
chemical behaviour of phosphine and arsine complexes with that of

carbonyl, cyanide and nitrosyl complexes suggests that considerable
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dr~px bonding might occur, but this has not been convincingly
demonstrated as yet (23).

Experimental evidence for the cccurrence of ndx-npm bonding is
similarly abundant, the most well known example being the planarity
of trisilylamine. The ioms 510,*", PO, 77, 3042” and €10, might a1l
involve a certain degree of dn-pn bonding, and the stability of the
MOAn" ions of P, As, S, Se and Cl with respect to polymerisation may
be contrasted with the ease with whiech the oxyanions of V, Mo, W
and Cr polymerise.

Since the publication of Pauling's paper (24) on the
hybridisation of atomie orbitals, the ability of d-orbitals to
participate in covalent bonding has been quite extensively discussed,
Whereas Pauling discussed the problem on the basis of the angular
part of atomic eigenfunctions, in a paper by Craig et al (25) the
whole problem was reconsidered on the basis of interactions of the
radial part of the eigenfunctions. From a calculation of Slater
overlap integrals it was suggested that the conditions for good over -
lap were very daifferent for the two cases of dn-px bonding. For
hybridisation involving 3d, 3s and 2p orbitals, ligands would have
t0 be electronegative enough to lower the energy of the 3d orbitals,
by reducing sereening at the nucleus, so that efficient overlap might
occur for them to make a significant contribution to the bonding.

It was noted that it is just the most electronegative elements which

tend to combine with second row elements in their highest valency
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states, for example sulphur hexafluoride., For the case of
hybridisation involving 3d, Ls and Lp orbitals, as for example in

the case of elements in the first transition series, it was suggested
that, in conbrast, highly electronegative ligands were undesirable,
as the decreased screening induced by them at the nucleus would
result in 3d orbitals which were of too low an emergy for significant
contribution to the bonding. Moreover, it was shown that, for good
overlap "acceptor" and ligand orbitals should be of comparable
"sizes", It thus seems likely that the extent of d-orbital
participation might depend on the extent to which the surrounding
ligands perturb the d-orbitals of the central atom.

Further calculations (26) of optimum exponent values for 3s, 3p
and 3d orbitals of sulphur in sulphur hexafluoride suggest that the
promotion energy to the 5p3d2 configuration for sulphur (estimated to
be 25-31 ev.) can be compemsated by molecule formation. The
calculations show that the 3@ orbitals contract to approximately one
half the free atom size in the molecular field of sulphur hexafluoride.
Further work (27) has been carried out on the valence state energies
of excited configurations involving 34, 4s and 4p orbitals in the later
second row elements (Si, P, S and C1) and their ions, from data
obtained from spectral term energies. The results indicate that for
later second row elements with high covalencies, the weight of
configurations involving high energy orbitals is likely to be largely

dependent on the degree of perturbation of the ligands, in agreement
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with the earlier work (25). However, it is noteworthy that the
results obtained indicate that the Ls orbitals are always slightly
more stable than Lp and 3d orbitals. Thus the contribution of Ls
orbitals to the valence state is expected to be at least as
comparable or possibly larger than that of 3d orbitals. In
addition, recent calculations by Glanturco (28) suggest that for the
second row elements Al, 8i, P, S amd Cl, inclusion of configurations
such as s%°, ", a% and 5%, pmw1, a°, results in much more compact
outer d-orbitals, without necessarily invoking a strong ligand
polarisation. It seems evident from the foregoing results that
although the contribution of high energy orbitals to the bonding of
second row elements is generally quite feasible from both symmetry
and overlap considerations the specific participation of high

energy d-orbitals in the bonding is much less clearly demonstrated.

IT.2 The Ocecurrence of Multiple Bonding in Titanium Oxo Species
2+

Metal oxo cations such as titanyl, TiO 2,

s and zirconyl, ZrQ
had formerly been regarded as well characterised species. However,
the study of compounds thought to contain such species, especially
by the techmiques of x~ray diffraction and infrared spectroscopy.
have shown that nearly all of them are actually polymeric, contalning
single M~0 bonds, which may or may not possess partial multiple bond

character arising from d-orbital participation. This state of

affairs is in marked contrast to the very common and well
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authenticated existence of the oxo vanadium (IV) cation, vanadyl,
V02+, which dominates the aqueous chemistry of vanadium (IV), and
instead parallels closely the behaviour of the elements of

group IV(b}s Thus, typically, silicon oxygen double bonds are
unknown, presumably due to the participation of d-orbitals in
partial double bonding in the polymeric spsgies observed in practice,
as in the siloxanes. As a further example, the polymeric nature of
GeO(acac)z may be quoted (8).

The use of infrared spegtroscopy as a diagnostic tool for M = O
species has been much discussed. Studies on several mononuclear
species containing M = O bonds have indicated (29) that the usual
region of stretching vibrations of this grouping is 900-1100 cm ~
For most of the "titanyl" compounds studied, however, broad bands are
observed in the 900 cmam1 region, suggestive of vibrations of Ti=0-Ti-
chains. This is the situation for all of the oxyhalides of the type
Ti0X, (X = F, C1l, Br or I) and glso for the complexes TiOF,,H,0 (30)
and Ti0Cl,,2Py (31). In a recent paper, Fowles (32) assigned bands
at 976 and 978 cm,"‘“1 to Ti = O stretching vibrations in th@ocomplexes
T10C1,,2Me ;N and Ti0CLly,2(a~picoline}. It was noted that the
former complex was isomorphous With the oamplex'V0612$2MeaN which
exhibits & band at 990 cmamﬁ in its infrared spectrum and has been
shown by x~ray studies to exist as a monomeric unit with discrete
V=0 bonﬁsr$ Other complexes of T15612 studied, with such donors

as methyleyanide and bipyridyl, showed no strong bands in this reglon,
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but strong broad bands in the 900 - 780 chhl region, attributed to
Ti-0-Ti polymeric chains,

Possibly the most well authenticated example of the existence
of a titanium oxygen double bond is that of the TiOCl4?_ ion. For

the compounds (Me4N)2TiOC1 and (Et4N)2TiOC14 v is reported to

4 Ti=0

be at 975 cm."1 (33), (34), and recent x-ray work (35) confirms that
this anion is indeed monomeric.
In addition to the formation of polymeric Ti-O-Ti chains, in so

called titanyl species, there is the possibility of the formation of
0.

oxygen bridged dimers, invelving the unit Tl\voﬂiﬁi, Considerable

confusion has arisen in the past over the nature of "Titanyl acetyl -~

acetonate”., It was long thought (29), that it was monomeric in

-F

benzene and had a Ti = O stretching frequency at 1085 cm s

comparable with v at 990 cmf1 for VO(acac) which has been

-0 2’

shown from x-ray studies to be monomeric (36), Other work suggests

(37) that v for TiO(acac)2 may lie at 1030 cm. —, although it

Ti=0

would then be in the region of the CH, rocking vibrations of the
v

acetylacetone, However, further work (38) suggested that the

compound is a dimer in benzene when prepared by the hvdrolysis of

O-

Bl

dibutoxytitanium-bis-acetylacetonate, There now (34) seems to be
little doubt that it is a dimer, and probably contains Ti<f}”/T

bridging groups, whose infrared vibrations occur below 800 cx,‘l.

With regard to the use of infrared spectroscopy in the assign-

ment of metal oxygen stretching vibrations, it has been pointed out
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(34) that it is conceivable that M = O and M-O-M stretching
vibrations need not always be distinguishable. 3. V. F.F.
calculations indicate that the stretching vibration of a linear
M-O-M grouping will occur at the same frequency as that of an M = O
grouping, if the M~O0-M stretching force constant is assumed to be
one half of the value of the M = 0 force constant. On decreasing
the M~0-M angle from 180° , then Vim0 decreases in fregquency.

From this it is evident firstly that bands at ¢» 1000 om.*j need not
necesgsarily be due to M = 0, to the exclusion of M~O~M, and secondly,
the exact vibrational fregquency depends not only on the force
constant, but also on the ¥M-0-M angle assumed. It therefore seems
reasonable to conclude that the use of vibrational frequencies of
metal oxygen vibrations as indications of bond strength, and hence
of multiple bond character, must be treated with some caution,
especially if the detailed geometry of the molecule (from x~ray

measurements) is not available.

IT.%? The Isolation of TiOCl({acac) .

During an extended study of the properties of TiO(acac), (39)

it was noted that minor changes in the infrared spectrum of the

compound could frequently be observed in the 800 cm."1 region.
Typically, a weak to medium band was observed at 810 - 820 om.~1,
which was not always reproducible in succeeding preparations of the

compound. In particular, the preparation of TiO(acac), from TiOCL,
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and acetylacetone in the presence of acridine resulted in material
having a strong, broad band at 811 cm.'1, whilst in contrast the
preparation from Ti0012 and sodium acetylacetonate showed no band

at 811 cm.*q- These results seemed to suggest the formation of
small amounts of either another compound or perhaps a polymeric form
of TiO(acac)2 involving Ti~0-Ti chains, in addition to the suspected
dimer.,

In view of the rather uncertain nature of these results, it was
decided to repeat the preparation of TiO(acac)2 using Cox's
procedure (4LO). This involved thereaction of an aqueous solution of
titanium (IIX) chloride with a very large excess of acetylacetone
dissolved in benzene, in the presence of excess aqueous sodium
carbonate, to remove the hydrogen chloride formed. The Ti(acac)3
formed was then allowed to oxidise in air to yield TiO(acac)g, The
procedure was modified however, in that a mole ratio of TiClB:Hacao
of 113 was employed, in presence of the calculated amount of sodium
carbonate, as opposed to the large excess normally employed, as it
waévéLSpecte& that the presence or gbsence of the 811 om.'~1 band
might be due in some way to inefficient removal of all hydrogen
chioride formed during the reaction between Ti0C1l, and acetylacetone
in the presence of acridine, as performed in the previous study (39).
The blue product, obtained as a solution in benzene, and presumed to

be Ti(acac)B as in previous preparations by this method, was oxidised

in air, and yilelded the expected crop of yellow crystals. The



infrared spectrum of the product (Table II.1.), showed, in addition
to the usual bands reported for TiO(acac), (39), a strong, sharp band
at 810 cn.” .

In an attempt to separate any possible mixture present, the
crude product was digested with a small quantity of benzene, and
partly dissolved. The undissolved yellow solid was filtered off and
dried giving the I.R. spectrum typical of TiO(acac)z@ (Table II.1.).
The benzene solution was evaporated to dryness and yielded a crop of
well formed colourless crystals which gave an infrared spectrum which
was different from that of TiO(acac)Z in that it possessed, in
addition to the two strong acetylacetone vibrations common to all
acetylacetonates in the 1020 o, and 930 en.” regions, an additional
strong band at 810 cm.” 1. Moreover, the medium band at 776 cm,”
observed for TiO(acac)Z was entirely absent. These spectra are
summarised in Flgure II.1. for comparison.

The two samples obtained from this separation were analysed for
carbon and hydrogen, the results being given on page 39. Clearly,
both the analysis results and the I.R. data indicate that the yellow
solid, which was less soluble in bengene is Tio(acac)zn As far as
the more soluble, colourless component of the mixture is concerned,
the best fit to the analytical results was given by the formula
11061 (acac ). In an attempt to demonstrate the existence of chloride

in the compound, & sclution in methylcyanide was treated with a

sclution of silver nitrate in methylevanide. A copious precipitate
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of silver chloride was obtained. Using this method, & determination
of chloride was then carried out, and the result agreed with the
formulation as TiOCl(acac). In view of these results, a "rational"
preparation of this complex was next attempted. Cox's method was
again used, this time a mixbure of Ti015 to acetylacetone of 132 was
employed, in the presence of the calculated quantity of aqueous
sodium carbomate. The resulting ©i(III) acetylacetonate was not
isolated, but allowed to oxidise in situ, to yield an orange benzene
solution. This on evaporation gave a yellow brovwn material.
Extraction with methanol (to remove the brown tarry meterial),
followed by recrystallisation yielded colourless crystals which from
analysis and infrared results (Table II.2.) were shown to be
TiOCl(acac), identical with the colourless, soluble fraction described
above.,

These results suggest that Ti0Cl(acac) is probsbly present in
many of the preparations of TiO(acac), carried out hitherto.  Further,
formation of the former is likely to be promoted in preparations of
the latter both by inefficient removal of HCl, and the use of
relatively low concentrations of acetylacetone. In this way, the
presence of the extra band at 811 em.~ 1 in Ti0(acac), formed via TiOCl,
and acetylacetone in the presence of acridine is explicable
especially since this band is absent when the Ti0(acac), is formed

from Ti0Cl, and sodium acetylacetonate.
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II.4. The Structure of TiOCl{acac).

The complex of composition TiOCl(acac) isolated as described in
the previous section forms monoclinic crystals and, like Tio(acac)z,
is quite stable with respect to hydrolysis, in contrast to most
Ti(IV) ha15 complexes. It is soluble in s wide range of organic
solvents such as benzene, dichloromethane and methylcyanide, but is
much less soluble in more polar solvents like water, ethancl and
acetone. Its molecular weight was determined, by cryoscopy, for
solutions in benzene and dichloromethane, and it was found to be
dimeric in both cases.

The infrared spectrum of the solid and Raman spectra of both
the solid and its solution in benzene are quoted in Table IL.2, It
may be noted that considerable difficulty was encountered in
obtaining Raman spectra, due to intense fluorescence of the samples.
This could not be minimised by treatment with animal charcoal, but
it was found that freshly prepared samples of the complex, one to
two days old, did not fluoresce very strongly, and Raman spectra
could be obtaeined with such samples. The fluorescence increased
with time, and for samples older than sbout four days, the Raman
scattering was completely masked by this fluorescence.  Examination
of the vibrational spectra reveals a lack of strong bands in the
1000 om.” ! region of the spectrum which can be attributed to a
terminal Ti = O stretching vibration. As already stated, the band

at 1025 cm.—1 occurs for a variety of metal acetylacetonates, and
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haos been assigned to the acetylucetonate ring methyl rocking mode

D

' A . ‘ . o - - 2 -
(41).  This is in contrast to the behaviour of G‘L‘:z.OClLr where vm,

i=0
is at 975 en.” ! (3h), and for VO(acac )y, vy_g a8t 990 em, ! (z1).
Comparison of the vibrational spectra of TiOCl(acac) and TiO(acac),
(Table IT.3.) reveals the presence of an additional strong band in
the infrared and Raman spectra of Ti0Cl(acac), at 340 em.” ', which
is shown to be polarised for solutions in benzene (Tsble II.2.),

and which is absent from the spectra of TiO(acac)z. This may
therefore be assigned to the titanium chlorine stretching mode, and
in view of the coincidence of this mode in the Raman and infrared,
if one assumes a dimeric formulation for the molecule, it seems a
reasonable assumption to treat the titanium chlorine stretching
vibrations as being largely uncoupled, otherwise in phase and out of
phase coupling should lead to two non-coincident modes, one strongly
infrared active and one strongly Raman active and polarised. In
addition, the strong band at 810 cn.”! observed in the infrared for
Ti0C1l(acac), is aﬁsent for TiO(acac),, but may correspond to the
bend at 776 cm.”| observed for the latter. It may be noted that
GeO(acac), has a broad, strong band at 830 - 860 cm.”! in the infrared.
This compound is known to be polymeric (8). It can reasonably be
assumed (in view of the dimeric nature of TiOCl(acac) in benzene)
that this species contains Ti::z;>Ti bridging units in solution,

and in the solid state.

The 'H. MMR. spectrum of TiOCl(acac) at 100 mc./sec. as a
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solution in dichloromethane-d, is given in Table II.L.  The peaks
observed occur in the same general regions as those observed for the
ring hydrogens and ring methyl groups of TiO(acac), and TiClz(acac)2
(39). The two peaks of equal intensity observed in the 220 - 212 ¢/
sec. region of the spectrum are three times as intense as the peak
at 571 ¢/sec. Assuming that both agetylacetonate rings in the
dimer are in equivalent environments, this latter peak must be
assigned to proton (a) of the acetylacetonate rings, and the two
more intense bands to the methyl protons (b) and (¢) (Table IT.4.).
These results indicate that the ring methyl groups are in different
environments, and have different chemical shifts.

Assuming trigonal bipyramidal coordination for the titanium
atoms, the possible oxygen bridged dimeric structures which are
consistent with the 1. mm. spectrum are shown in Figure II.Z.
Assumption of trigonal bipyramidal rather than square pyramidal
coordination is not unreasonable, as a related compound Ti012(006H5)2
has been shown by x-ray measurements to adopt a dimeric oxygen
bridged structure based on trigonal bipyramidal coordination for the
titanium atoms (42).

The dimeric nature of this compound in solution, and probably
in the solid state, is remarkable, as it would appear that the
compound favours dimeric 5-coordination over monomeric A—Qoordination.
This result is in contrast to the behgviour of TiO(acac)z, which has

been shown to adopt a dimeric 6~coordinate structure in solution as
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opposed to a monomeric 5-coordinate structure. Perhaps an important
factor is the formation in each case of strong titanium oxygen bridge
bonds. In spite of the complex nature of the vibrational spectra,

-1

it would be tempting to assign the 810 cm.”  band (infrared), and

750 cm..'”‘E band (Raman; polsrised) to asymmetric and symmetric
0

stretching vibrations of the Ti(: :}Ti ring grouping. However, it
0

is worth noting that acetylacetonate bands sometimes occur in this

region for certain metal acetylacetonates, which have been assigned

to =(CH) (41).

II.5. Adduct Formation by TiOCl{acac).

It is well known that VO(acao)2 readily forms stable adducts
with 1igan&é such as pyridine, with a consequent change in the
frequency of the vanadium oxygen stretching vibration (43). It was
hoped that, in view of the probable 5-coordination involved in
[Ti0C1(acac) /, that it would form adducts with ligands rather
readily, either with breekage of the bridge bonds to form monomers
of the type TiOCl(acac)L or TiOCl(acac)2L, or simple addition of two
ligands per dimer without breakage of bridge bonds, to give
structures involving 6-coordination for the titanium atoms.  More-
over, in view of the change in Y=o for VO(acac)2 on adduct
formation, it was hoped that chagges might be observed for the
Ti<:z;>Ti stretching frequencies, which would then facilitate their

assignment.
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Dissolution of ZTiOCl(acac)_7€ in pyridine, methylcyanide,
trimethylamine and trimethylphosphine yielded yellow~qrange
solutions. Evaporation to dryness in vacuo, however, yielded the
starting material in each case (from a study of the infrared Spectra}.
Thus, it must be concluded that no stable adducts are formed at room
temperature, and it is relevant to note that a similar state of
aeffairs exists for TiO(acac), (39). It is certainly evident that
for both these compounds, it is not possible to break the titanium

oxygen bridge bonds by adduct formation.

IT.6. The Attempted Preparation of TiCl(asac)2.

In view of the faqt that TiO(aoac)2 can be prepared by the

oxidation of Ti(acao)B, presumably via the oxidation:

4Ti(acac)s + 2HpO + Oy —> 4Ti0(acac), + LHacac,
an attempt was made to prepare the analogous intermediate for
Ti0C1(acac). Assuming that both reactions proceed via a similar
path, this would be expected to be TiCl(acac),.

