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hawve besen obtained in which the complexes are stabllised by
the presence of phosphorus or nitrogen doner ligands.
Bxamples of such compounds args-~

(PCOPR Jg o PE{CO 1sFa, (Plhg Jo0s(C0 Wy, PyaMoiC0 )pFg.
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whera Ph = phenyl and Py = pyridine.

in thoesg stems. hydreogoen flooride acls ag an oxigising agent.
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Thus, for example. tetrakis{triphonylphosphineg platinum{0)

18 oxldised to bisltriphenyilphosphine lplatinum{il ¥luoride,

and teipyridinsnelybdenmni0 Wricarkonyl is oxidised to
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Treguency iz discnesed,

The reactlion of liquld anhydrouvs hydrogen fluoride on
tripyridinsnolybdenmmtrlearbonyld givaes, as & by-product, a
complex analysing te a2 ton co-ordinate melybpdenmniVl ) sopsalez.
Attenmpts have been made to investigate the extent of this

co-ordination nmaber in Group Via Metals, and scme svwidos

ig presented in suppordt of the formulation.



Introduction,

The relative affinitiss of ligand atoms or molecules
of Group Egzﬁlam@mts for acceptor molecnles or ions,
discusssd by Afhianﬁ at &l&&ﬂ largely depends on the
aceaptor concerned. Two vegulay features ave apparent,
hawever, in spite of this seswing lack of wniformity.
There 18 a very great diffesvence, in general, betwean the
coordinating affinlties of mitrogen donors frowm domoes of
the othey elements of Cthis Group. The other feature

concerng the acceptor speelias. Geneyreally speaking, thars

e

are two classes of aeceptors; those which Torm thelir most
astable complezes with the first atom of the Group,
dosjgaated class (8, and those which fomn Tthelr most
stable complexas with the second or subsaguent atom,
designated class {(bl. Most metals ip thels common valeney
states are clagg (o) aceeptors, and consequently the
affinitiss of ligands For these &@ﬁapﬁdrﬂ follow whelir
bagicities, except whare steric and other factors becons
dmportant. Class (b) acceptors are less numsrous, and,
with ong oy two exceptions, appear to b eonfined to the
Transition Metals. This guggests that the charactar type
dopends on the avallablility of eleectrons from the lowey

d orbitals of the metal Tor pi bonding. A nodified form

of Arhlend’s classification has been drawa up by E@@@hgg



2

and this 4s reproduced in Fig. l.
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Table i.
To tho »ight of the lipe are the clements whieh, in
their norbsl oxldation states are of the elass (b)) type,
ie. tha goowvdinating affinliles of the denor atom are in

the sagquance %{P}ﬁ@}ﬁb}ﬁig ALY thess westals forw etabl
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phosphine compleres, lesg stable arsines and muehk 1883

of the 1line, tae

e

stable stibine eomplexas. To the lef

motals fend to clase {a) character, and ithe seguency ol

gtability changes o N}E,A%}&E&B . However, the hordaer
o

Line beltwesn the two Lypese 18 quite diffuse, and this wnay

be atteibuted to the variable valency axhibiied by the

glements in the border veglons, le. 1t 1z possible o
elassify the glements oot only with respest to position in
the Poricedic Tabls, bub also with vespeet to the oxildation
atates of the metvals. In this context metals to the left
cf the Nickel Group tend to class {a) @h&raeﬁer far the

higher omidaticn atates, and to class (b)) echaracter fovy

@
1

the lower oxidation statesi since there ars nmore 4 glectrong

available for dative pi bonding the lower the oxidation

state. Thus, iron{lll), in its spin free complexes,



belongs %o class (a ), but ironle) ls wndoubtedly cless
(p)*®

The formation of pi bonds depends, not only on
sultable filled metal orbitaia, but also on the availability
of vaecant ligand orbitals of the appropriate symmetry and
anNarey. Thig requirement is fulfilled in phosphines,
whieh act as sigma bond donors and pi bond acceplors, the
ampty ad @fbﬂtals of the phosphorus atom being capable of

interaction with filled nonbonding 4 orbitals of

s I
2 4

ﬁr:‘ﬁ

ueh orbitals on nitrogen are incapable

l’.’ﬁ

an Metal

.
u;""
“ms}

Trans:
of this kind of interaction because of energy considerations.

Thus, iy general, nitrogen ligands ccordinate to a metal

by the Fformation of sigme bonds This beshaviour nseds
guplification, hovever, sinee, if the nitrogen atom i part