The interest in isolating this compound stémme& from the
possibility of employing it as a route to the compound TiF(acac)z,
which would be isoelectronic with VO(acac)2 and might be expected to
be monomeric. The preparation of what was claimed to be dimeric
TiCl(acac), (by refluxing TiCl3 and Hacac under nitrogen) has been
reported (44 ), but repetition of this during the course of the

present work resulted in the formation of a brown tar, in contrast
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to the red, air stable, solid reported. lore recent work, however,
- has shown that the product of this reaction contains quadrivalent
rather than tervalent +titanium, and that it may contain an oxygen
atom bridging the two halves of the molecule (40). In view of this
result, a second approach was tried, involving the reaction of TiCl3
and thallous scetylacetonate in methylcyanide solutions
TiCly + 211 (acac) —» TiCl{acac), + 2T1C1

A blue solution was obtained, together with a white precipitate
of thallous chloride, on mixing together solutions of the reactants
in methylcyanide under nitrogen. Evaporation of the blue solution

in vacuo, however, yielded only a brown tarry residue.
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TABLE II, 1.

The Separation of the TiO(acac),/Ti0C1(acac) Mixture.

The near infrared spectra of (A) the mixture; (B) TiO(acac}2

("insoluble component")s (C) Ti0Cl({acac) (soluble component) (v cm;”1>

A B C
1280 v.s. 1280 v.s. 1280 v.s.
1025 v.s. 1025 V.S 1025 VeSe

S7 mesh. 947 m.she -
930 v.s. 930 VeSe 940 VoS
910 s. 910 s. -
830 w. 830 w. -
820 w.sh. 819 w.sh. -
810 m, - 810 ve.s.
770 s. 772 s, -

- - 730 w.

688 m. 688 m. 685 m.
665 m, 665 wm. -

655 m.sh. . 650 m.






TABLE TI. 3.

Far Infrared and Solid State Raman Spectra of Tio(acac)z.

{(Infrared Spectrum as Nujol Mull )

Infrared (v om,ﬂq} Raman (v cm.hq)
1028 v.w.
950 w.
916 w.
773 s. 693 m.
688 m. 67l m.sh.
665 m., 657 w.
605 s, -
570 w. 588 w.
555 W 560 Vv
506 s. -
. L73 ves.
28 g, 450 m.
- 595 w.
355 m. 358 w.

304 m. -
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TABLE Ii. L.

100 me/sec. 'H. NMR. Spectrum of a 0.1 M Solution of Ti0Cl(acac) in

Dichloromethane -do at 2500.

(Peoak positions measured in cps. relative to

tetramethylsilane as reference)

Ring hydrogen Ring methyl hydrogens
(a) (b and c¢)
Peak positions 571.2 222.53 212.7
Relative 1 5 3 3
Intensities
M\\\\
0 0
I
(o) 53(3/ \‘c/ \CHB (c)
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IT.7. ZExperimental.

Preparation of solvents and reagents. Solvents and reagents used in

the preparation of TiOCl(acac) and the mixture of this with Ti0(acac),
were of normal laboratory reagent grade. Solvents for molecular
weight determinations were dried over calcium hydride. Pyridine was
dried over molecular sieve La, distilled and stored over molecular
sieve La. Methylcyanide was dried over calcium hydride and stored
in vacuum ampoules., Titanium trichloride was freed of hydrogen
chloride by pumping for 2L hours, and was stored in vacuum ampoules.
Acetylacetone for the TiCl5 experiment was dried over molecular

seive La, and stored in vacuum ampoules. Thallous acetylacetonate
was prepared by a method described in the literature (45) and warmed
to 60°C with pumping to remove moisture, and stored in vacuum
ampoules.

Anslvses. Carbon and hydrogen were determined by normal micro-
analytical combustion methods. Chloride was determined gravi-
metrically as silver chloride by precipitation from methylcyanide
solutions. The silver chloride was collected on & sinter, dried and
weilghed to constant weight, the silver chloride dissolved away by
washing with ammonium hydroxide, and the sinter dried and weighed to
constant weight. This procedure corrected for the possibility of
errors arising from the precipitation of T10, along with the silver

chloride.
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Spectra. Infrared spectra were recorded as Nujol Mulls on Perkin
Elmer %37 (> 500 em.” ) and Beckman IR11 { 500 em.” 1) spectrometers,
and Raman spectra on a Cary 81 spectrometer with helium/neon laser
excitation. The T, NMR. spectrum was recorded on a Varian
Associates HA-100 spectrometer.

Prepsration and separation of the TiO(sacac),/Ti0C1(acac) mixture.

A solution of titanium tetrachloride (10 ml.) in concentrated hydro-
chloric acid (40 ml.) was reduced with metallic tin, filtered and
diluted with water (4O ml.). The resulting solution was added drop-
wise under nitrogen, with vigorous stirring, to a mixture of acetyl-
acetone (30 ml.) in benzene (100 ml.) and sodium carbonate (20 g.) in
water (200 ml.). On completion of the reaction, as indicated by the
subsidence of the evolution of carbon dioxide, the dark blue benzene
layer was separated off, washed with boiled out water and dried over
anhydrous magnesium sulphate. The dried benzene solution was then
allowed to oxidise in the open air, resulting in a yellow-brown
solution. On evaporation this yielded yellow crystals, which gave
the I.R. spectrum (a) quoted in Table II.1.

The crude product was digested with benzene and filtered. The
undissolved yellow solid gave the I.R. spectrum of Tio(acac)2
(Table IT.1. (b)) and the filtrate on evaporation to dryness and
recrystallisation from dichloromethane yielded colourless crystals

which gave the I.R. spectrum (c) quoted in Table II.1.
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Analyses of components.

(1) Yellow solid, sparingly soluble in benzene:

Found: C, 44.37; H, 5.18%; TiO(C5H702)2 requires: C, 45.81;
H, 5.34%.

(2) Colourless crystals soluble in benzene:

Found: C, 30.72; H, 3.65%; Ti001{05ﬁ702) requires C, 30.24;
H, 3.65%.

Preparation of TiOCl{acac). The preparation described sbove was

carried out, this time using acetylacetone {20 ml.) and sodium
carbonate (14 g.). The addition of the titanium (III) solution was
carried out in the open air, and the blue-purple product formed in
the benzene layer allowed to oxidise in situ. The resulting yellow
benzene solution was separated off, washed with water, dried over
anhydrous magnesium sulphate, and evaporated to dryness yielding a
yellow-brown solid. The complex was digested with methanol to
remove most of the tarry brown material, and then recrystallised
from dichloromethane as colourless crystals.

Anslysis and molecular weight.

Found: ©€,30.355 H, 3,73 Cl, 17.58%s M, 346 (0.3 mM. in CH2312);
416 (1.0 mM in CgHg). TiOCl(C5H702) requires C, 30.24;
H, 50653 ¢1, 17«06%; M, 397.

Reaction of TiOCl{acac) with neutral ligands. Dissolution of

Ti0Cl(acac) in pyridine gave a yellow solution which, on removal of

the pyridine in vacuo yielded a white solid giving an infrared
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spectrum identical to that of TiOCl(acac ), with no additional bands
due to pyridine.

Precisely similar results were found for dissolution of
Ti0Cl(acac) in methyleyanide, trimethylamine and trimethylphosphine.

Reaction of TiClB with acetylacetone. TiClB (3 g.) was refluxed

with acetylacetone (4 g.) under nitrogen for four hours. A dark
brown tar was obtained.

Reaction of TiCl, with 71 (acac). TiCly (1 g.) and Ti(acac) (2 g.)

were mixed as solutions in methylcyanide under nitrogen. A white
precipitate and a blue solution were obtained., The blue solution
was filtered off and the methylcyanide removed by distillation in

vacuo, leaving a dark brown tarry residue.



CHAPTER III,

The vibrational spectra of the 1:1 adducts
of phosphine, methylphosphine, dimethylphosphine

aend trimethylphosphine with titanium tetrachloride.

N
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IIT.1. Introduction.

The existence of pentacoordinate compounds for the elements of
groups III(b), IV(a), IV(b) and V{(b) is now known to be quite wide~

spread (46), (11).

known for silicon, germanium, tin and titanium (with L = trimethyl-

In particular, adducts of the type LMXA are

amine) and there is an accumulation of evidence for formulating
these as pentacoordinate monomers, (11, (4L7), (52), both in the
solid stete and in solution in non-polar solvents.

The assumption of trigonal bipyramidal coordination f'or these
adducts leads to the possibility of two isomeric forms, (I}, (II)

possessing CZV or CBV symmetry respectively.

i |
| _x X
1N x— 1
l<X | >x
X X
(I) ¢y (IT) Gy

Prediction of the actusl symmetry observed in any given case of
LMX4 coordination may involve several factors. From a considerstion
of the electronegativities of the coordinating atoms, Muetterties (48}
has suggested that, other factors being equal for pentacoordinate
light atoms of d%configuration (e.g. P(V)), the most electronegative
ligand atoms will occupy the axial positioms. This is rationalised
on the assumption that the bonding orbitals used by the central

acceptor atom in pentacoordinate species can be described spproximately

in terms of 5p2 hybrids for the equatorial positions, and dp hybrids
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for the axial positions (see Chsapter VIII for a more detailad

account ). In the formation of o bonds, the more electropositive
ligend atoms might be expected to enjoy the greatest overlap with

the sPZ hybrids, whilst the more electronegative ligand atoms
especially F and Cl, which might be supposed to form more iornic
bonds, would form stronger bonds in the axial positions, involving

dp hybrid orbitals of the central acceptor atom. In agreement with
this, a Coy formulation for OSFQ is indicated from an analysis of its
vibrational spectrum (49), (50), whilst for FPC1, & Czy formulation
is suggested (51). Similarly, MePCL, is most likely %o possess

CZV symmetry (12). There is however, no basis to assume that this
generalisation will hold for heavier atoms with low lying d-shells,
and it is apparent moreover, that increase of the steric requirements
of L might conceivably force a CEV configuration. For example, the
131 trimethylamine adducts of the group IV tetrachlorides are all
probably of CSV symmetry, although here electronegativity differences
are not large, and on this basis either Coyy or SEV symmetry might be
acceptable.,  Finally, although the extent of dw-pm bonding in
compounds of this sort is very much an unknown factor, on the
assumption that ClL ligands will participate in this to a larger extent
than REN’ it has been suggested (8) from symmetry arguments, that

CEV symmetry appears to be favoured by counsiderations of m-bonding.
However, it is likely that, in the compounds discussed here, m-bonding

effects are not as important as electronegativity and steric



considerations, in determining stereochemistry.

In the case of TiClh, the adduct TiCll:“,NMe5 has been formulated
28 a monomeric five coordinate species with axial ez N (52), (11).
In view of the Coy stereochemistry likely for MePClQ (12), it was
thought that the adduct TiClh,NHE, if it existed, might exhibit
CZV trigonal bipyramidal stereochemistry, and if so, comparison of
the series TiClA,L where L = NH3,MGNH2,M62NH,M63N might bring out
the relative importance of electronegativity and steric considera-
tions in determining the stereochemistries of these adducts.
Unfortunately, there is ample evidence of the instability of
adducts of protonic amines with TiCla relative to ammonoclysis type
reactions (53%).

However, since the compounds TiCl#gPHB and TiCI#,ZPHB had
both been characterised (54), and did not appear to undergo
decomposition reactions of this type, it was decided to attempt the
preparation and characterisation of 1:1 complexes of titanium tetra-
¢hloride with the series of phosphine ligands, PHBa MePH,, Me,PH
and MeﬁP. This series represented a regular inerease in steric
requirements, and moreover the elsctronegativity difference between
Pin R3P and €l is rother more clearcut than in the c¢ase of RSNO
It was hoped that, from an analysis of the vibrationsal spectra of
these compounds, their probable geometries might be deduced,
assuming them to be pentacoordinate monomers based on a ftrigonal

bipyramidal model. Assuming that Muetterties® generalisations
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for pentacoordinate light atoms (48) might possibly be applicable to
LTiClA species, it was hoped by this means to be able to assess the
relative importance of electronegativity and steric effects in
determining their geometry. It should be noted that m~bonding
effects may be much more important for titanium (IV) than for the
case of the group IV(b) tetrahalides, due to the wuch lower energy
of the 3d metal orbitals.

Alkyl phosphine and sulphide complexes of group IV tetrahalides
are quite common, and, in gualitative terms, generally appear to be
at least of comparable stability with the analogous oxygen and
nitrogen coordinated complexes.  Although in the classification
of acceptors, sitt, ge", st and 7T are normally considered to
exhibit "class 2" or "hard" acceptor properties®, the existence of
stable phosphorus and sulphur complexes of the group IV tetrahalides
is not necessarily surprising, since, firstly, the two common schemes
of classification of donors and acceptors were drawn up on the basis
of values of thermodynamic quantities for the formation of metal
helides from metsl ions and halide ions either in the gas phase or in
aqueous solution, and secondly, the acceptor properties of MXZF need

. - ; +
not necessarily bear much similarity to those of MA .

*See Chapter VIII for a discussion of the classification schemes for

donor-acceptor interactions.
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Although a certain amount of work has appeared on the vibrational
spectra of phosphine and alkyl phosphine adducts of the group III(b)
halides (55), (56), and on some trimethylphosphine adducts of the
group IV(b) tetrahalides (47), the work on sdducts of the titanium
tetrahalides is quite scarce. The preparation and vapour pressures
of the weak complexes TiCl) ,FH, and TiClh,ZPHB have been reported (5.4),
whilst Chatt (57) has prepared adducts of titanium tetrachloride with
PEts (1:2)5 P(CgHg)s (1:2)s CoHy, (PMep)y (131) and O-GgH, (Plle,),
(1:1). In a paper dealing with complex formation between TiClA and
some mono- and bi-dentate ligands involving P, As, 5 and Se donor
atoms, Westland (58) describes both 1:1 and 4s2 complexes between
TiCl), end triphenylphosphine. Infrared spectra (down to 250 em.” )
are reported for these complexes, and bands are assigned to Ti-P
stretching vibrations, in a rather arbitrary way.

In view of this rather unsatisfactory state of affairs, the work
described in this chapter was initisted by a re-examination of the
vibrational spectra of TiCla,MeﬁN. Information from the infrared
was extended down to 33 cm,“js and the advent of lasers opened up the
possibility of obtaining, for the first time, information on the Raman
spectra of the solid adduct in addition to a more complete spectrum
for the adduct in solution. The results obtained are compared with
Beattie and Gilson's earlier and more limited data (11) and with the
calculated spectra for both CZV and CEV models based on a trigonal

bipyramid.
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Using this as a point of departure, the 1:1 phosphine complexes
of TiCl4 with PH3, MePH,, Me PH and MeBP were prepared and
characterised. The vibrational spectra were then measured and
interpretation in term$ of molecular geometry attempted, in
conjunction with the results of calculations of the vibrational
spectra to ge expected from both Coy and C3V models.

As stated earlier for LMX, (I taken as a point mass), the two
possibilities for pentacoordinste monomers based on a trigonal
bipyramidal geometry are shown as in (I) and (II).

For the ij case, the normal modes in cartesian coordinates
split up (after removal of tramslational and rotational modes) as:

Moy = 54 + Ay + B

The Ay and E modes are both Ramen and infrared active, whilst
the A, mode is inactive in both and need not be considered. For the
CSV case there are therefore eight fundamental vibrational modes, and
of these, three are expected to occur in the "Ti-Cl stretching
region", namely 21&1 + B, since lowering the symmetry of tetrahedral
'l‘iClLL from Td to CSV results in a splitting of the two "stretching”

modes for the Td case as follows:

For the sz case the normal modes split up as:

r\mol =  D5Ay = A, 3B, + 3By
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All modes are both Raman and infrared active except the A, mode which
is Raman active only.

For the CZV case there are therefore twelve fundemertals, and of
these four (2a; + by + by) might be expected to occur in the Ti-Cl
stretching region, since we have:

Tg———2 C

i e Y

£ > aq + by + by
In addition to the three <CBV) or four (CZV) skeletal Ti-~Cl stretching
fundamentals occurring in this region we must consider the possibility
of the occurrence of the Ti-P vibration in this region, and in
addition the occurrence of both the deformational and PC3 rocking
modes of the ligands M@BN and MeBPe If these ligand modes are
readily identifiable, then in principle 1t should be possible to
differentiate between CZV and C3V LMX#, provided that the position of
vTi-P does not complicate matters, simply on the basis of the number
of "Ti-Cl stretching modes" observed in the spectra. The relisbility
of this simple spproach is examined in the light of the observed
results and of the results of the calculations for LMX# in CZV and

CBV symmetries.

ITI.2. The Adducts TiClh,NMeB and TiClAPMe3,

(i) TiCl, ,MMe;. The adduct was prepared as described in the

literature (52). It is known to be monomeric in solution in benzene
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(52), (11), and has been formulated in terms of a Cgy structure on
the basis of its vibrational spectra.

The vibrational spectra obtained during the course of this work
for this adduct are collected in Table III.1. whilst the corresponding
data for the adduct with deuteriated trimethylamine <CD3)3N are given
in Table III. 2. The data in Table III. 1., agree closely with the
measurements of Beattie and Gilson (11), although the infrared
measurements given here represent an extension of the region examined
down to 33 cm.-1~ More extensive Raman data for solutions in benzene
plus the spectrum of the solid powdered adduct are also given.

Bands occurring in the stretching region (500 - 300 en.” 1) call
for little comment, the assignment given in Table III. 1. agreeing
with that of Beattie and Gilson (11) on the basis of a Cxy model.
Comparison of Tables IIT., 1. and III. 2. reveal that on deuteriation
the 500 cm.”! band (polarised) shifts by approximately 60 em.”" and
the L35 cm."1 band on deuteriation, appears to be masked by the bands
occurring in the region 450 ~ 340 cm.'1, in the infrared. It is

1

likely that the band at 390 cm.”  in the Raman spectra (Table II. 2.)

corresponds to this band, representing a shift of approximately

50 cm.‘1c In view of these shifts, their assignment as the symmetric
and antisymmetric ligand deformations respectively, seems to be a
reslistic one, especially since, as has been observed before (11),

bands in these two regions are found for a wide variety of trimethyl-

amine complexes, The band at 456 cm."1, shifting to 420 cm."1 on



deuteriation and absent in the Raman effect, is cOnfirmed as the e
type vibration of the planar TiClB grouping. The two remaining
bands in this region, both strong and polarised in the Raman and
practically unaffected by deuteriation can be assigned as the two ay
Ti~-Cl stretching vibrations. The changes in frequency and relative
intensity for these two bands on comparing solid and solution data
are disturbing, but it is worth noting that Beattie and Gilson
observed s precisely similar frequency shift for the 368 -~ 388 cm.
band in the infrared. Assuming that these chenges are due to some
perturbation in the solid state, from the solution data, it is
tempting to assign the ay equatorial stretching mode to the band at
348 cm.”1 (strong and narrow,) and the aq exial stretching mode to
the broader band at 380 cm,*ﬁ. However, it should be borne in mind
that the results of the vibrational analysis performed for this
molecule by Gilson (8) indicate that considersble mixing of these two
modes 1s to be expected. They have therefore been bracketed
together in the partial assignment of Table II. 1.

For the region of the spectrum below 300 Cmo*qg the deuteristion
shift of approximately 20 om,.'4 for the weak polarised band at
210 cmo”1 suggests that it is the aﬁ>ﬁitanium~nitrogen stretching
vibration. The position, intensity, polarisation data and
deuteriation shift agree well with single crystal Raman data on the
related compound GeClA,NMe5 where the a; Ge-N vibration has been

assigned at 232 om.” .  The value of 210 cm.” | for the Ti-N
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stretching frequency agrees well with that calculated by Gilson (8)
for a value of the titanium-nitrogen bond stretching force

constent = 0.8=%1.5 nd . 7. For this range of values the
frequency of the ay Ti~-N stretching mode was calculated to be in the

range 191=9 228 em.” 1.

(ii) Eiglk’gﬁﬁi' Since the assignment of the vibrational
spectrum of the adduct TiClE,NMeE can be most satisfactorily carried
out on the basis of the CBV model, the adduct TiClLL,PMe5 was nexb
examined,

It has recently been shown that the 112 adduct of silicon tetra-
chloride with trimethylphosphine is the only species formed during
tensiometric titration of the reagents at room temperature (47), and
is the only species detectable (by vibrational spectroscopy) in
solution in benzene. By contrast, titanium tetrachloride and

~

tertiary phosphinesform both 131 and 1 s 2complexes (57), (58),
Accordingly, both 1:1 and 1 s 2adducts of titanium tetrachloride with
trimethylphosphine have been isolated and studied in this work. The
1¢ 2adduct is described in Chapter IV.

The 131 adduct was prepared by mixing benzene solutions of MeEP
and TiCl,., (TiCl, in excess). It was obtained as dark red lustrous
crystals, which were very soluble in common organic solvents. A

cryoscopic molecular weight determination showed that the adduct is

monomeric in benzene solution.
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The vibrational spectra obtained for this adduct are sumuarised
in Table III. 3. Comparison of the infrared data with that of
TiClh,NMeE reveals a high degree of similarity between the two. ‘he
bands due to the M@BN deformations are of course absent, the
corresponding modes for MeZP coming much lower, generally in the
ranges 350 -~ 315 cm."1 for the symmetric deformaﬁion and 270 - 255 cm,"1
for the antisymmetric deformation. In the infrared, four bands are
seen in the Ti-Cl stretching region, a fact which might at first sight
appear to favour the CZV formulation. However, the strongly similar
Raman spectra of TiClA,PM@3 and TiCll{_,NMe3 (Table III. 3. and
Figure III. 1.) suggest that the complexes might well have the saame
shapes. If this is so0, then only three of the four bands in the
stretching region of the infrared of TiClh,PMe3 can be "Ti-Cl
gtretching modes". Since the fourth is unlikely to be the symmetric
ligand deformation, when Raman activities are considered, the most
likely possibility is that it is the a4 titanium phosphorus stretching
mode .

Turning to the Raman spectra, it should be noted here, that the
spectrum obtained using the 60 milliwatt He/We laser as source was
qulte wesk, due to the very dark red colour of the adduet.
Decomposition of the adduct in the laser beam was observed, giving rise
to a very strong sharp band at 320 cm.” , the intensity of which
increased with time. This band could possibly arise either by

decomposition intovTiCIGZ” (v1 observed in the Raman at 320 cm°~13



strong and sharp (59)) or into TiC1, ,2PMe; which also has o strong
sharp band at 320 em.” " in the Raman effect (see Chapter IV)., The
bands quoted in Table III. 3. are those which decreased with +time.
Examination of the Raman spectrum of a solution of the complex in

4

benzene revealed only the band at 355 cm, = (polarised), and no band

at %20 om.~ 1.

The obvious similarity of the spectra of TiCl&,M@3N and
TiClk,MQEP (especially the Raman spectra - see Figure III. 1.)
leave little doubt that this latter adduct alszo adopts a +trigonal
bipyramidal structure with CBV symmetry. In Tables ITT. 4., and
III. 5. are given the frequencies calculated for the CZV and CBV
models respectively. Details of the vibraticnal analysis are given
in Appendix A. The results quoted are for a value of the titanium-
phosphorus o nd stretching force constant {ffiup) = 1.8 rd, A"i,
this value giving the "best fit" of calculated to observed
frequencies., A comparison of Tables IIT. 3. ITI. L. and III. 5.,
rmmd_MMttmmmmﬁtsﬂwiM®Q%[aﬁmﬂammzﬁbmma@%@mM%
closely with the observed spectra than do the results obtained for
tMa%Ncama The main contributors to sach caleulated freguency
are listed (only potential energy contributions » 25% listeds
contributions > 75% listed as "pure'modes). Howeyer, the results
of Tables III. 4. and III. 5., suggest considerable mixing of the
as titanium-chlorine stretehing modes with both the ay titanium-

phosphorus stretching mode and the symmetric Me,P deformation. The
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sublimed onto a caesium iodide plate cooled to liguid nitrogen
temperatures, and these were of rather poor guality.

The Raman and infrared data for both T:’LClMPH3 and TiClz{_,,PD3
are summarised in Tables III. 6. and IIT. 7. Comparison of the data
in Table ITI. 6. with that in Table TII. 3. and comparison of the
corresponding Raman spectra in Figures IIT. 1., and IIT, 2. will show
immediately that the solid state Raman spectrum of TiClA,Pﬂg is very
different from that of TiClA;PMeﬁo In particular there are many
more strong bands in the region 500 - 280 cmami for the PH3 case,
This immedistely suggests » Coy formulation for this edduct. In
support of this suggestion we may note that the Raman spectrum of
MaP014 is in many ways extremely similar (12). For example, in
M@PCl4 the a; PCl, equatorial stretch of the assumed Coy species is

4

. bl s
assigned at L41 cum. \

(stromng and polarised in the Raman effect),
while the corresponding aq axial PCl, stretch is assigned at 288 o
(medium and polarised in the Raman effect}O By contrast, for F PClQ
(60) the 84 PCly equatorial stretch of the Cyy species is assigned

at 422 cm.,m1 (very strong and polarised in the Raman effect) while
the corresponding aq sxial PCL strotch is assigned at 38L cmu”1
(medium weak, and nolarised in the Raman effect). It is evident
that the Raman spectra of TiaiagNMeBQ TiGlAz PM@3 and FPClhar@
similar (probably Czy) end that those of TiCl), PHy and MePCl, are
similar (probably CZV)°

Calculated spectra for both TiC143P55 and TiCthD% {(values in
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parentheses) are quoted in Tables III. 8. and III. 9. for CZV and

CBV models respectively. In support of the correlation of bands
suggested by the comparison of the Raman spectra of MePClu and
TiClk,PHB outlined above, the calculsations based on the Coy model
suggest that the bands at 286 cm.”| and 426 cm.” | be assigned to the
&1 TiCl, exial and equatorial stretches, although the list of
principal contributions to each mode included in these Tables suggest
that mixing of these two modes will oceur, and that they will also be
mixed apprecilably with the a4 P-Ti stretching mode. The data in

Table III. 7. for TiCl, ,PD; suggest that the shoulder at 45G om.” "

" band on deuteriation) should be

(shifting under the 426 cm.
assigned principally as the aq P-T1 stretch. No other shifts of
this magnitude are observed in either the infrared or the Raman
effect, so that the assignment of this band to the aq P-Ti stretch
can be made with some confidence.

Thé band around 385 om. ' in the Raman effect might at first be
assigned as v, of any free TiCl4 due to dissocilation. However, the
band is asymmetric, and examination of the liquid nitrogen
temperature Raman spectrum (Figure III., 3.) shows that this band,
though wegker in intensity relative to the 426 cm.,m"i band, is still
present. Since no apprecisble dissoclation of the adduct into free
TiClA is to be expected at this temperature, it must be concluded

that this residual band represents a genuine band due to the adduct -

possibly the b, TiCl equatorial stretch.
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calculated results suggest a considerable degree of coupling between
the a4 Ti-Cl stretching modes and the a4 Ti~Cl and a; Ti-P stretching
modes, Nofligand modes are found in the titanium chlorine
stretching fegion, these being well separated from any modes
occurring below 500cm.~1. However, even without this complicating
factor the calculations suggest that the assignment of bands to
individual #ormal modes of vibration in the stretching region can

only be regarded as an approximation.

IIT.4. The Adducts TiClA,gﬁQM@ and TiCl#,PHM@Z

These adducts were prepared by direct reaction of the donor and
acceptor. TiClQ,PHZMe was prepared by mixing an spproximately 1:1
mole ratio of reactants, whilst TiClh,PHMez was prepared by reacting
Me PH with an excess of TiCl), in benzene solution.

Unlike 'the adduct TiClh,PHB the two adducts described here are
much more stable with respect to dissociation, vapour pressures above
the solid adduct were found to be approximatelys

TiClL,PH2Me 12 mm.

TiCl@,PHMeZ 5 mm.
at 25°C. However, both these adducts, at room temperature, were
found to decompose slowly to a brown yellow solid, presumably by a
"phosphinolysis" reaction analogous to the ammonolysis reactions
undergone in the TiCl,/MeNH, and TiCl4/M62NH systems (53). However,

the rate of decomposition in the phosphine adducts is much slower than
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in the amine adducts; TiClA,Pﬁg is indefinitely stable; TiClA,PHZM@
decomposes slowly over the course of 1-2 months (as judged by the
Raman spectrum of the solid adduct contained in a vacuum ampoule )
whilst TiCl4,PHMe2 decomposes in a week. Examination of the Raman
spectra of decomposed samples of these last two adducts revealed a

-

band at 320 em.” 1, suggesting again the presence of TiClén in the
nixture. Since the rate of decomposition increases with the basic
strength of the phosphine involved in the adduct, the following
decomposition scheme is suggested as probables
Ti014,PHM@2 i S TiCl@ + PHMEZ

TiCl, ,FHlle, + PlMe, ~————3 TiCl;,Flle, + Me P H,C1

e PTHYC1 + Ti0)) —in [ pu, 77 /TiC1, 7 2
To support this, a sample of ZEEEPHJ7Z ZT1616;72* Was prepared,
Examination of its Raman spectrum revealed the following bands, all

attributeble to the TiCl.> ion (59):

v (em.™ 1) intensity assignment (59)
320 V.S, vy
233 Vow.br Vo
175 S, Vg

For the purpose of recording the Ramen and infrared spectra of
these two adducts, freshly prepared samples were always used.

The relevant vibrational spectra are recorded in Tables III. 40.
and IIT. 11, It is immediately obvious, from an examination of

Pigure III. 2., that the Raman spectra of TiClA,PHz; TiClh,PH2M@
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and TiClu,PHMe2 are all closely similer and suggest that they all
have the same shape, probably the CZV trigonal bipyramidsl structure.
The similerity is again brought out in their infrared spectra, but it
should be noted here that any band at around 490 cm.” (suggested to
be the b, axial Ti-Cl stretch by the Cyy calculation for TiCl, ,PHs) |
would be masked in the case of the infrared data given here, by v§

of TiCla consequent on the slight dissocation of both of these
adducts in the mull and in benzene solutions.

In view of the unstable nature of TiClk,PHZMe and TiClh,PHMez,
Raman spectra were also run at liquid nitrogen temperatures, because
of the possibility that local heating of the sample at room
temperature by the laser beam could cause decomposition. However,
the low temperature spectra were identical with those recorded for
samples at room temperature. In view of this it is unlikely that
any of the bands observed in the Raman spectra are due to
decomposition.

In conclusion, ityshould be stated that the solution Raman
measurements for TiClA,PHMGB were of very poor quality and may be in
error. There was some evidence for decomposition having occurred
during the course of the measurement, since a small quantity of a
brown solid had precipitated from the solution, and was covering the
walls of the capillary Raman cell in which the solution was contained.

No molecular weight data were obtainable for these adducts, due

to their instability with respect to dissociation. Nonetheless, the
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great similarity between their vibrational spectra, and the
corresponding data for TiClA,Pﬂi strongly suggests that they are

monomeric, and like the latter probably adopt a CZV configuration.

IIT.5. Conclusion,

It is evident, from a comparison of their Raman spectra, that
the 131 TiClA adducts with PHE’ MePH2 and M@ZPH all have the sane
stereochemistry. fatrix isolation studies on the TiClA/PHS system
suggest that the complex is molecular, and it is therefore likely that
all of these complexes i asses a pentacoordinate trigonal bipyramidal
geometry with CZV symmetry .

The complexes with MG5N and MGBP are shown to be molecular in
solution and from their vibrational spectra are expected to possess
a trigonal bipyramidal structure with CBV symnetry.  The steric
requirements of M@BN and MeEP are assumed to determine the structure
and these ligands therefore adopt axiael positions.

Since the steric requirements of M@QPH must also be feirly large,
it is quite surprising to find that the results cbtained suggest that
the adduct TiClQ,PHMeQ prefers a va structure, with an equatorial
phosphine)ligand. It is evident thet when steric requirements are
not large, the sz structure (favoured by consideration of the electro-
negativities of the ligand atoms) is favoured. Even for M@PHZ and
MezPH, which would seem to be quite bulky ligands, the stereochemistry

adopted is that favoured by electronegativity considerations.
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Steric requirements evidently do not dominate until Me;N or MeBP are
considered.

Since the vibrational spectra for TiCla,NM@B and TiClLF,PMe3
suggest that these two compounds are isostructural, but neither is
isostructural with TiClA,PHMeZ, powder Xfréy photographs of these
three adducts were taken, in order to see if they were isomorphous.
The results, quoted in Table III. 12. show that none of them are
isomorphous. This does not of course preclude any of them from
being isostructural. The case for dividing the adducts studied
into two structural types musﬁ therefore rest on the data provided
by vibrational spectroscopy, until x-ray studies of single crystals

of these adducts have been undertsken.
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TABLE TIT.

1.

Observed vibrational frecuencies for TiClthMgzo

Solid
80 s.
156 m,
176 s.

210 w.
2L0 w.br.

L2 v.w.br.

500 w.

, . . -1
(Fre quencies in cm.” ')

RAMAN

Benzene Soln.

147,

173

200
2h0

m. (P.)
s.{D.P.)

wesh.(P.)
Voo br. (D.P.)

VeSe(Ps)
s.br.(P.)

v.w.br.(D.P.)

;

W.QP,)

Mall
75 m.
159 s.
17k m.

210 w.

INFRARED

Benzene Soln.

145
170

210

%)

e

We

SN TN

67

ASSIGNMENT

a, vIi-N
i

a1vTi013@qo
aquiCI aXe

e8NC
evTiélB

a16N03



TABLE IIT. 2.

68

Observed vibrational frequencies for TiClA,N(CDB)Be

Solid

77
152
170
188
23
346
366
390
435

S

S

W
®

We

Wea

Me

We

m.br.

. . -1
(Frequencies in cm. )

RANAN

Benzene Soln.

171 s.(D.F.)
188 w.

234 we(D.P.)
348 s.(F.)

388 s.br.(P.)

436 m.br.(P.)

INFRARED

Mull

77 we

170 s.

1 8/’.{_ We

34y wash.
370 s.
420 s,
kb me

Benzene Soln.

170 s.

Shly wieshe
390 s.br.
420 s,
446 m.



TABLE IIT. 3,

Observed vibrational frequencies for TiClA,ggag.

f . . ~1
(Frequencies in cm.” )

RAMAN INFRARED*
Fre quency Intensity Fre quency Intensity
151 VeWeD1a 155 W s
190 V.ew.br. 175 Wo
259 VeWebIs
355 s.F. 255 e
379 Webr. 379 5.
413 S,
L8 me 8hoe

*Banzene Solution






CBSERVED

259

355
579
43

448

71

T ABLE III. L. (cont.)

CALCULATED

Fre quency

292

292

369

L& 8

457

£
O
[GAN

Symme by

P.E. CONTRIBUTIONS

( 6P03
vTiClaX

vTiCleq

{ »oip

PN

vIiCl
IS
vTiCleq

vTiClax



TABLE III. 5.

Vibrational frequencies (cm.’ﬂ) caleculated for TiClh,gﬁez

on a Cuy trigonal bipyramidal model.
A

(fTi“P - 108 mdo -;i”1>

OBSERVED CALCULATED P.E. CONTRIBUTIONS

Fregquéncy  Symmetry

67 e STip
110 e eTiC1L,
122 2 87161, , O.F.
( 8TiC1. . I.P.
136 e ( °d
( PC
154 P
169 e 8TiCL  I.P.
9 {( 01y,
{
L P LSy
150 207 2y BFC
259 291 e SFC;
355 330 a4 VILCT,
({ vTiClaX
379 573 oy :
6PC5
413
157 e YTiCL,
1.8
( vTiP
495 a, (
( vTiGCl
ax
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TABLE IIT, 6.

Observed vibrational freguencies for Ti61¢:§ﬁ5°

-

{Freguencles in cm. )

RAMAN INFRARED*
Frequency Intensity Frequency Intensity

B9 W
1056 S
126 B,
153 Wa
181 W

238 S

286 5e 290 B
385 3, 280 Sa
426 VeS. 426 s.br. complex

L50 e sh,

A

14,87 .

(i

*  Infrared spectrum recorded &b liquid nitrogen femperatures.

&
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TABLE TIT. 7.

Observed vibrationsl frequencies for TiClA,fgﬁo
{Frequ@nci@s in cm. )
RAMAN , INFRARED*
Frequency Intensity Fre quency Intensity
&7 We

103 S,

382 8. 280 S.
L29 VeSe L7 s.br. complez
479 S

P

¥ Infrared spectrum recorded ab liquid nitrogen temperatures.



TABLE III, &,

Vibrational frequencies (cm. ') calculated for TiCl, ,PH. and

Ti014,223 (values in brackets) on a CZV trigonal bipyramidel model.

(£ psp=1.8ma &77)

OBSERVED CALCULATED P.E. CONIRIBUTIONS
Frequency Symmetry

89 (187) 88 ( 57) b, L OPTiCly, 1P

¢ Rme
{ o711 C}.aX

N eq
126 (124) 113 (109) b, SPTiCl,, T.P.
153 (152) 131 (131) 2y OTi-Clox,eq
137 (13%6) b, &PTiClZer,P.
181 (178) 152 (149) b, § OPTiCly I.F.
( 8PTicl,  0.P.
. \ { 6Ti~Clay
238 (233) 169 (168) 8, { 5riecl
56 ( . ( { »TiP
286 (282) 307 (303) a, { oTien
385 (382) 350 (546) o L VTl
' ( vPi=-C1
eq
L . { yPi-P
426 (429) 433 (428) o S
{ vri-c1,
450 (=) 452 (hik) by vIi-Cly

191 (L74) b, vIi-Cl,
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TABLE III. 10.

Observed vibrational frecuencies for TiClq,PM@HQ.

/ . . ] w’l)
(Frequencies in cm.

RAMAN INFRARED

Solid Mull Benzene 3Soln.
112 s,
125 s,
156 v.s
179 w. 190 v.w.br.
256 s, 232 vew.br.
291 s. 282 m.br. 282 m.br.
8% m. 387 v.s.8h. 387 s.sh.
L15 v,.s. L18 v.s.br. 410 s.br.
L30 m.sh. L3% v.s.sh. L30 s.sh.

L56 s, 450 s.sh.

496 m, 500 v.s.



TABLE III. 11.

Observed vibrational frequencies for TiClk,PHMeZ.

. . -1
(Frequencies in cm. ')

RAMAN INFRARED
Solid Benzene Soln, Mull Benzene Soln.

102 w.

127 m.

149 m,

210 s.

256 w.

299 s, 315 s, 28k m.br. 28l m.
378 w. 249 s. %80 v.s.8h. 288 s.br.
L1k vese %87 5. 410 ves. 115 s.
430 w.sh. 413 vew.br. LEO sh. L30 s.bre

01 m. 50k 1.



TABLE III. 12,

d-spacings for TiCla,PHMeZ, Ti014,§@@~ and TiClu,NM@5

3

TiCl ,PHM@2 TiC1 s NMe

) #,PMeB TiClL 3
Rel. Rel, Rel.
Intensity d Intensity d Intensity a

VS 6.098 W 5.987 M. 6.812
m. Lo 739 We 5430 5 L 663
m, 3,930 VeSa 4,975 V.S %.93%0
m, 3,287 Se 4667 S. % .18
m, 2.503 VeSe 3.558 M, 50115
W, 2,50k We 2,632 We 2.715
S. 1.8L5 W 2.5L6 W 2,50k
W. 1.547 We 2,283 Mo 1.857
m. 1945 S 1.793
5. 1e971 m. 1700
S 1.866 Wo 1,643

5. 1.775

Se 1.610

W, 1.572

Wo 1529

W 1,592

Wa 13551

i 1.312

m, 12159

M. 1.132

S. 1.720

. 0.9757
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II1.6. Experimental.

(i) General. The purification and drying of the reactants and
the preparation of adducts was carried out in all glass vacuum
systems, the detailed description of which has been given elsewhere
(61). The preparation of the crude phosphines was carried out in
standard quickfit apparatus under white spot nitrogem. Mull and
solution samples were all prepared in a nitrogen filled glove box.
The nitrogen, which was contimuously recirculated by means of a
diaphragm pump, was passed over B.T.H. copper oxide catalyst at 60°¢C
and subsequently through molecular seive 4a to remove oxygen and
water vapour, respectively. The copper oxide and molecular seive
columns were periodically regenerated (after approximately one
mohth) and at these times the whole system was subsequently flushed
out with fresh nitrogen. Using this system, the water vapour level
in the drybox was kept in the range (20 - 50 ppm.).

Titanium tetrachloride was freed from chlorine by treatment with
copper powder, and from hydrogen chloride by subsequent distillation
in vacuo onto acridine. After four subsequent distillations in
vacuo to remove traces of acridine, the purified material was stored
in vacuum ampoules, fitted with breakseals (61). Benzene and tri-
methylsilane were both dried with calcium hydride and trimethylamine

was purified and dried with pyridine and silicon tetrachloride (62).



(i1) Preparstion of the phosphines. (a) Phosphine was

prepared by the reduction of phosphorus trichloride with lithium aluminium
hydride (63) in diglyme, which has first been dried by standing over
calcium hydride. The phosphine generated was dried by successive

trap to trap distillations from an n-pentanol slush bath (-127OC) to
liquid nitrogen, and storage over fresh barium oxide. The

phosphine was finally stored in gas bulbs fitted with breakseal

sidearms at one atmosphere pressure. As a check on its purity, the
infrared spectrum of the final product was measured, and found to be

in agreement with that cited in the literature (64).

(b) Deuterophosphine was prepared by the action of deuterium oxide

on calcium phosphine, Purification was effected as for phosphine,
and the infrared spectrum recorded as a check on its purity (64).

It was found that the use of commercial calcium phosphide resulted in
e mixture of PH, and PD; in the approxinsted ratio of 1:2 (as judged
from the relative intensities of the corresponding infrared bands,
assigned to v3). A freshly prepared sample of calcium phosphide,
prepared by the alumino thermic method (65), yielded a product which
was at least 90% D3 (estimated from the relative areas of vy for

PH3 andFDg in the infrared).

(e) Methylphosphine was prepared by the reduction. of methyl-

phosphorus dichloride with lithium aluminium hydride (66), and was
purified aend stored in a manner similar to phosphine. Again the

product was characterised by measurement of its infrared spectrum (67).
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(d) Dimethylphosphine was prepared by the following rather lengthy

sequence s

S
(1) pcl, E— P5C15
(A1CL. )
) MeMgl Me Me
(13)  Psc1, \P-—-—-P<
(84,0) M/ fp ) M
S S
\ M@\ ‘ Me ulAlHLF
(111) o> p—r{ ———>  le,PH
He” ] |} “Me
5 S <nBu@)O

The preparation is therefore described in some detail.

(1) The preparation of thiophosphoryl trichloride (65).

Phosphorus trichloride (200 g.) and flowers of sulphur (48 g.) were
mixed in a flask and heated to boiling. Aluminium trichloride (6 g.)
was then added, whereupon a violent reaction occurred, the sulphur
dissolving to yield an orange liquid. After 10 minutes the reaction
ceased, and the cooled liguid was sheken with a large volurg of
water. Decolourisation of the PSClE resulted which was Then
separated from the aqueous layer and dried with anhydrous celcium
chloride. Fractionation of the product gave 120 g. (4L8%) of colour-

less PSCl,, boiling between 122m12§OC. The freshly fractionated
% 8
product was used immedlately for the next stage.

(ii) The preparation of tetramethyvlbiphosphine disulphide,

{@i)gPiﬁlzﬁiﬁliﬁg)go (68) A solution of methylmagnesium



iodide was prepared from methyliodide (223 g.) dissolved in sodium dry
diethylether (520 ml.). This solution was added under whitespot
nitrogen over the course of one hour to some dry magnesium turnings

(38 g.) with vigorous stirring. After refluxing the resulting
ethereal solution of the Grignard reagent for one hour, and subsequently
cooling it to 0°C, a solution of thiophosphoryl trichloride (67 g.)

in dry ether (42 ml.) was added under whitespot nitrogen over two
hours, with vigorous stirring. A thick white precipitate separated
out during the course of the reaction.

When all the PSClB had been added, the stirring was stopped and the
reaction mixture was poursd onto ice (250 g.) contained in a 2 litre
beaker. 107 sulohuric acid (450 ml.) was then added over the course
of 15 minutes, with gentle stirring. The white solid was filtered
off, washed with water (2 litres) and recrystallised from ethanol

(1 litre). Finally it was dried over phosphoyus pentoxide, the
resulting yield being 20 g. (54%). The 1H. NMR. spectrum of the

solid as a solution in dichloromethane ~d2 was recorded at 100 me/sec. .
and found to be identical with that quoted in the literature (69).

(iii) The preparation of dimethylphosphine. (70) A solution

of lithium aluminium hydride (7.6 £.) in n~butyl ether (80 ml.)
(dried over calcium hydride) was added dropwise, with vigorous stirring
to a suspension of tetramethylbiphosphine disulphide (19 g.) in

n-butyl ether (95 ml.) under whitespot nitrogen. The mixture was

heated for one hour at 60°C. Any vapours carried off with the



nitrogen stream were condensed in a trap cooled in an aceton@/CO2
bath. The mixture was then cooled in ice, and water (50 ml.), which
had previously been outgassed on & vacuum line, was next added drop-
wise to decompose the LiAle/M&ZPH complex formed. The mixture was
then fractionated, and the dimethylphosphine (B.P. ZBOC} was collected
via a wsber cooled double surfacz condenser in a trap cooled in an
accaton@/CO2 bath.  When no more phosphine distilled over, the cold
trap was removed and transferred to a vecuum line, where the dimethyl-
phosphine was dried by distillation onto fresh barium oxide and
subsequently onto caleium hydride. The product was finally distilled
into breakseal vacuum ampoules for use., The vapour phase infrared
spectrum was measured, and found to agree with that quoted in the
literature (71). The yield of dimethylphosphine obtalned was

9 g. (66%).

(6) Trimethylphosphine was prepared by the method of Mann and Wells

(72). Since considershle difficulty was encountercd in obtalning =
high yield of trimsthylphosphine, the procedure finally adopted, which
consistently gave yislds of approximately 4O%, will therefore be
described in some detail,

A solution of methylmagnesium ilodide was first prepared from &

solution of methyliodide (250 ml.) in diethylether (1,20C ml.), which
had been dried over sodium and deoxygenated by refluxing and bubbling
whitespot nitrogen through it. This sclution was added over the course

of three hours to magnesium turnings (97 g.) with vigorous stirring.



The resulting Gfignard solution was then refluxed for one hour, and
left to stand overnight at room temperature.

The Grignard solution was cooled to -30°C and phoséhorus trichloride
(56 ml.) in diethylether (140 ml.) (sodium dried and deoxygenated),
was added in an atmosphere of whitespot nitrogen, dropwise over the
course of twelve hours, with vigorous stirring. The mixture was
then kept at 0°C overnight. To extract the product, the reaction
mixture was distilled into a vigorously stirred solution of silver
iodide (96 g.) dissolved in saturated potassium iodide solution,
cooled in ice and salt. When the mixture in the reaction flask
reached 200°C, the distillation stopped. The ethereal phosphine
distillate was stirred with the silver iodide solution for a further
two hours, after which the silver iodide phosphine complex was
filtered off, washed with saturated potassium iodide solution, and
dried over phosphorus pentoxide., The complex is a white, air stable
solid. The trimethylphosphine was regenerated from the silver iodide
complex, by heating the complex on a vacuum line with a small naked
flame.  The trimethylphosphine evolved was condensed in a trap
cooled in an ac&tone/coz bath, and was dried first over fresh barium
oxide and subsequently over calcium hydride. Finally, the trimethyl-
phosphine was distilled into breakseal vecuum ampoules ready for use.
The vapour phase infrared spectrum of the product was measured, and
found to agree closely with that cited in the literature (73).

Finel yield of trimethylphosphine: 17.5 g. (40%).



{(11i) Preparation of the adducts. il ,PH, was obtained as

a yellow solid by condensation of excess phosphine onto solid ’l’iClLF
in a reaction flask cooled to -127°C.  After eight hours, the excess
phosphine was pumped off, the product being kept at -127°C to minimise
dissociation, and the solid complex was then sublimed in vacuo to
yield yellow-orange crystals.

[Found: C1, 62.96% . HE C1)PTi requires: Cl, 63.40% /-
Eiglh,ggg was prepared as orange sublimable crystals in an analogous
nanner.,

[Found: C1l, 62.14%. D401 PIi requires: Cl, 62.56% /-
EiglgigHzﬁg_was prepared by mixing an approximately 1.1 mole ratio of
TiCl2 and methylphosphine at -127°C.  After eight hours the excess
reactants were pumped off, and the solid adduct sublimed in vacuo to
yield orange crystals.

/Found: €1, 53.86%. CH5CL, PTi requires: Cl, 59.67% /-
ggg;kiggggz was prepared by adding dimethylphosphine to & large excess
of TiClh dissolved in benzene. Reaction occurred at once giving an
crange-red solid and a red solution. The excess volatiles were then
pumped off leaving an orangs-red powder which did not sublime in vacuo,
but decomposed to a dark brown mass.

/Found: Cl, 56.L8%. CoH,C1, PTi requires: Cl, 56.67% /.

2’_3;._(}‘1&_ _j@@ﬁ was prepared by adding trimethylphosphir;e to an excess of
'J.‘:B.Cl}+ dissolved in bengzene, and was obtgined as a dark red crystalline

solid.
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Found: Cl, 52.93%; M, 279 (0.3 mM. in 06H6);

286 (0.1 mM in Cgly)s C.HyCl, P.Ti requiress

Cl, 53.,0%; M, 266/.
TiCl) ,NMes was prepared as described in the literature (9). Chloride
analyses were obtained by potentiometric titration with silver
nitrate after hydrolysis and oxidation of the ligand with dilute
nitric acid.
Zﬁé3P§7é /TiC1l, / was prepared by addition under nitrogen of trimethyl-
phosphine to a solution of TiClA in céncentrat@d hydrochloric acid.
The resulting solution was added dropwise to excess thionyl chloride
with vigorous stirring. When evolution of gases had ceased, the
yellow solid was filtered off and pumped to dryness in vacuo.
[Found: C1, 48.52%; CgH, ClP,Ti requires: Cl, 51,345 7

(iv) The molecular weight determination on TiClA,PMe3 was

verried out in a cryoscope, the detailed construction of which has
been described elsewhere (20). A thermistor was employed to measure
the tempersture of the solution, and this was calibrated using the
freezing point of pure benzene, the freezing point of a solution ef
naphthalene in benzene of known concentration, and the freezing point
of distilled water.

A solution of known concentration of TiClA,PMe5 was made up in dry

benzene in the nitrogen glove box, placed in the cell, and the

freezing curve of the solution plotted, using an ice/water bath as the
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cooling medium. The experiment was repeasted using a second solution
of different concentration, the freezing curve of the solution again
being plotted. The two results were consistent, and the molecular
weight was calculated using the calibration of the thermistor.

(v) The matrix isolation experiments were carried out using the

vacuum line shown in Figure IIT. lLa. The breaskseal ampoules of
Ti014,PH3 and tetramethylsilane were isolated from the rest of the
line by neoprene diaphragm taps Tﬁ and T#' For each run, samples of
TiClA,PHB and tetramethylsilane vapours were separately admitted into
the gas storage bulbs, A and B, both of which were of 500 ml. volume.
The pressure of the vapour in each bulb was adjusted to give the
desired mol % composition in the matrix, assuming Avogadro's
hypothesis. The vapour pressure were measured on a simple mercury
manometer of 11 mm. internal diameter (not shown in Figure III. Lae )
The contents of both bulbs were allowed to coﬁdense slowly and
simultansously through the capillary outlet tubes onto the target
arez of the cold Raman cell, by opening taps T, and Tzo The cold
Raman cell employed is shown in detall in Figure III. 4b., and
consists of a cold finger with two flat target areas which fits
inside the outer evacusted jacket by means of a Q and Q@ B. 19 joint
lubricated with silicone grease. The cold finger was filled with
liquid nitrogen, and the side arm sealed off at the constriction G,
once the sample had been sublimed onto the cold finger. Two samples,

one on each target area were prepared on each run, before sealing
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off. It was found that, although the cold finger was only of
approximately 10 mls. capaciby, it held liquid nitrogen for at least
ten minutes before refilling was needed, with a good vacuum in the
outer jacket. Optical contact between the outer Jjacket and the
hemispherical lens of the Cary 81 by means of glycerol. The cold
Raman spectra were also run in this cell, by essentially the same
technique.

Cold infrared spectra were run by sublimation of the sample onto a
caesium iodide plate cooled in ligquid nitrogen in a vacuum cell
fitted with caesium iodide windows. The detailed design of this cell
has been described elsewhere (8). Infrared mull spectra were run
between polythene plates, and sclutions in cells made from polythene .
tubing.  Solid Raman samples were contained in vacuum ampoules,
whilst Raman solution samples were contained in 1 mm. pyrex capillary
tubes filled on a vacuum line.

Infrared spectrs weres run on Beckman IR11 and Perkin-Elmer 225
spectrometers, and Raman spectra on a Cary 81 spectrometer with Ie/Ne
laser excitation.

Powder x-ray photographs were obtained using Cu K@ radiation.

Samples were contained in 0.5 mm. Lindemann tubes. The samples were
prepared in the nltrogen drybox, except the sample of TiC14,PM62H,
which was prepared in situ in the Lindemann tube from Ti014 and He, PH

on a vacuum line.



CHAPTER IV.

The vibrational spectra and sterecchemistries

of some adducts of the type LoTiX, .
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with any certainty. Even the complimentary information provided by

a comparison of Raman and infrared data i1s not always helpful, since
often Raman active bands in cis =~ iL;QI‘fL'XLF adducts are found to be very
weak or sbsent from the Raman spectra (76). For example, SnCl, ,2MeCN
has now been shown to be cis from a single crystal x-ray study, but
the vibrational sPthra'cannot be assigned with any certainty on this
basis (77). Similarly, the 1:2 adducts of sicl, (76), GeCl, (78},
SnC14 and SnBr# (79) with pyridine have now been shown to be trans
from single crystal x-ray studies, and the adduct SeClu32Py has been
shown to be isomorphous with SnCIASZPy from powder x-ray data (79).
However, the structure of these adducts could not be deduced from the
vibrational data, except in the case of G681492Py (80) and SnGl432Py (81).
Nonetheless, vibrational spectroscopy can be of considerable use in
sglecting compounds for further study by x~-ray diffraction.

The adducts studied during the course of this work represent an
extension of these studies into group IV(a). Results are reported
for LZMX4 species Ti014 and ’J‘.‘JLBJ:*IlF with the ligands ftrimethylphosphine
pyridine and methyleyanide. Comparisons could then be made between
the anslogous complexes of TiClA sid ’l??;}ES:ncf’z‘L with those of the group IV(Db)
elements already studied. From considerations of size, we might
expect TiX# and SnXLL to show similar behaviour in their LZMXzF adducts
with a glven ligand. However, a fundmental difference between Ti(IV)
and Sn(IV) is the presence of low lying d-orbitals in the former, so

that dx - pr bonding effects may become important for L, TiX adducts

27k
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in determining stereochemistries.

IV, 2. The Adduct TiCl

43,2PM@3.

Previous work on 1:2 adducts of titanium tetrahalides with mono-

dentate phosphine ligands is quite scarce. Chatt and Hayter (57)

4,2PEt3 and

TiClb,ZPéz, whilst Westland (58) has recorded the infrared spectrum

have prepared and characterised the complexes TiCl

of the latter adduct in the caesium iodide regiom of the spectrum.
Bands at 445 cmom1 and L34 cmnwi, both strong in the infrared, were
assigned to Ti - P stretching modes, and the adduct was therefore
assigned a cis-stereochemistry. In view of the large steric
requirements of ftriphenylphosphine; the complicated nature of this
ligand, and the results obtained for such adducts as SiCl, ,2Fy (76),
this assignment was considered to be unlikely. The ring deformations
of the phenyl groupsg of this ligand are likely 1o ocecur in the region
studied and from the calculations reported on SiGlAQZPy (76) might
confidently be expected to couple strongly with the metal-ligand
vibrations, making assigrnment of the stereochemistry on this basis an
impossible taske

Trimethylphosphine, however, is a simpler ligand, whose deformations
oceur in guite well known reglons of the spectrunm (82), It was felt
that the vibrational datsa obtainable from TiGlhEZPMe5 would be easier
to interpret. The complex was prepared by adding an excess of

trimethylphosphine to titanium tetrachloride, both in sclution in
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benzene, in an all glass vacuum sysbem. The reaction is strongly
exothermic, yielding dark red crystals of the complex which are
soluble in benzene to form a deep red solutiom. The complex is
unstable with respect both to oxygen and atmospherlc moisture.

The vibrabional spectra obtalned for this adduct are summarised

in Table IV. 1., and immediately suggest a trans - DLbh sterecchemistry.
As outlined in Section IV. 1., assuming trans DAh sympetry for LQMXA

we expect one strong e, infrared active Ti - Cl streteching mode, and

one strong a, Raman active Ti ~ CLl stretching mode. When L = PM&5,

18
if free rotation of the trimethylphosphine ligands oceurs then the
trans configuration of the adduct will still possess th symme try,
assuming that the TiXA grouping is planar. Puckering of the TiXL
grouping will lower the symmetry to Dng but the spectral results

obtained will be the same, since we have:

th'Wﬂ DZd

If the rotation of the ligands is hindered, however, all elements
of symmetry are lost, and all vibrations become both Ramanand infrared
active., Inspection of the data in Table IV. 1., reveals one strong
s - ,, i b '/% . "’1 s - o
infrared active mode at 302 cm. 382 cm. in benzene solution)
agsignable to the Dlh . Ti - C1 stretching mode.  The sbsence of

ne
splitting of this band suggests that the assumption of free rotation

for the trimethylphosphine ligands is a valid one. The Raman data
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IV, 3. The Adducts TiClAEZPX_and TiBrMZPyo

The a&ducts were prepared by mixing benzene solutions of TiClh
and TiBrhg respectively, with an excess of a benzene sclutlon of
pyridine in an a1l glass vacuum system. The complexes were cbbained
as yellow and brown precipitates respectively, both insoluble in
benzene and pyridine.

Very little work has been carried out on the vibrational spectra
of these adducts, Beattie et al. (71) reported the infrared spectrum
(down to 250 cmomﬂ)g and suggested that bands at 368 o™ and 280 om. ]
might be due to titanium chlorine stretching vibrations. They also
pointed out that the band at 436 cm9”1y riginally assigned by Rao (73)
to a Ti - €1 stretching mode was more likely to be due to coordinated
pyridine. In support of this, recent calculations on SiClhg2Py (76)
suggest that the coordinated pyridine ring deformations can be expected
to occur in this region.

In the present study, a re-examination of the infrared spectrum

of TiClASZPy has been undertaken, and Raman data are reported for this
complex for the first time, The vibrational data are summarised in

Table TV. 2. The band observed Ly Beattie et al. (71) at 368 cm.”™

R R a4 e
in the infrared has been resclved into two components at 380 cm.

-1 . oy ) ; ; ;
and 390 cm. in the present study, and on the basis of the infrared

data alone, either cis or trans formulations appear to be equally

likely. The Raman spectrum shows one strong band only in the

Ti = 01 stretching region, and, by comparison with the Raman data
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Justification be considered to be suggestive of a trans formulation.
Howevar,ytbe evidence is still inconclusive. The infrared spectrum
of TiBr4,2PY is reported in Table IV. L., and it is immediately
obvious that it is extremely suggestive of a ¢is formulation, there
being three strong bands in the Ti - Br stretching region. One of

these might reasonably be expected to correspond to the strong

285 CmaW1

band in the infrared spectrum of Ti014,2Py and might be
asscciated with the Ti -~ N stretching vidbration in each of these
adducts, Unfortunately, no Raman data was cobtainable for TiBrAQZPy
(to help resolve the problem) due to its dark brown colour.
Horeover, due to the insoluble nature of both of these adducts no
solution data were obtainable.

In order to resolve the ambiguity arising from these results,
powder x-ray photographs were taken for samples of TiClh,ZPy and
TiBrASZPyQ Reference to the d-spacings listed in Table IV. 5., will
show immediately that both compounds are isomorphous with SnClAQZPy
which is known to adopt a ggﬁgéestructgre from single crystal x-ray
diffraction studies (83). Both Ti01492Py and TiBr452Py must
necessarily therefore adopt a trang configuration toc. The spectra
of Tables IV. 2 and L., may now be interpreted in terms of a trans-
structure. The splitting of the 380 - 390 cmg"’1 band arises most
probably from a lifting of the degeneracy of the e (th) (formal)

Ti - C1 stretching mode due to a lowering of the symmetry of the

molecule to Doy consequent on the rotation of the coordinated
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pyridine molecules being hindered. Reference to the results for
s::c:tuzpy (76) and SnC1, , 2Py (83) reveal that the order of splitting
of this mode for the tetrachlorides is
51 > Ti > 8n

Reference also to the calculations reported for these two
molecules reveals that the degree of coupling of ligand and skeletal
modes in molecules of this type is of such an order as to render the
assigmments of bands bo individual normal modes of vibration a
meaningless exercise, However, calculations carried cut on
SnClAQZPyV(BB) suggest that the strong band at 265 om.”! in the infrared
for TiCthZPy is to be associated, at least in part, with the
antisymmetric Ti ~ N vibration and that the strong band at 324 cm@m=1
in the Raman effect is principally the P Ti = Cl stretching mode.

IV, L. The Adduct TiCl, ,2MeCN.

L?
The adduct was prepared as described in the literature (84), by

mixing a benzene solution of TiCl4 with a large excess of methylcyanide
in an all glass vacuum system. It was obtained as a yellow sublimable
amorphous solid, sparingly soluble in benzene and methylcyanide.

The infrared spectrum of this compound had previously been
measured down to 260 cm.”' (85), and on the basis of the spectrum
observed was assigned a cis formulation. The vibrational spectra
measured during the course of this work for TiClA,ZM@CN are summarissed

in Table TV. 6. The infrared data reported there above 260 om.”]









the Raman spectra observed for T131421,1O phen. and Ti01h91g2 dimeth-
oxybenzene, Table IV. 3., assumed to be cis, supports this assignment.
The infrared bands at 424 cm. | strong, (430 em.”! medium in the Raman)
and 388 om.” strong, (probably the 370 cm.” ! medium band in the Raman)
may be tentatively assigned to the b1 and b2 T1012 antisymmetric
stretching modes. In support of this, deuteriation of the methyl-
cyanide resulted in negligible shifts for these bands in the Raman,

In the infrared, a very broad asymmetric band centred at 400 (:.im,m1

was observed. The largest deuteriation shifts were observed for the
weak bands at 240 cr,I'm.m4 and 212 cmm“1 in the Raman., Unfortunately,
due to the relative insolubility of the adduct in methyleyanide, no
polarisation data could be obtained for these two bands.  However,

the deuteriation shifts suggest that they are associated with the a,
TiN2 symmetric stretching mode and also with the C ~ N - Ti
deformational modes. To support these conclusions a G.V.F.F.
caleulation on TiClQSQM@CN in Cny symmetry was carried oub, treating
the GH5 groups in full. Details of the caleculation are given in
Appendix B, The calculated frequencies shown iun Table IV. 8., are
those obbained for f gy i = 160 md. £4m1° Assignment of the 394-Gmomﬁ
band (strong, polarised) as the ay TiClz equatorial stretching mode

and the 320 cm.” ! band as the ay TiCl, axial stretching mode is
confirmed, as is alsc the assignment of the 435 em.”! and the 370 -
380 cm.”! bands to the by and b, antisymmetric TiCl, stretches

respectively. The calculated deuteriation shif'ts agree well with
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those observed for these bands. In addition, the calculstions indicate
that the 2y TiN, symretric stretch is to be expected around 220 cmg'ﬁa
lowever, seversl other bands, associated partly with deformations of
the ligands, are to be expected in this region, as the calculations
indicate, and so the assignment of any band in this region tc the a,
symmetric TiN, stretching mode can only be tentative., It should be
noted that no methyl rocking modes are to be expected in the regilon
below LOO cmc,"ng from the results of the calculations.

From the foregoing it is apparent that the vibrational date
measured for Ti014,2MeCN though complex, suggest a cis Tormulation as
most likely. Recently, a single crystal x-ray diffracticon study has
shown that the corresponding Sn614 132 adduct with methylecyanide adopts

a cis formulation (77). In view of this, powder x-ray measurements

n

were made on samples of these two adducts. The resulting d-spacings,

given in Table IV. 12., suggest, however, that the two adducts are not

isomorphous, unlike the 132 pyridine addusts. Nonetheleses, comparison
of +the vibrational spectra of TiC L . 2MeCN with those observed for

SuCl, ,2MeCN suggests a high degree of similarity (77)-

IV, 5., The Adduot TiBr432MeGH¢

This adduct was prepared in an analogous manner to the 1:2 LlCl
methyleyanide adduct in an all glass vacuum systemle It was obtained
as a red-brown sublimoble solid, which was very soluble in

methylecyanide.
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The vibrational spectra observed for this adduect are shown in
Table IV, 10. It is immediately obvious that a degree of similarity
exists between these results and those obtained for TiClASQMeCNQ
Furthermore, a study of the conductance of TiBrA in methylecyanide
revealed that no appreciable ionisation occurred upon dissolution.

Due to the greater solubility of TiBr) ,2MeCN in methylcyanide and to
the increased separation between the methyleyanide band at 382 cma“4
and the Ti - Br stretching modes, more complete solution data were
obtainagble for this adduct than for the analogous TiClA adduct.
Although the spectra are quite complex, a cis formulation again seems
probable., The strong polarised bands at 224 em,” ' and 334 om.” " can
be assigned by comparison with the TiClAQZMeCN results as the ay
TiBr2 axial and equatorial symmetric stretehing modes respectively.
In eddition, the partially resolved bands at 308 cmf1 and 3531 cm°”1
in the infrared mull spectrum which are well resolved in methylcyanide
solution, may be assigned to the 'b1 and b2 antisymmetric TiBr2
vibrations respectively. This would require a near coincidence of
the a, and b, TiBr, stretching vibrations cobserved in the solution
Reman and infrared spectra.

The shift of approximately 14 am°w1 for the band observed in the
Raman of the solid adduct on passing from solid to methylcyanide
solution is somewhat disturbing, but a similar shift was also observed
in the case of the adduct TiCl

NMe5 for the a, TiCl axial stretching

L* 1
mode in both the Raman and the infrared, on passing from the solid to

the solution state,
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Since the vibrational spectra agaein suggest a cis formulation a
powder x~ray study was undertaken for this adduct. The resultant
d-spacings, (Table IV. 12.), however, suggest that the adduct is not
isomorphous with either SnClAQZMeCN or T101452MeCN9 The assignment
of cis stereochemistry for this adduct must therefore again rest on
the spectra data presented, and its general similarity to the data

obtained for TiCl#EZMeCN and SnClQ,ZMeCNQ
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TABLE IV, 1,

Observed vibrational frequencies (pmﬂwi) for TiGlAQZPM@Ee

RAMAN INFRARED
Solid Benzene Soln. Mull Benzene Soln.
158 w, 159 w. 156 w.
188 w. 190 wo.P.
261 w, 26k wWe DoPo 257 S0 260 m.
323 Vo8, 324 VoSoPe 322 wosho 32 wosh,
36k w. 380 w.P, 362 VoSo 382 VoS,

TABLE JV. 2.

-1 )
Observed vibrational frequencies (cm. ) for T;&lhyggxo

RAMAN (Solid) TINFRARED (Mull)

158 w,

170 W 169 w.

182 wosh,

194 s, 192 voWe

232 wo

252 wo
285 s.

32l vos.

388 v.wo 380 vose

390 voso.she
L3k VoW, L3 s,

110



TABLE Iv?

50

Raman sp@atra Qf 1,10 phens

1,2 Dimethoxybenzene

TiGI#Q1Q1O ph@ﬂ;

Free 1,10 phen

(801id)

2}4-8 s.br,

412 8.

TiC1, 1,10 phen

(S01id)

1%26 w,
146 m.
173 .
180 w.
198 wosh.
232 m.br.
303 s.

356 w.br.

ZL-OZ{- Weo
L26 vowe

436 T oWo

and Ti0143132 Dimethoxybenzene.

Free Dimethoxy

~benzens

(Liquid)

212

2Lz

382

480

Mo¥ 0o

WobI'o

111

Ti014192 Dimethoxy-

Solid

68

80
110
128
138
158
168
308

396
416
428

L73

benzene

me
W

o
VoWo
VoWo
Mo
WosShoe 210 wo
VoSo 318 s.P.
VoWoDIo

VoBo 390 s.F.
So

mesho

Vo L78 w,

Benzene Soln.






TABLE IV, 6,
1

Observed vibrational frequencies (cm. ) for TiCl, »2MeCN,

110
140
160
178
212
240
320
370
391
442

430

and Ti014,2CDECN (values in brackets).
RAMAN INFRARED
Solid MeCN Soln. PH Soln, Mull
Se 120 Wo
(138) s. {165) w.
(158) w. {(179) w.

(179) m.s.
(204) w.
(236) w.
(320) s,
(372) m.
(386) v.s.

(LOO) vawe®

(430) m,

196 (191) w.
(210) w.

(235} We

320 s.(P) 322 n.(P) 322 (318) m.,
356 m.(P) 388 VeSe
398 s.(P)

B0 s.(P)* 107 (4L00Tv.s.

L2k Voo

* probably due to 1:1 adduct = se: Table IV. 9.

7~Sﬁrgﬂ€9 very broad and asymmebric.

methyleyanide band at 382 com.” ! not listed.
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TABLE IV. 7,

Conductivity data for solutions of TiGiA

in methyleyanide at 25°C.

Specific g?nducﬁ%mc@ kc Alc
(ohn™ ' cm.” )

5123 0.2570
5.205 0. 2091
5 o1 0.1856
5e7hdy 00,1649
13,24 0.064.2
12,29 0.04L93

15.95 0,0,.06



TABLE IV,
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80

Calculated fregquencies (om.“1) for Cy TiCl, ,2MeCN and Ti014520950E

7 o 5 o]
(velues in brackets) for £ 4. o = 1.0 md. A .

Fre quency

55 ( 51)

67 ( 6l)

84 ( 79)

84 ( 82)
127 (126)
150 (149)
151 (147)

181 (179)

181 (181)
208 (200)

223 (215)

227 (216)

Symme try

ay

8o

N

AV]

Potential energy contributions

/
|

(
(
%
(
(

AN TN

ECNTL
6N2Ti612 I.Po
SCITL
5TiN20P
SONTI

611N2 0.P.
SN, TiG1, I.P.

2 2
6TiClzaX
6)TiG1? €Qge DaPo
QTiGlz axe
SNZTiClz @gs LePs
5TiC12 axe
6Ti012 6gs OoP.
vTiNZ
vTiNZ
SCNTL
8GCN

6TiN2 0.P,



TABLE IV, 8. (cont.)

f're quency Symme try Potential energy contributions
2%6 (231) b, ON,TiCl,
{ vIiCl, ax.
' )
( BCNTi
250 (24k) 2 !
( 8L, TiC1, eq. I.P.
( ‘
( vTiNZ
( ocey
252 (21n2) o, g
( 6TiN, O.F,
302 (3%01) 2y vIiCl, axe
389 (388) b, yTiCl, eq.
394 (393) ay VIiCl, eq.
435 (434) b, vIiCl, ax.



TABLE IV. 9,

Raman spectrum (Hv cm,“1) of solid obtained from

a solution of T161432M@CN in bengene after

pumping to dryness,

114 s,

128 w.

150 8.

178 mew,
212 vowabr,
237 w.br.
294 w.br.

322 W,

B Vows

AN
Co
Co

mMe

421 Vv.v.s,



TABLE IV,

10.

Observed vibrational freguencies (om,mj) for TiB

N

s 2MeCN .

RAMAN
Selid MeCN Soln.*
110 w.
168 m. 166 w.
225 s. 22h s.P.
%19 s, %3k s.P.
327 she E
345 m.s. (obscured by

(MeCN band

(at 382 em,

*methyleyanide band at 382 om.

INFRARED
Mull

160 170
198
228 225

281,
308 s. 308
331 s. 52,
398
L1C we 42
165 w.br. L68

not listed.

MeCN Soln.*

W

Vir ®

VoWobT o



TABLE TV, 11

Conductivity data for solutions of TiBr) in

methylevanide at 25°C.

Specific conductance )\c f\] o

(ohm"1 em, ™" )

17.01 0.1587
17.59 0.1265
18,34 0.1122
35.91 00446



TABLE IV, 12,

d-spacings for Sn014;2M@CN, TiClA,ZM@CNS TiBr432M68NO

SnC1432M@CN TiClA,ZMeCN TiBra,ZMeCN
L4s98 s. 6.81 m. 5.54 3.
LokS s, 5.16 s, 4o27 5.
La27 s. Ladp s, 2.68 w.
394 w. 319 we 241 we
3.06 s, 2.6l m. 2+29 W
2.68 m, 2.25 m, 2,02 s,
5439 w. 1.85 w. 1.9 m.
2:1% w, 1.75 W 1.83 wo
1479 m 150 w. 172 m.
1ol3 W 1,39 we 1,63 m.
1:36 W 1652 we Lols w

1357 Wo
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analyses of all the adducts were carried out by hydrolysis in water,
followed by potentiometric titration of the chloride with silver

nitrate. The analysis results are summarised below:

Adduct Experimental %C1. Theoretical %C1.
Ti014,2(P(CH3)3) 11039 41,53
TiClhsz(NC5H5) 4O 24 40.81
TiBru,z(N05H5) 60.46 60,94
TiClA,Z(CHBCN) 51.43 52.20
yellow solid from
benzene solution of 57.91 61.48
Ti014’2<CHBCN) (for 1:1 adduct)
T1014,2(01)5CN) 51.15 51,64
TiBr4,2(0H3CN) 70.82 71.27
TiClﬁ,(C12H8N2) 3794 38,38
TiC1) ,(CqoH,0,) 38.87 39,67

(iii) The conductivity measurements. These were made in an all

glass vacuum system, A solution of the tetrahalide was made up in
the vacuum system, the volume of methyleyanide being measured in the
barrel of a grade A burette which had been glass blown onto the system,
with the tap removed and the end rounded off. The end correction

had been previously determined. The tetrahalide contained in a
fragile tipped ampoule,which had previouﬁly been weighed, was then
broken open, the tetrahalide distilled out into the methylcyanide and
the ampoule removed in its containing vacuum tube by collepsing a

constriction. This latter was then opened and the empty ampoule plus
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CHAFPTER V.

The preparation of some 1:2 adducts of the trichlorides
of metals in the first transition series with

trimethylamine and trimethylphosphine.
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V. 1. Introduction.

Several specles of general formula MCIB,ZL where L = NMe3 or
PMe3 have been prepared and characterised for the trichlorides of
metels occurring in the first transition series, and there is an
accumulation of physical data for these which may be interpreted in
terms of a monomeric pentacoordinate structure with D5h symmetry.

The isolation of the adduct TiClB,ZNMe3 was first reported by
Antler and Laubengayer (88), and this work was subsequently repeated
by Fowles (89), The adduct VCl%,ZNMe5 was thought to possess a
monomeric DBh structure on the basis of preliminary dipole moment
and infrared studies (to 400cm,”ﬂ) (90), and on the basis of
molecular weight and magnetic susceptibility measurements {91).
Subsequently, far infrared measurements on this adduct confirmed this
view {11). More recently, the sdduct CrCli,ZNMe5 has been isolated
(92), ond on the basis of its far infrared (to 200 cm.” ') and U.V.
absorption spectra has been assigned a monomeric DBh structure {53)
x=rey studies have subsecquently been undertaken for all of these
compounds, and they have been shown to adopt what is essentially a
DEh trans trigonal bipyramidal geometry, although in the cases of
TiClB?ZI\mIeB (94) and CrCl,, e (u5), distortions have been observed
which effectively lower the symmetry to szo Although the origin of
these distortions is still somewhat speculative, it has been shown
that the magnetic properties of TiClB,.QNMe5 and CrCls,ZNMe5 can be

accounted for on the basis of a C,y ligand environment {(95). The
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single crystal x-ray structure of VC1z»2lie, has been reported (96)

and confirms it 2s a D3h trigonal bipyramidal monomer.

No complexes of general formulsa MClB,ZNMe5 have been reported for
any other metals of the first transition series. However, a number
of trialkylphosphine complexes have been prepared. The adducts
V013,2PE1;3 (97) and CrCl, 2PEt, (98) have been prepared and characteised
by Isslieb. The adduct VClB,ZPEt3 has been shown to be monomeric by
cryoscopy in benzene, and to have an effective magnetic moment of
2.83% B.M. corresponding to two unpaired spins. By contrast, the
adduct CrClﬁ,ZPEt3 was shown to be dimeric in benzene by cryoscopy and
to have an effective magnetic moment of 3.8, corresponding to three
unpaired spins. In addition Jensen has prepared a number of complexes
of genersl formulae CoCl;,2PRy and NiCls,2PR, (99). Results for the
triethylphosphine complexes suggest that CoClB,ZPR3 is monomeric in
solution in benzene, has essentially zero dipole moment in solution
in pentane, and has a magnetic moment corresponding to two unpaired
spins (i.e. a low spin complex)., Similarly the adduct NiClBQZPE‘b3
has a magnetic moment corresponding to one unpaired spin. It seems
probable that these complexes too adopt a trans DEh monomeric trigonal
bipyramidal structure.,

Since, from the foregoing, it appeared likely that complexes of

the type MCIBZL (where L = NMe, or PMeB) might be quite widespread

3
for the trichlorides of metals of the first transition series, and

since there is a considerable body of evidence for the general adoption

by them of a monomeric pentacoordinate trans DBh structure, an attempt
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was made during the course of this work to prepare and characterise
a full range of complexes MXBZL for both L = NMe3 and PMe3 for as
many metals of the first transition series as possible.

Preliminary calculations (see Chapters VI, VII and VIII)
suggested that the MCl3 symnetric and antisymmetric stretching
vibrations are likely to be at least 80-90% pure. Therefore values
of fMCl and fMCl,MCl could be obtained from the spectral results.
Furthermore, since it seemed likely that 2ll of these compounds
might be monomeric in benzene solution, and therefore amensble to a
study of ligand exchange reactions in solution, it was hoped to be
able to obtain information concerning the relative stabilities of the
amine and phosphine complexes for any given metal trichloride.

It was thought that a study of these systems would be of
interest from the point of view of any systematic changes in the
vibrational spectra.  Although correlations of the nature of chemical
bonding with values of force constants are open to serious question,
it was felt that in view of the results of the prelim’ nary calculsations,
which showed that the MCl5 unit could be considered approximately as
an isolated planar M613 unit, some very broad correlation might be
obtained of the vibrational frequency for the a1° symmetric MCl3
stretching vibration with the relative stability between the phosphine

and amine series, which was not complicsated by mass effects.
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V. 2. The Preparation of the Adducts.

This work was initiated by the preparation and study of the
complexes TiClB,ZNMeB, V01532NM63 and CrClB,ZNMeB, all of which are
known from x-ray measurements to adopt a DBh geometry. The complexes
were prepared by the general method developed by Fowles {(93),
Subsequently, using the same method, the known complexes VClBSZPMe3
and CrClB,ZPMe5 were prepared. Molecular weight studies of CrClBZPMeB
were carried out by cryoscopy in benzene, and the results (see
experimental section) indicate that it is monomeric in benzene
solution, a result which is at variance with the earlier measurement
carried out by Isslieb on Crllz, 2Pty (98)., It will be seen that
formulation of this adduct as a monomer rather than a dimer is not
unreasconable when the results of the studies of the vibrational spectra
of these adducts are discussed in Chapters VI and VII.

Finally, the adducts ScCls,2NMes, ScCly,2PMes, TiCl,, 2PMe,,

%
FeClB,ZNMe5 and FeCIyZPMe3 have been prepared by the method of Fowles,
and the sdducts CoClB,QPMe5 and NiClB,QPMeB by the method described

by Jensen (99) involving the oxidation of 00012,29Me3 and N1012,2PMe3
by nitrosyl chloride. Although the complexes of CoCl3 and NiC15

with trimethylphosphine are less well characterised than those with
triethylphosphine (99), it was felt that the former would yield
vibrational data which would be less complex in the metal-chlorine

stretching region, and therefore easier to interpret. Magnetic

susceptibility measurements have been carried out on the 1:2 adducts
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of TiCl VCl3, CrClﬁ, FeCl, and NiCl., with trimethylphosphine, and

3* 5 5
on the FeCl3 152 adduct with trimethylamine, The resulting effective
magnetic moments are listed in Table V. 1. It will be seen that the
results on the vanadium, chromium and nickel complexes agree with

those previously reported, and that the complexes FeClB,ZNMez,
FeClE;,ZPMe3 and Ni01332PMe3 adopt the low spin configuration of

electrons in the 3d orbitals. Unfortunately, no magnetic susceptibility
measurements could be obtained for the adduct COC1392PM63 since it

was not prepared in sufficient quantities. However, magnetic
susceptibility measurements by Jensen (99) yield a value of Hopp

which corresponds to two unpaired electrons for 0001532PEt33

indicating that it too adopts the low spin configuration.



TABLE V. 1,

Magnetic measurements at 20°C. on some complexes MC152L

Adduct

V013 3 ZPI‘ﬂeB

CPCIBQZPMGB

FeCl3,2NMe3

Fe&l;;ZPMeB

NlClB,ZPMe3

where L = NMeB or PMeBa

Herp
observed (B.i.)

1.67

2.63

3,81

3.85

3.68

Corresponding No.

of unpaired spins
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TABLE V. 2.

Chloride analyses for the anhydrous trichlorides.

Sample Experimental %C1. Theoretical %C1.
SeCl, 69.87 70,31
TiCl, 68.52 68.95
Vel, 67.03 67.59
Crel, 66,64 67.19
FeCl 6L.78 65.55



T ABLE V. 3,

Chloride analyses for the trimethylamine

Adduct

800135) QNNIGB
S0C15, 2Pife

TiClZ),ZNMe3
TiClB,ZPMe3
VCIESZNMe3
VCl3,2Fley
CFCEBQQNMeB
Cr013§2PM85

FeCls.QNMe3

FeClWZPMe3

CoCl,, 2Ple
’ 2

CoCly, 2PHe,

NiGl,,2Ples

Ni¢l fe
B,ZPMC3

and trimethylphosphine adducts.

Experimental %C1.

38,42

3ho 78

38.9%

372

38,28

3h.o01

38,27

2h..81

5247

2L.56

32.18

Theoretical %C1.

39.59

34,81

3847k

Blialib

38,68

3) . %6

38,04

33.92

25.21

33,59
25,21

33.59

135



(iii) 'The molecular weight determination on CrClBQZPMe3 in

benzene solution was carried out by the procedure described in
Chapter III for the molecular weight of TiClA,PMe30 Determinations
were carried out at two different comcentrations, and were found to
be consistent.

CrClB,ZPMe3 M = 310

Experimental values: M = 287 1.2 mll benzene

294, C.5 mi benzene

(iv) The magnetic susceptibility measurements were carried out

using a Gouy balance operating at room temperature. The Gouy tube
was constructed from a quickfit B.7 cone amd socket, and was loaded in
a dry nitrogen box. The tube was calibrated using a sample of
mercury tetrathiocyanato cobalt (II). The values obtained for the

effective magnetic moment for the adducts studied are listed in

Table V. 1.
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CHAPTER VI,

The vibrational spectra of some adducts of general formula

MClBQZNMe for metals of the first ftransition series.

3
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VI. 1. Introduction.

Although, as outlined in Chapter V, several MXE,ZNMe5 complexes
of the first-row transition series have been reported, the work
reported on their vibrational spectra is quite scarce. The adducts
TiBr5,2NMe3 (94, VG5, e (96), TiCl;, 2Nie, (95) and CrC1392NMeB(95)
have been shown by x-ray measurements to be isostructural and %o
adopt a monomeric DBh trigonal bipyramidal structure. Previously,
infrared data (down to 200 cmo”1) had been reported for VCl,,2NMe, (90},
(11) and the spectra had been interpreted in terms of a probable
monomeric Dy structure. Infrared date (down to 200 cmow1) have
also been reported for CrClBQZNMe3 (93).

Vibrational spectra have also been reported for adducts of the
type MX;,2NMes where M is & group 1II(b) metal (46), (102}, and have
been interpreted in terms of a D}h trigonal bipyramidal structure.
Moreover; the adduct 1nC1332NM33 has been shown to be iscmorphous
with TiCl,,2NMe

VGl 2NM93 and CrClBSZNMeB (103).

30 T3
In the present chapter, the vibrational spectra of the adducts
of general formula MCla,ZNMeﬁ have been measured, {(where M = Sec, Ti,
V, Cr, Pe). The results for vanodium (III) and chromium (III) are
compared with the earlier work, and with the data cbtained for
scandium (III), titanium (III) and iron (III). A close similarity
is seen to exist between the spectra of all of these ccmpounds, and

the spectra are all interpretable on the basis of a D}h trigonal

bipyramidal model. The results of a G.V.F.F. calculation of the
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of which four are expected for a 1:2 adduct of this type (see
Appendix C). It should be noted that the agreement between the
observed and calculated deformations is not good, but it should be
remembered that in these calculations the methyl groups were treated
as point masses, and the methyl rocking modes therefore efiectively
ignored. Similarly, although the band observed at 385 e,
(strong and broad) in the infrared can most reasonably be assigned
to the e’ TiClB stretching mode (by analogy with InClBQZNMe3

(323 cm.” 1), (102), VGl 2Me 5 (309 em.” 1), (11) ard CrG1y, 2Mie
(392 cmam1); (93)) the caleulated frequency for this band is
approximately 30 c,mom1 too high. It is most likely that the

spproximation made in calculating the values of fTiGl and fTiC‘ a0
icl,

that the ratio 1

TiCl,TiCl/f’iCl was equal to that found for TlClhg is

not a good omne. It is worth noting that a similar result was found
in the calculations on DBh In013,2NM63, where the value of

£ was teken as equal to the ratio £ /f found for

InC1,Inc1/ TInc1
SnCl) , (102). The very strong band at 308 em.”) in the Raman can be

assigned to the a4’ TiCl5 stretching mode, and the values of fq any

were calculated on this assumption (see Appendix C).

-

and 507 pic1

The band at 264 em. = in the infrared (absent in the Raman) can be
assigned to the az" TiN, stretching mode, in agreement with the
assignment made for CrClB,ZNMGB (3) for the medium infrared band
observed at 274 cm,m1. It is also likely that the weak Raman band

at 200 em.” ' is to be associated with the a,' Til, stretching mode,
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since the work reported onIn.ClB,,ZNMe3 suggests that this mode occurs
at 163 em.” ! for this compound and is only weakly Raman active., If
this is sc, then the calculated freguency reported here is in error
by approximately 60 cmamq. A deuteriation study would help to
identify this mode with more certainty. In view of the colncidence
of this band with & band at 200 cm.” | in the infrared it is also
possible that it is the e NC3 rocking mode, The bands cbserved
below 200 cmowﬂ are in reasonable agreement with the fregquencies
calculated on the basis of a D5h model., It is unfortunate *that no
solution data could be obtained for this compound, as polarisation
data for the excellent Raman spectra obtained would have been of
great help in assigning the bands. Unfortunately the compound is
soluble only in trimethylamine, without reaction, and attempts to
measure the Raman spectrum in this solvert failed, as the solution
boiled in the laser beam. However, the polarisation data obtained
for Sell,2NHe., (Table VI. 1.) helps to confirm the assignment of

-4

the 308 c¢m.  band observed for TiClESZNMe3 in the Raman as the a1“

totally symmetric ‘I‘iCl3 stretching mode.

VI. 3. The Adduct ScCl.,2NMe

5° 5"

The Raman and infrared spectra observed for this compound are

listed in Table VI. 1. It is quite apparent that there is an overall
similarity to the spectral data obtained for TiClB$2NMeB° Once

- - - -1
again the bands at 502 cm. 1, 488 cm. 1, LLO exm. ! and 433 cm. are
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the strong bands at 485 cm@“=1 (polarised) and 305 cmomq (polarised)
were detectable, since the adduct was only of moderate solubility in
benzene. However, these bands can confidently be assigned as the
a1' NC3 deformation and a1‘ FeCl5 stretching mode, respectively.
The Raman spectrum bears a close resemblance to the Raman spectra
observed for SoClj)gZNMe3 and TiClB,ZNMezg and once more 1t seems
likely that the weak band at 196 cm.”V is associated with the

a,' FeN, stretching mode. The bands at 496 cmo”1 and L66 om.”

in the infrared may be assigned to symmetric and antisymmetric
trimethylamine deformational modes, whilst the sbrong bands at

360 cn.”! and 310 om.”! are to be associated with the e' FeCl,

and az“ FeN, antisymmetric stretching modes respectively. It also
seems probable that, whatever their origin, the shoulders observed
at 300 em.” ! and 276 em.” ! (separation 2 cmomﬁ) in the infrared
spectrum of this adduct are analogous to the shoulders observed at
380 cm.” | and 360 em,” (separation 20 cmomq) in the infrared

spectrum of GrCl-SZNMeB¢
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TABLE VI. 1.

Observed vibrational frequencies (cm°_1) for ScClB,ZNMeB°

RAMAN* INFRARED
Solid Benzene Soln. Mall Benzene Soln.
92 w. 79 m.
122 v+ 8. 120 wa
137 v.s.
177 w. 169 s, 170 s.
197 vew. 250 w.sh,
260 s. 260 s,
299 V.S 298 (P) 280 w.she
209 vaWe 05 w.
LO1 w.br.
396 vos.bre LO2 v.s,
433 w,br. 440 s, 1136 s.
488 s, 52 8. 498 s.

*Rycitation; Argon ion 0.4880 i laser line.



TABLE VI, 2.

Observed vibrational frequencies (cmomq) for TiClj,NMeBa

RAMAN*

Solid

101 s.
124 s,
141 s,
185 m,
200 v.w.

obscured
by laser
line

308 voso.

L38 w.

463 w.
L96 m.

*Bxcitation:

INFRARED CALCULATED
Mall
L7
h 8. T
99 VoW b
121 m. 137
140 w. 146
182 s. 224
200 m.sh. 236
26l s. 253
307
385 s.br. 410
bl s. 410
LE7 weshe L27
512
507 s. 517

Argon ion 0..,880

4 laser line.
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TABLE VI, e

T
Observed vibrational frequencies (cm., ) for VCl-,ZNMeB,

RAMAN® INFRARE]
Solid HMull Benzene Soln.
90 m.
185 s, 18 8.
258 s, 262 s,
310 0L m. 284 m.
415 S Lk s,

L8 s, L7 s,

*Excitation: heliuw/neon laser.



Observed vibrational

TABLE VI, &,

N .
frequencies (em. ) for CrClaﬁzNHezn

RAMAN*

Solid

29k

*Bxeitations

Mull

ah3

280

We

e

Wo

Wo sho

Me She

YJ(‘/SO

W

o P
We Biko

INFRARED

Benzene Soln.

360

380

L Wa

W
o

e sho

Wo She

3 o

W

Argon ion 0.4727 @ and 0.4880 p laser lines.
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TABLE VI. 6.

Observed vibrational frequencies (amc”1) for FeCl, .2NMe, .

5° 5

RAMAN* INFRARED
Solid Bengzene Soln. Mull Benzene Sclin.
106 w.sh.
112 s
136 m.
162 s.
178 w.sh. 173 s. 182 s,

196 w.sh.br.

217 webr. 210 w.br,
234 m.br.

276 m.sh, 260 m,

300 moshe 298 m.sh.
505 s, 308 s.P.

310 s 210 s,
350 V.WobTo 360 s, 380 s,

INY L6S w,
1489 s. L85 m.P. 496 s. L9O s,

% Excitation: helium/neon laser.
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VI. 6. Experimental.

Infrared mull samples were examined between polythene plates
and prepared in a dry nitrogen glove box (see Chapter III).  Solid
Raman samples were contained in vacuum ampoules. Solutions for
infrared work were contained in polythene cells and were prepared
on a vacuum line. Solution Raman samples, contained in pyrex
capillary cells, were preparcd in an all glass vacuum system.

Infrared spectra were run on a Beckman I.R. 11 spectrometer
and Raman spectra were run on both a Cary Raman spectrometer and a
Spex monochromator with both helium/neon and argon ion leozer

excitation.
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CHAPTER VII,

The vibrational spectra of some adducts of genersl formula

MCIE,ZPM93 for metals of the first transition series.
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VII. 1. Introduction.

Although, as discussed in Chapter V¥, the preparation of a few
phosphine complexes of the trichlorides of metals in the first
transition series have been described, no data on their far infrared
or Raman spectra have so far been reported. Recently, however, the
vibrational spectra of some group III(b) trihalide complexes with
trimethylphosphine have been reported (56). The adducts A161392PM93
and InClyZPMe5 were considered to adopt a monomeric trans Djh
structure, since their vibrational spectra were shown to be closely
comparable with those of the adducts AlClBS,ZNMe3 and IﬁﬁlﬁﬁzNMezo

During the course of this work, vibrational spectra were
measured for the adducts MC1,,2Fle, (where M = Sc, Ti, V, Cr, Fe,
Co, Ni), whose preparation and characterisation were described in
Chaptef V. It will be shown that the spectra obtained all bear a
close similarity to each other, and to the spectra of the analogous
MCIB,2NMe3

spectra are interpretable in terms of a monomeric D3h geometry, and

sdducts, described in Chapter VI. 1In each case; the

support for these assignments is provided by the observation that the
adduct CrClj,ZPMe3 is monomeric in henzene solution (see Chapter V).
A G.V.F.F. calculation has been carried out for TiCl;,2FMe, and the

results obtained confirm the interpretation in terms of D}h geometry.

For +this reason the TiCl_ adduct will be considered first.

3
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to each other and to the results for the foregoing adductsa. Because
of the dark red colours of all of these adducts the Raman spectra
obtained for the solid state were weak, and no sclution data were
obtaingble. However, bands were observed at 3530 cmwmqg 340 cmum1
and 364 om.”' and these have been assigned to the a,’ FeGl,, CoC,
and NiCl5 totally symmetric stretching modes, respectively. These
bands were found, in each case, to decrease with time, indicating
that decomposition of the adducts was occurring in the laser beam.
By analogy with the results of the foregoing sections, the bands in
the infrared have been assigned on the basgis of D}h symmetry for
both solid and solution states, as follows. The strong bands at
356 cmemq, 358 em.”V and 350 em.” " have been assigned to the ef
FeClB, CoCl3 and NiCl5 stretching modes respectively, and the strong
bands at 303 cm°m15 320 om.” " and 332 em.”) to the a," FeP,, CoP,
and NiP, stretching modes. The medium bands observed at 342 e,

for FeCl.,2PMe. and 340 om.”! for Ni01392PM63 cen be assigned to

3?2 3
9 %
the a,’ or a, PC3

of the asymmetries observed for the e' VCl3 and CrGlB stretching

deformations, and would correspond to a resolution

bands (Tables VI. b and 5). The tnds at 266 em.” ', 271 om.” ' and
280 cm.” ! can be assigned to the e’ and e” P05 deformations. The
infrared spectra obtained for these adducts were of good quality,
except that the mull spectrum for CoClngPMe3 was rather poor. This
is attributable to the rather sticky nature of this adduct as it was

prepared during the course of this work. Because of this, it was
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rather difficult to produce a good quality mull. The solution data
also are rather poor, since the solution in benzene decomposed
slowly during the course of the measurement (decolourised after one
hour). There i1s no doubt, however, as to the gemeral similarity of

the spectra for this adduct to the spectra obtained for Fell,,2PMe

5 3!
and NiClB,ZPM63° It should be noted that solutions of Ni01532PMe3
in benzene also rapidly decomposed {decolourised after approximately
10 minutes), so that no solution data were obtainable for this adduct.

The assignment described above for the vibrational spectra of

NiClB,ZPMe3 leads to a rather unusual conclusion, namely, that the
e! NiCl3 stretching mode occurs below the aii NiCl3 stretching mode.

Although this state of affairs is unusual, it 1s by no means unknown
and the assignment of the antisymmetric stretching mode below the
symmetric strebching mode has been made for such species as

'1'5_0162" (59), le ;N (8) and MeBP (104). This assignment would
suggest an unusually high value of fNiCl,NiCl/fNi01 for NlCLB,ZPMeEG

Further discussion of this problem is postponed until Chapter VIII.

VII. 5. Conclusion.

From the results of Chapters VI and VII, it is evident that the
two series of complexes, MCIB,ZNMe3 and MCIB,ZPMeB, exhibit closely
similar spectra which are interpretable in terms of a monomeric D}h
geometry both for the solid state, and in solution. This

conclusion is supported by the results of calculations on D, TiCl,,2NNe

3h 3
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and TiCl_,2PNe._ . However, the approximation employed in these

3’ 3

calculations that f is equal to the value of this

TiClyTiCl/fTiCI

ratio for free TiCl, is of only limited usefulnsss, and in the light

A

of the results for NiClB,ZPMe is likely to become even more

5
inappropriate for the analogous adducts of the later members of
the first transition series. For both series of complexes, the.

calculations suggest that the MCl, stretching vibrations are likely

5
to be essentially pure modes, but that the MPZ stretching modes are
likely to couple seriously with the MGBP deformations. In the light
of these general conclusions, the two series of spectral results

will be compared more closely in Chapter VIII, and the results of

this comparison discussed in terms of the probable nature of the

bonding dnvolved in these complexes.



TABLE VII. 1.

Observed vibrational frequencies (em.” ) for ScCl

RAMAN

Solid

116

o2
@

251 m.sha

268 v.s.

28l m.sh.

326 w.

350 s.

¥Excitations

Mull

Tk

120

276

288

Mo

W

Z{l @

W

w
vz
o

INFRARED

3 *

2PMe _ .
3

Benzene 3oln,

152

238

268

294

330

572

Wo

Argon ion 0.4880 y laser line,

162
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TABLE VII., 2.

Observed vibrational freguencies (cm."1) for TiClE,ZPMeB.

RAMAN* INFRARED CALCULATED
Solid Mull
75 w. 52
87 w. 56
122
128
131
140 m, 145
150 m. 175
2LS m, 248
282 s. 279
288 s.sh. 291
305 s. 291
353 s. 336
380 w. 372
387

*Excitation; Argon ion 0.4880 u laser line.



Calculated vibrational frecquencies for TiClB,ZPMe3 in

TABLE VII.

3,

OBSERVED
75
87

140

150

219

282
288

305

CALCULATED
52
66

122

128

131

145

175

248

SYMMETRY

w

{

(

%

TN

\ -
QﬁhsxmmetrzhiﬁTi”P = 1,0 md. A ),
P.E. CONTRIBUTIONS

6TiP2

5TiP2
6TiCl3 0.P,

SFC
g

vTiP2

&TicCl, I.P,
1 3 P

prPC3

PFPCZ

6TiCl3 I.p.

PrPC 3
oPC3

vlle

oTiCl_ 0.P.
3

vTi0l
3

SPC
3

&
PC3

161,



OBSERVED

353

380

165

T ABLE VILI. 3 (cont.)

CALCULATED

336

372

SYMMETRY P.E., CONTRIBUTIONS
$PC

o ( 3
1 2 YIiP,

(  é&pC,

"2 E T';
\)4,,2

o VTiC1
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Observed vibrational frequencies (cm."j) for VClj,ZPMe3

RAMAN*

Solid

157
181
246
265

281

292 291

*Excitation: Helium/neon laser.

I,

We

INFRARED

Mull

(asymmetric)

252

270
288

362

Benzene Soln.

WobDT o

W.bT.

Mbr.
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TABLE VII. 5.

Observed vibrational freguencies (cm.“1) for CrC15,2PM83°

RAMAN* INFRARED

Solid Mull Benzene Soln.
154 w. 164 m.
205 w. 212 m.
250 m. 257 m.sh,

300
%08 s, 31L. s.br.
360 Va5 369 s.
(asymmetric) (asymmetric)

*Excitation: Argon lon 0.4880 p laser line.
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TABLE VII. 6,

Observed vibrational frequencies (en.” V) for FeCl, 2PHe .

RAMAN® INFRARED

Solid Mull Benzene S3oln.
1y w. 146 w.
194 m. 204 m.
250 s. 250 m.
266 m. 28l m.
203 8. 304 s,

530

342 m.she 246 m.she
356 s. 570 s.

*Bxcitation: Helium/neon laser.
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TABLE VII. 7.

Observed vibrational freguencies (cmeﬂﬂ) for GoCl,,2FMe, .
3 )

RAMAN® INFRARED

Solid Mull Benzene Soln.
186 w.br.
251 mesh. 250 m.
280 s. 282 s.
320 s 305 s.

340
558 s. 3Th s.

*Excitation: Helium/neon laser.
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TABLE VII. 8.

Observed vibrational frequencies (cm.”1) for NiClB,ZPMe .

3

RAMAN* INFRARED

Solid Mull

70 w.

212 m.

251 s.

271 s.

332 s.

340 m.

350 s.
364

*Excitation: Helium/neon laser.
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VII. 6. Experimentszl.

Infrared mull samples were examined between polythene plates and
prepared in a dry nitrogen glove box (see Chapter ITI).  Solid
Raman samples were contained in vacuum ampoules. Solutions for
infrared work were contained in polythene cells and were prepared
on a vacuum line. Solution Raman samples, contained in pyrex
capillary cells, were prepared in an all glass vacuum systen.

Infrared spectra were run on a Beckman I.R. 11 spectirometer,
and Raman spectra were run on both a Cary Raman spectrometer and a
Spex monochromator with both helium/neon and argon ion lassr

excitation.



CHAPTER VIII.

A comparison of the vibrational spectra obtained
for the 2:4 complexes of trimethylamine and
trimethylphosphine with the trichlorides

of metals in the first transition series.

172
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VIII. 1. Bonding in Pentacoordinate Transition Metal Complexes with

Béh Symmetry.
(a) The crystal field approach. According to simple crystal

field theory, where the interaction between a metal ion and its
surrounding ligands in a complex is considered to be a purely
electrostatic one, the d-orbitals of a free gas ion are split under

D3h symmetry according to the following scheme:

‘9'1, (dZZ)
, ,
i1
© <dxz’dyz)

The separations of these levels relative to the energy of the levels
in the free ion are expressible in general in terms of two crystal
field parameters (105) one representing the contribution to the crystal
field of axial ligands and one of equatorial ligands. In simple
crystal field theory, electrons occupying the d-orbitals are assumed
to play a non-bonding role in the metal ligand bonding. The basic
assumption of the crystal field theory that purely electrostatic
interactions occur between the metal ion and the surrounding ligands
is an obvious over-simplification of the state of affairs pertaining
in real complexes., At the other extreme, one can treat this problem
in terms of purely covalent bonding between the metal ion and its
surrounding ligands, by the methods of molecular orbital theory.

(v) The molecular orbital approach. The molecular orbital

description of the bonding in pentacoordinate molecules with D3h
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symmetry has been described in detail elsewhere (8). The resulting
molecular orbital diagram giving the molecular orbitals which from
symmetry considerations one can form from the appropriate combinations
of ligand orbitals and acceptor orbitals of the same symmetry is
shown in Figure VIII. 1. The energy separations shown there are
purely diasgrammatic, but represent qualitatively the order of the
molecular orbitals ‘n increasing cnergy. It can be seen that the
orbitals enclosed within the broken lines are anajogous to the
d-orbital splitting predicted on the crystal field model, and on
filling up the molecular orbitals with electrons, it is just these
orbitals which will take the "d-electrons" of the metal ions of the
first transition series. However, although the e"and e' degenerate
pairs are formally non-bonding, as in the case of the crystal field
treatment, it can be shown (8) that it is possible to form linear
combingtions of the ligand orﬁitals with which, on symmetry
considerations, the e® and e' degenerate pairs of orbitals may form
n~type molecular orbitals., Furthermore, whilst the e' peir can form
r-type molecular orbitals with orbitals from the equatorial ligands
only, the e" pair can form m=type uclecular orbitals in both the
axial and equatorial directions. This treatment therefore suggests

that, from symmetry arguments, there is the possibility of electrons

in the e" and e' orbitals being involved in m-bonding with the ligands.

Of course whether m-bonding is energetically likely for any given case

is much more difficult to decide, and the extent of m-bonding in
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in one part of the Periodic Table in a more or less triangular area.
The apex of the triangle was at copper, and the base stretched from
tungsten to polonium (approximately).  Acceptor ions well removed
from this area of the Periodic Table were found to be well defined
Class (a) acceptors. Acceptor ions on the borders of this triangle
e.g. Pe(II), Fe(III), Co(II), Co(III), Ni(II), Mn(II), efc. were
considered to be borderline cases.

The second general classification scheme which has gained
currency was due to Pearson (107). By comparing £H values for the
gaseous replacement reaction X(g) + Y (g) = M¥(g) + X (g) where X
and Y  eare halides, one can measure the amount of stability which
Y~ the fluoride has over X , the iodide, and this Pearson considered
(107) to be a measure of Class (b) character. Having listed a wide
range of metal ions and Lewis acids as Class (a), Class (b) and
borderline, Pearson related these divisions from considerations of
polarisability to the terms "hard"” and "soft" for Class {(a) and
Class (b) respectively. Pearsons "hard" and "soft" classification
corresponds roughly with the Class (a) and Class (b) classification
of Ahrland et al. (106).

However, rather than being closely related to classical
polarisability, the (a) and (b) classification has been shown to be
closely linked with the balance between ionic and covalent bonding
(108), (109), (110). It has also been shown that Class (&) or (b)

character is often dependent on changes in solvent, and in the charge
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type of the reaction under consideration. Specifically, since the
classification schemes outlined above were drawn up on the basis of
thermodynamic measurements on reactions cf metal ions and halide ions
either in aqueous solution or in the gas phase, 1t must not be
expected that these classifications will hold in detall when one

considers the donor-acceptor interactions of neutral molecules in

"non coordinating” solvents such as benzene. In this case, the lonic

contribution %o the coordinate bond has been reduced to a dipole -
dipole interaction, and covalent bonding will become more important.
It must not therefore be thought too surprising if the halide of a
particular metal ion {(normally thought to be of Class (a) chersoter
as judged by its relative affinity for halide ions) displays
pronounced (b) character. In addition, energy terms due to London
attraction asnd classical polarisability must be considered in the
expression for the energy of the bond concerned (108).  Since
calculations of these last two terms and also the covalent term are
extremely unreliable, it is not possible to predict donor-acceptor
properties in cases of this type. Moreover, in a comprehensive
review of the acceptor properties of molecules of the group I1I(b)
elements, towsrds neutral molecules, Stone (111) has demonstrated the
complexities of the problem of attempting to predict from an
accumulated mass of experimental data on similar systems, the precise
stability sequence to be observed from any series of neutral donors

and acceptors. From a brief consideration of the formation of a









180

addition of PM@B to 80013,2NM65 and NM@B to ScClB,

essentially in a mixture of the two adducts (or in a mixed adduct

2Pie . results
2

ScClz,(NMeB)(PMeB)), However, addition of Plle; to FeCls, 2Nie, and
NM@B to F@ClB,ZPMeB results only in the formation of F@ClB,ZPM@Be
No bands due to coordinated trimethylamine between 400 -~ 500 cmw”1
could be detected in the infrared spectra (unlike the case for the
scandium complexes) and so it is reasonsble to assume that the resuls
of these two experiments is largely the formation of FeClBQZPM@BG
Similarly, addition of excess trimethylamine produced no
spectroscopically detectable effect on the adduct 0001352PM@3
(Teble VIII. 3.).

It seems from the results of these experiments that the complexes
ScClB,ZNM@5 and 8001532PM83 are of comparable stability, whilst the
complex FeClB,2PM@5 is considerably more stable than FeClBEZNM@ig
It also seems likely that the high stability of the trimethylphosphine
complexes is at least carried over (if not enhanced) in the complexes
of CoCl3 and Ni015, It is presumed that a gradual transition of
relative stabilities from P > N to P & N is observed on moving from
Ni, Co and Fe to Sc through Mn, O~ V and Ti. It should be noted
that these results approximate roughly to the stability order

predictable on the basis of the classification due to S. Abrland

et al. (106).






L hXj complexes studied in this work are prescntsd in Figure VIII
2, 3 and L respectively.

In the case of the aﬁ' MCl5 symmetric streteh 1t is apparent that,
whilst there seems to be no obvious correlation with the d-e¢lectron
configuration as such (in terms of crystal field stabilisation

energies) there is a marked difference in behaviour between the two

series of complexes. Whilst the frequencles for the MX,,2MNHe.
2 2

1

complexes remain, with slight variations, around the 300 cii.

position, there is & steady increase in the
the trimethylphosphine complexes. The results of Beattie and Ozin
for the adducts InCl,,2Mie, (16) and InGls,2Ple (56) have bsen

PR : 10 e <
included in Figures \iilﬂ 2, % and 4 to provide a d case, (The sdducts

-

GaCl.,2NMe., and Gall,,2PHe., have not been prepared so far, only the
o°? 5 ¢ 2 +
1t1 adducts) and have been linked to the results obtained iwm this work

by broken lines. Assuming the freguency separation between a
i} i Jg

for the hypothetical 142 Gaﬁ3~ edduets with NT » and Ple., to be of

/

\.

same order (and in the same sense, l.e. v a1‘ GaCl ()sv a1 GaClﬁgP)),

o sharp deerease in the frequency of this mode for the phosphine

adduct series is predicted for d , whilst the corresponding

frequency for the emine adduct expected to remain roughly

L 10
constant for d7w4>d

The most obvious inference to be made from these results g “hat
the metal-chlorine bond strengths increase on passing from scandium

10

to nickel, and then drop again at 4 ~, for the phosphine adducts, but
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a final drop in frequency from Ni to In (corresponding to the
behaviour of the a1“ v MCl3 mode ) . This could be due to a balancing
of increase in mass and increase in bond strength, although it is ssen

that for the cases of FelCl.,2PMe,, CoCl we

32 E,QPM@5 and NiClBSZPMe5
have the rather unusual situation of the symmetric and antisymmetric
stretching frequencies being almost coincident.  As stated in
Chapter VII, it is likely that these results could also be explained
by an increase in the value of the ratio fM01?MCl/fM01 along the
seriss of the phosphine complexes.

It is apparent from the foregoing results that, for the series
of phosphine complexes, a steady increase in M -~ Cl1 and M - P bond
strengths is likely and that those complexes with the greatest aj‘
v !1013 frequencies are those which the competition experiments suggest
are the more stable as compared to the corresponding amine complexes.
Furthermore, the metals for which these observations occur are just
those which are expected to show the greatest Class (b) acceptor
behaviour, It would be tempting to ascribe this behaviour to the
formation of dx - dx bonds between the metal and the phosphorus donor
atom, rather in the way in which %th+ bonding in the carbonyls of
these metals is explained. However, there is no Jjustification for
doing this on the basis of the results described in this work. It
seems more probable that these results can be explained in terms of
the steric interaction of Me N and Me_ P with the pla,nar'MCl5 grouping.

3 3

It can readily be shown that this factor is much more serious for
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MQBN than it is for MeBPo For the phosphine complexes, a steady
contraction may occur along the series from Sc to Ni in the M - Cl
and M - P bond lengths with an accompanying increase in the strengths
of the M - Cl and I - P bonds (whatever the origin of the increase in
bond strength) and a consequent increase in v a,’ MCl3° The more
serious steric interaction in the amine complexes may prevent this
oceurring, resulting in an erratic movement of the frequency of
v a1‘ MC].3 around 300 cm°“1, slong the series.

If this is correct, contraction of the M - Cl and M -~ P bond
lengths is likely to lead to increasingly large values of the stretch-
stretech intersction force constants as suggested above, which would

lead to the near coincidence of the aﬁ' and e MCl3 stretching modes

observed in the later complexes.

VIII. 5. Conclusion.

In view of these results, quantitative relative stability dats
would be desirable for the series of adducts studied here, to provide
a more detailed assessment of the (&) or (b) character of the acceptors
involved, and x-ray studies of all «f them, yielding values of M -~ Cl
and M ~ L bond lengths, would be of great interest.

These studies might also usefully be extended to an examination
adducts of metals whose (b)

of analogous MClB,QNMe and MC1,,2PHe
A

5 3

class character is much more pronounced than those studied here,

Although the trivalent stzte is not a very stable one for palladium
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and platinum, the analogous adducts of ruthenium (III), osmium (III),
rhodium (III) and iridium (III) chlorides might be expected to be
accessible.

Further, studies of the frequencies of the a, totally

g
symmetric stretching mode of a series of MX65_ ions might also
yield some interesting results which might possibly be related to

the {b) class character of M.
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a;’ Antibonding s
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Energy an Antibonding P
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.......................... 3
aﬂ' Antibonding dzg
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orbitals
' N .
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ay Bonding d,2
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a2“ Bonding Ps
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FIGURE VIII., 1. M.0. Diagram for a DBh Pentacoordinate Molecule ML5
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TABLE VIIT. 1.

Infrared mull spectra observed for the starting adducts and

final products of the competition reactions on ScClE,ZNMe3

#

and ScCl3,2PMe3. (Fre quencies in cm. ).

ScClE,QNMe3 ScCl5,2NMe3 ScClB,ZPMez5 ScClB,QPMe3
(Pure) +Plie 5 +Iile 5 (Pure)
79 m. Th mo
120 w. 120 w.
140 n. 143 m.
169 s, 172 m. 170 m.
193 w,
246 s. 239 s.
260 s. 266 w.sh.
278 m.she 270 m.br. 276 w.sh.
309 Vew. 290 s. 286 s.
336 s. 337 s.sh.
360 s.br. 358 s.br. 359 s.
396 v.s.br.
44O s. L3L w. 438 w.

502 s. 506 1. 506 s.

191
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TABLE VIII. 2.

Infrared mull spectra observed for the starting adducts and

final products of the competition reactions on F.'eClB,ZI\II\/I@_j

and FeCl5,2PM@3. (Frequencies in cm.mj).

FeClB,ZNMe5 F@CIB,QNMe3 FeC13,2PM@3 F@Cli,ZPMe3
(Pure) +Plie; +lille 5 {Pure)
112 s.
e wa
173 s. 187 v.w.br. 194 m.
217 w.br.
250 m. 250 s.
270 m.sh. 270 m.sh. 266 m.
276 m.sh.
300 m.sh. 303 s. 300 s.br. 303% s.
310 s.
340 m.sh. 346 m.sh. 342 she
360 s, 360 s. 358 s. 356 s,
466 m,

LG6 s,



TABLZE VIII. 3.

Infrared mull spectra of CoClB,ZPM@3 and the product of its

. . . . . . -1
reaction with excess trimethylamine. (Frequencies in cim. ).

CoCl, ,2PNe,

3 CoClﬁ,ZPMe3 + NM@3

186 w.br. 167 v.w.br,
251 m.sh, 250 m.
280 s. 282 s.
320 s, 20k s,
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APPENDICES




APPENDIX A

Vibrational analyses of TiClA,ﬂlﬁ3 in C2V and CBV symmetries.

The force constants for titanium tetrachloride were first

evaluated, using the F-matrix elements listed below (41):

F, (4,) = £+ 3F .
Fop (B) = £ -2f
T3 - -1,
Fi, (Fy) = 2(f,)
B, (F,) = £,

Numerical values for the above F-matrix elements have been
calculated by Morino and Vehara (113). The set of force constants
thus obtained for free titanium tetrachloride were then modified for
use in the TiClA,PR3 problem. Values of fa’faa and fr@ were used
without modification, whilst values for fr and frr were taken as 0.8
of the free tetrahalide values. The final set of force constants
employed, together with the values of the ligand force constants
used are listed in Table 1, with the appropriate units. It may be
noted that f,, trans was taken as 0.75 of the value of £, cis.

The value of f q; p Was taken as 1.8 md, A ”1, this value giving the
best fit of computed and experimental results. Where certain Ti ~ Cl
bonds are not required by symmetry to be equivalent, they were, in

general, taken to be so, so far as force constant and interatomic
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distance were concerned. The values of interatomic distances used
are listed in Table 2 together with references to their sources, the
value for the titanium phosphorus bond length was taken as the sum of
the covalent radii. The value for the titanium chlorine bond length
is that reported for the TiGl62" anion (117). Ideal trigonal

bipyramidal angles were used throughout.

(i) Vibrational analysis of T1014,235 in C,, symmetry. Gilson

and Beattie have calculated the G and F matrix elements for CZV
LMX,Y, using general angles (8), (11). The extension of the problem
to consideration of L as ZBW in "CZV" ZEWMX?_Y2 has been considered by
Livingston (20).  Assuming free rotation of the Wi, group, the
molecule as & whole has C2V symmetry. The WwMX2Y2 gives

58,,I + 3b1 + 3b2 + an vibrationsgl modes. The MWZ5 symmetrio top has
331 + %e vibrational modes under local C3v symnetry, but in the whole
molecule, with Coy symmetry, each e mode is split into two equivalent
modes by and b,. One of the a, modes (symmetry coordinate = DN )
is common to both the symmetric top and the framework. Thus for the
whole molecule we have:

symmetric top = 2a1 + Bb1 + 3b2

1]

vframework hay + 3b1 + 3b2 + ap
In addition, there is an extra ay mode common to boths No new
redundancies arise other than those for the separate top and framework.

Assuming tetrahedral, 900 and 120° angles, we can now write down
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the symmetry coordinates. These are Jjust the symmetry ccordinates
for the separate top and framework, each b, and b, pair for the top
taking the place of the pair of symmetry coordinates for each
degenerate e mode in the free top. Morcover, we may note that in
CZV symmetry, by and by are interchangeable, the convention used
here is that of Gilson (8), that b1 modes are symmetric to the WMX,X,
mirror plane and entisymmetric to the WMY,Y, mirror plane, and b,
is the reverse of this.

Figure 1 gives the internal coordinates used, and it is obvious
by comparison with the general case that:

Z=R, W=P, NM=Ti, X=¢CL, Y=20C1".

Only some angular coordinates are shown in Figure 1, to avoid

confusion. The complete list iss

a;' = RsPR, ay' = RyFRy az' = RyFRp
b, = RPM b,' = RPTi by' = RyPTM

a, = FPiCl, a, = PTiCl, oy = Cly'Ticl,
b, = PTiCl,’ b, = PLiCly,’ e, = Clp'Ticl,
¢, = Cl,'TiCl, ¢, = Cl,'TiCl,

a = 01,TiCl, e = Cl,'TiCl,’

The symmetry coordinates are as followss
ay type

Sy

S, = [(On,
2 ,J3(1 + n12

(4§PR1 + AFR, +»£§PR3)
+ Ob,' + z&bz' - n,(Aay' +Day + [}aa‘);7

[}
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= TP
34 = J% (ATiCl1’ + ATiClZ')
S = 432— (Drici, + Amicl,)
S¢ :,‘({“ﬁlﬂ”é )[Z:;e - 1/28b, - 1/2 Db, + nB(Ac1" + B, bt
/2 + Ln 3 Ao
+ CZ;. )]
S (DA - 1/2 Na, - 1/2 Nas + n(Acy 't + Les! +&cv'
7 J(B/z + in Q[ 1 o * Hpl&ey 2
+ &%_’)_/
where: I, =,J§ cos b/cos a'/2 (b = 180 = b') = QJE cos b/éjﬁ + 3 cos B
( + ve)
n, = cos b/2 sin 8/2/2 sin ¢
ng = cos a/2 sin b/2/2 sin ¢
¢' and ¢" = 1/2¢ (involving Cl, , and C1'y 5 respectively)
2
an type
S, = 1/2( ey = Dey - ACB + A,cl%)
b,1 type

s, = & ( 2DPR, - OPRy - AFR,)
S,= 44 (2Da - bey - res')
S, = 7 (20b," - Aby' - Abs')
5, = 3 (ATiC1, - ATiC1))

5, = g5 (Day - Day)

(22]
o
it

1/2 (BAey - Ac, +A03 "AGA)



-
&
\O

b2 type
1

Sy =& (2 APR, - AFR, - APRB)
1

S, =5 (208" = Day' - Dag')

-1

S, = gz (2 Db, - Db, - Abz’)
1 . SR
Sz,. = /3 (AT1011' - A TiC1,")
1
S¢ = 1/2(lyey + Doy =+ [LOB + 5&04)

The G-matrix elements except those involving cross terms between
the top and the framework are the same as those obtained in the case
of the free top and framework (8), (118). The G-matrix elements
involving cross terms have been calculated by Livingston (20).

The computer programme used required only the values of the force
constants, and calculated the values of the symmetrised Fematrix, so
that general F-matrix elements were never actually obtained. The
force constants used in the calculation, including interaction force
constants not set equal to zero, together with their relationship to
the force constants taken for the free ligands and the (modified)

force constants derived for titaniuvn tetrachloride, are given in

Table 3.

(ii) Vibrational analysis of TiC1, sPRs in Cpy symmetry. Under
C5V symmetry we have for the whole molecule 6a1 toa, 7e, the an mode

is inactive in both the Raman and the infrared.
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The internal coordinates are shown in Figure 2, and the symmetry
coordinates are listed below:
a, type
5, = 4% (APR, + APRy + APR,)

S

[Ab +Ab'+[),b~’~n(&a'+&a'+&a*)]
> m 2 3 4\ Lyay > 3
5, =4%- (ATi01, + ATiCl, + ATiC1,)
s

= m EAb + Ab -+ Ab &‘b A &bf &b - ,ﬁ
5 , 2 1 2
3 +
(2 +m 2 (Aa,‘ o+ &&Z +&a3)_,_7

8¢ = {\ric1

1

where n, =ﬁ cos b/cos a'/2 (b = 180 = b') = ZJE cos b/'\l 1+ 3 co8sb

7+ ve)

ng, = 3 cos b/cos a/2 = 2.f3 cos b/,f1 + 3 cos?d W+ ve)

e type
Sy (2APRy -~ AFR, = AFRz)
S, = (2pa,' -Doay' - l}saB“)

(280, - Abyt - Oby!

(24‘}31 - A&Q - A33>

1
AT
1
3
-1
s
5, =yt (2013C1, - ATiC1, - ATiCL)
1
N
= 72 (200" - Aby" - Abg")
-1
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The G and P matrix elements for CEVXBYW24 with general angles
have been calculated by Beattie and Gilson (8), (11). The matrix
elements are only quoted for S.V.F.F., and although in the present
anglysis a number of interaction force constants were used, the
general symmetrised F-matrix elements were never actually calculated,
since as stated above, the computer programme used required only the
valence force constants and calculated the numerical values of the
symme trised F-matrix.

The force constants used in the calculation, including the inter-
action force constants not set equal to zero, together with their
relationship to the force constants in Table 1 are listed in Table L.

Frequencies were calculated for TiClhsPR3 assuming both CZV
and C}V symmetries, tetrahedral and trigonal bipyramidal angles and
the force constants and G~matrix elements as listed above.
Calculations were carried out for R = H, D, CH3 and CD3 for both the
CZV and ij cases. The computer programme used was devised by
Dr, T. R. Gilson and this calculated both the frequencies and
percentage potential energy contributions of each symmetry coordinate
for the normal modes. The L vector matrices were calculated and
these gave the normal coordinate vectors in terms of the symmetry
i §5)a The functions Fy, (Lik>2 were

then evaluated. These functions give the approximate contribution

coordinates (e.g. ai :E,j L

of the potential field of the symmetry coordinate to the potential

energy function of the given mode.  They are normalised to be



fractions of an arbitrary total potential energy of unity, and

give a direct measure of the nature of the mode (8), (119).

N
N
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Force Constant

-
£ (md.A )

fa (md.A rad“z)

£ (ma.i"")

I‘I'(

£ (md.A radwz)
aa,

-1
fra(mderad )

f fr and frr values

* f cis=f_  =0.12and £ trans = 3/l f.. cis = 0.09.

TABLE 1.
PH, (114) PMe3 (115)
5;5326 2,870
0.7326 0.833
0,054k - 0,010
- 0.0286 0.036

- 0,034k »

= TiCl}.}_ Va.lues X 0086

TiCl

2.1687

0.5408

O.12%f

0.048L

0.088

205
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TABLE 2.

Bond lengths used in sz and C}V T1014i53

(where R = H, Me)

oy 144194 (116)
rTiP 2.55 A
L 1.85 A (115)

L 2.3 A (447)
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TABLE 4.

Force constant relationships for CBV Ticj’zﬂ.}?}%‘

(where R = H or Me)

Force constant Relationship to  Force constant Relationship to

in TJ’.CILF,PR3 value quoted in in T1014’P33 value quoted in
Table 1 Table 1
fpica £ fpigr pm fra
N £, fpic1 micy fopots
fin fo foici v fra
fpicr £, foa £
fb fa, fab" fa,cn
fpippicy £p®is fpicira fr
foip & fra Fap f o
fTiP b fra. fb"b " fm
fip picy £y bT205 fpicamn fra
fT:E.P b fra, fbb " fcm.
Tpic1 mica £ orCis fpic1vo L
£ £ £ £

TiCl a N bb A
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The symmetry coordinates are:

ay type

5, = Ac,'w

5, = &ay’

5, =AD"

5, =AC,'C,’

S5 = 5 (A0 H +OC 'Hy +AC ")

5¢ =Jﬁfga1“ + OBy + 85" = 0(fayt + Day' + Dag') /7
s, = g (20, B, - 0, Hy - DG, H)

2]
o
H]

(2]
it

'\J% (2hay' = Nay' - Nag')

NE (208" - BBy - DpyY)

8,0 = sz- (ATicy, + ATiC1,)

5, J% (DTiCL," + ATiCL,")

Sip7 7 (De - AD)

Si5= 3 (Ba+ B3 - Aoy - Acy)

S1,= 24’1?? (Bbyy + OBy + APy + Do = NPy = BPyp = NFoy - LN Pyp)
5,5= J% (ONTiN' + ATiN')

where:

n =ﬁcos B/COS a' (ﬁ = 1800 - p“) = 2 4% cos @/,J‘L + 3 coszﬁ(f‘.ﬂ;e)
2
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az type
S1 = Aa'
32 = Ab!

w
t

5 ‘\[%_ (2A01'H1 AC QH g AC ’H 9)
) \%(QA%' —Aazmﬁd.})

(%2]
i

5, = :/2; (28p," - DBy - AB3')

. _;_ (Kb, = Ab, = Aby, + Lby,)
5, = 3 - AP, - &Py, + AP,,)
b, type

S1 = Na!

8, = Ab!

5, = 4’6 (240, B, ~DC 'Hy' - DC 'HT)
S =

)\ ,JE (ZA@,I' - AO‘QB - AGBQ)

55 = gz (288" - Apy - Ags)

S¢ = 4% (Oricy, - ATicl,')

5, = 5 (b + &by, = Dby, = Abyy)
Sg = %— APy, AP, AP, -AP,,)
b, type

s, =40c, W

= H
32 —Aa1
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w2
1

t
[ACH

w1
i}

13 H
Ac1 c,

2
¢

1 ' '
5 = A3 (£3C1 H1' + Z&C1 HZ' + 1501“H3')

S¢ =m [08, + DB, OBy - n(Ba,’ + Da,’ + &@3“) v
5, = NT (200, 5 - DC,'H, - AC, ')

Sg = A/ (200," - Day' - Aa')

Sy = & (283" - A8, - ABs')

S, = 3 (DTiCL, - ATiC1y)

Si4 = pys (B, = Abyy + Dby = Abyy + APy = AP+ APy = AP
S12 = »./jé (A, - Bey)

55 = 4-12- (ATiN' - N TIN")

where:

n =43 cos B/cos a'= 245 cos ﬁ/«»j’i + 3 coszﬁw(ﬁ = 180° = g'iA + ve)

2
The G-matrix elements used have been calculated by Gilson (8),

and the programme using values of the force constants, calculated the
values of the symmetrised F-matrix elements direct. The force
constants and bond lengths used in the calculation are given in
Tables 1, 2 and 3. The force constants used for the coordinated
methylcyanide were obtained from the values of the symmetrised Fij
matrix elements reported by Duncan (120)0 Porce constants for the

L, Tic1,'Cl

5 ' 61, skeleton were transferred directly from those for the
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S$nC1,%” ion (121). The method of transference is given in Table k.
6

The value of the Ti - N bond stretching force constant was taken as

-1

1.0 md. A , and tetrahedral and trigonal bipyramidal angles were

used.
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1 3UNO14

' Zt
MLN ="d '"DULN =%9
rotL%hy = q "N =D
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TABLE 1.

Methylecyanide momental force constants

(from symmetrised Fi 5 (120)).

2 o) _ : P
£ox = 4,938 md. A fCC@ = 0475 md. rad
. 2 o _ . a1
fog = 5,159 md., A fCCa = 0,475 md. rad
e @ e 7] " P e Mﬁ_m"
fCN - 1(53110 mdo -A» fdu - 00655 m\}.o A ZC@C.
. 2] : w2
- . 299 . A o ° | . A
chch 0.299 md i‘}5 0,861 md rad
fgﬁi = - 0.55 md.rad 1 = 0.592 nd., & raa”?
ad j N -1 ad j B s w2
fCHa = 0.038 mdorad fa@ = . 0,058 md., A rad
opp = =1 S g A 12
fCH,ﬁ = 0.55 md. rad faa 0.091 md. & rad
eadd - 0,038 md.rad” £ = - 0,120 md. A rad”?
CH,B PR
£ = - 0.205 md. & ra3”?®
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TABLE 4.

Force consbant transference scheme for LZTiCl4 skelston.

Force constant Relationship to  Force constant  Relationship %o

in LZTi014 value in Table 2 in L2TiClZF value in Table 2
) n LB
frica £ Tpicr,mica frp
cis
fricy: r fpic1,mact Crr
fTiN 1,0 fTiGl1§9TiClag bﬂ—?ramJ

"a fa fpicy,man /L
£y 1/2 £, L 61, 7inm 3/k frrcis
£, 34 £, £0i010 TN 3/&vffrcis
i fa Frigs  Tane /2 £, F
fp 3/L fa fTiClg& fr&
fpic1oa 12 1,

th

TTiCL e, r'a.



TABLE 4., {(cont.)

Force constant Relationship to  Force consitant

in L2T1C14 value in Table 2 in LgTi014
foint 1 3k £y, o by,
fasc fos. fpica sPqq
fa,c L, Tpin p,
fTiCl,b11 fra fa,p,,
fTiN‘,b11 3k frg CIS
fa’b12 faa féﬁngaz
fc15b11 S f o szaﬁPzz
fb11’b12 faa f9149P12
-

Pyp9Poo

Relationabip to
value in Tablie 2

5 &

by
e,

Ol

i}
[27e?

Q%

4

e

(st



]
py
O

APPENDIX C.

Vibrational analysis of TiClz,ZXMe3 in‘Dﬁh symmetry.

The vibrational analysis of this molecule was carried out using
the programme described in Appendix (A), for X = N and P.

Assuming free rotation of the methyl groups, and consequent D

2h

symmetry, we have for the whole molecule, treating the methyl groups

as point masses, and neglecting the two XG3 torsional modes

(a1“ + az’);

rﬂ = 4&1' + haz“ + 6e' + Le

mol

The two XC., torsiomal modes have also been neglected in the

3

following analysis, since they are both inactive.
The internal coordinates used are shown in Figure 1 for the case

of TiClj,ZPMeE, In order to write down symmetry coordinates, we

note the following correlation scheme between the symmetry types for
the individual portions of the molecule, MeBXmTi and XZTi813 (both of

ij symnetry) and the completed molecule with DBh symmetry:

63V D}h
PR

5 -
1 <;\-.._> 8.2"
e%
e —m::::::::i::
e!l
It should be noted that the ay and e type vibrations of the two

C, .. Me_X-Ti residues couple in the following way.

N3



ay’ SYm. + Syil.
/}1
&
\&12" Sym. - Sym.
el antisym. + antisym.
P
e
N
e antisym. - antisym.
This therefore gives rise to four XC,3 stretohing modes and

deformational modes (a1“, 2,", e' and e"), two XG4 rocking modes
(e* + e") and two Ti-X stretching modes (a,' and a,").  From the
point of view of the programme, it was comvenient to treat the
problem in an analogous way to T1014§R5P with CBV symmetry {see
Appendix (A)). The symmetry coordinates used hove therefore been
listed under the symmetry types appropriate to Q}V symmne Lry

ay type

s 1 7 § ] ] 'y ¢
5, =5 (Dpte,’ + NP lie,, + NP .fLeB )

220

S e LB By e Bt - alBey e Bt s e T

1 . i
33 =3 (AP"e," + AP"Me," + [N PUHe ")

2

5 = [§b " +—£§b "o Ak« n(Aa, + e + Nat)
et oot B b
85 = D Tip!

1 , : ;
S¢ = 3 (Aricl, + ATiCl, + ATiC1,)

S



W
il

[N ETCIRS

1 L(A.b/x + Abz + A-bs - Ab,,‘"‘ n Abzns

221

- AstH

+ n(t};a% + Aaz + &az) 7

Aripr

where n :ﬁ cos b/cos a'/2 (b = 180 - b")
= 24f 3 cos b/ﬁ-i— 3 cosg‘b o + ve)

n,= A3 cos o/cos a.

21[—'005 ‘b//J’l + 3 cosgﬁ. W+ ve)

2]
]
1

e type
S, =7 (2 AP'He, - Aptiie,’ - [\P'lie, ")
So ;J% (288" - Asy' - Bay')

(2Ab R AL A AbB")

(2&1’"&581” - AP"M@ZH - APMMeBH)

-1
NS
1
A6
S5 :,\/%' (2&31" - Aa2" - Aa}n')
,J% (ZAb - Abzn - &b}ﬂ)
1

S, =7 (2H71iC1, - ATiCL, wamclz)

88 :'l%‘ (2A31 ""aa2 "’“A&ta'3>

310 ::/,% (2 Ab - Abz - Abs)
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The G-matrix elements have been cslculated by Gilson (8), and
the programme, using values of the force constants; caleculated the
values of the symmetrised F-matrix elements direct. The force
constants and bond lengths used in the calculations are given in
Tables 1, 2 and 3. The values of fr and frr for the XéfiCl§
skeleton in Table 2 were calculated using the position of the a1'

symmetric TiCl3 stretching mode?

Ho1 \fr * Zfrr) = }\):”‘Ti(ﬂz7

282 cm.” ! for TiG1, s 2PMe
o~

(v

it

© 308 cm.” ! for TiCl.,2NHe. )
3 o 2

where A

il

0.58851 (va1”TiCIB)2
1000

292

and Hop = the reduced mass of chlorine,

and assuming f_ = 0.15 (the ratio of the free TiCl, values,
7o 7.71  as calculated in Appendix TA),
r

The values of £ , £ and £ were transferred directly from free
@’ Taa o
TiCL, (see Appendix A)). The method of transference of force
constants is given in Table L4 for TiClB,2NMeE and Table 5 for
. 9] ﬁ
: = 8 L = o @
TlClB,ZPMe3o Values of fTiN = 0.8 md, &  and fTiP 1.0 md
were taken, and tetrahedral and trigounal bipyramidal angles were

used. The calculated frequencies, classified as 2, and e types under

GEV symmetry were identified as a '

, ' or a2“ and e’ or e" by inspection

of the signs of the L-matrix elements calculated; corresponding to

those symmetry coordinates meking contributions > 30% to the whole

vibration, Contributions > 75% were regarded as pure modes.



Cl
!

} /
M e 2

FicurRe |.




TABLE

10

22l

Momental force constants taken for the complex ligands

in the calculation on D3h

TiCl,,2XMe. .

md .

MeEN (11) MeEP (115)
4. 68 2.87
0.065 -0.010
1,01 0.833

- 0.,0%6
0.638 0,417

- 0,018
0,065 -

md .

37 3

A rad

rad
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TABLE 4.

Transference scheme for skeletal force constants in D b TiClBQZNMe,G
5

3
Force constant Relationship to  Force constant Relationship to
for TiClj,ZNMe3 value guoted in for TiClB,ZNMeB value quoted in
Table 2 Table 2
fpipye 0.8 fpic1 a ra
frica £y Fpicy v W g
£y fa fTiClﬁTii“ ﬁ/afrv
Fpn /2, fpic1 b 3/4E 1y
Epipe 0.8 fon f@&
E o B/Qfa@
fb q/Zfa fTiN“ a E/er@
franrpica 55 Fap 3 g
Tpinea /48 Tpnigus /et
iy V/2r,, fhpn ver
s wrpine /4L, Lips o, et
fTiCIQTiCl frr fbb ?/Zf@a
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TABLE 5.

Transference scheme for skeletal force constants in DBh TiCljg2PMe§
Force constant Relationship to  Force constant Relationship to
for TiCl,,2PMe value quoted in  for TiCl,,<FMe value quoted in

3 Table 2 AR Table 2
Loipr 15 foi01 a frw
foica r Fpicy v fra
fa fa fTiClTiP" fff
fb“’ fa fTiCl b fra
fTiP” 1.5 faa f@a
fb fou fab e f:.m.
fTiP"TiCl frr fTiP"a fr@
fTiP'a fr@ fab fa@
fTiP'b"’ fra fb”’b"“ fa@
friprpipe VAL Tppre F oa
fTiClTiCl frr fTiP"b fra

£ f

bb ad
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