3

of an aromatic rPing system, eg. pyridine, substitubad
pyridines., thon pi bonding may become possible by
interaction of the pil orbital system of the aromatic »ing
with the sultable d orbitels of the metal. This effect

has been diS@mgﬁmﬂ by Rraibanzel and Cotton® 2

for pyridine
substituted Group E M@ L carbonyls. Thege aubthors
prediet that, as the nuwbar of ecarbonyi substituents
decreass, the CO groups remalning have less complets command
of the metal 4 pi electrons, thus Iincreaging metsl-

pyridine pi bonding te a detectable extent. It should

be polnted out, however, that pyridine, and substituted
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pyridine, Group V) Metal carbonyls are pather unstable,
and decompose with loss of amine on expoesurs to the
atmosphaye, whereas phosphlne substituted wmetal carbonyls
are quite stables
1% has recently been shown’®, however, that M --3 Py

pi bonding, where Fy is pyridinsg may be controlled by

the nateore of the halegen in complexes of the type Colyais,
where X is chlerine, bromine or ilodine. These authors
conslder that staric affects are less inpovrtant than

gloctronic effects exespt when pyridine iz replaced by Lts

1y np

g-mathyl anclogve. The influence of sterie Lfactorg in

%,

gomplezes of this type have alse heen noted by Allan 6% @1®@9
who report the ovrder of ligand fleld strength for tetrubedral
ColpXs complexes as Py =2 0-Fie =g Y =-ric }»@&mpg@;?

Quinolineg, where L is the smine and X is a halogen. This
ordor of ligand fisld strengih does not follow the ovder

of baslelty of the ligands, which, measured by p&&;walm@??w

is b-Fie ) o< -piey p-Pie ) vy

i

;;Quiﬁ@liﬁ@ {Pie 418
pleoline o The ordar of ligand field strength observed,
miast be assocliated with increasing sterie hindrance of the
particular aning. The ordaey of basicity, however, iz
unaffectad by steric factorse.

The ligands of Group Vb studied 1n the present work

wers confined to pyridine, §-picoline, guimoline and



triphenyiphosphing. The latter was chosen becarsa it had
already boen showsn that it stabilised carbonyl fluoridss
of gsome FPlatinum Group Metals. The others were chosen in
an attempt to characterise iInfrared active metal-nitrogen
vibrations, and to study the effect of increased stegric

hindrances on these wvibrations.



Chaptex 1.

Phoophine Metal Fluoride Compliegas,

Intradustion,

A wecent reviow axtiels by 4, Booth” discusses the

preosent Eunowledgs of phogphine complexss. Tersiavry
phoaphines shew o marked tandency te fowrn nonionie

somplexen, @eaddily ssluble 4n orgenlc solvente. Thie

(_4.{%

ig in contragt to the eeli-iiks complexes Fformed by
amnonis and amines. Fooegpbings ave particulsrly uselful
and versmaitile ligsuds, in that they Torm compovnds
containing both the highest and lowsst valency stetes of
the Transition lHetalam. The charvacteristics of phosphinss

By
!

ag ligands avre net very different from thome ol sarbon

e

N

monoxide {e.f. Cheptor & Ea Phogphines have enpty 34

orbitele cepable of acceptling plegsicctrons, and, in
adddtion, they have & i@n@ paiwr of electyens capable of
foraing & sligma-hond, Thue, shosphines sre sitrons
bapes, and combine etrong aigma-bond deonsy Tunetlong,
guch as gre found din amines with strong pl-bond accepiow
properties, such ag i3 the csse with carbon nounzids.

Thege effoscts ave also svident in phosphldes.

i{_‘)

V.uh

Triphanyighospblite might be expected to axbhlblt stronger

bonding @wwwg%%i@ than teiphenylphosphing, by vicioe of

the faect toat conjugation between the leong pain of

g/’)

gloctrons on the ﬁhﬂj phorug atom and the axsmatic wming
sonid be ezxpected %o be hindared by the interpositisa @f
the oxyeen sitom, thus rendering the phogphorus lonse pale



nore avallable oy sigma-bond formation. This argument
appears to be substantiated by the Tfact that triphenyl-
phosphine 1s displaced by triphenylphosphite in metathetical
reactions?® 8.

Attempts to prepare complexes with trialkylphosphites
have, in the pasty had only limited suecess. Trialkylphos-
phitas Torm complexes with heavy Transition Metals, egz.
platinumi{il}, and a few post Transition Metals, eg.
merveury (L1 Jo Reactlons wilth first row Transition Metals,
8g. cobalt(lli), nickel(ll), yield intraectadle olls, although
some reaction is indiecated by the obsasrvation of colour
chenges®. soms of the difficulty experienced in attempts
to prepare complerxes of trlalkylphosphites must be ascribed
to sterie hindrance. Howevsi, & new alkylphosphite, first
prapared by Terkade and Reynolds®, has shown remavkable
complexing propartles®?d, Its ability to form stable,
cerystalline complaxes 1s derived from the fact that the
lone palr of electrons on the phosphorus atom are readlly
avallable for co-ordination, and that stsric hindrance is
reduced to a minimume. The alkyl molety of the moleculs 18
& wing system, which 1s ecgentlally strainless. studies
by nuclear magnetle resonance speectroscopy? show the

meleculs to have the structure depilcted in Flg. 2.1
[ =
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Fimo. 1ol
This ligand, systopatically named 4-methyl-2,0,7-tvioxa
~lephosphablieyelo{f, 2,2 loetane (hereafier referred to as
M.%oPd, alse displaces triphenylpbosphins in metathetical
reactions.
in many cases, howevsyr, the acceptor chavaster of the

phoaphing nay be ot least as important as ths donos

charaglhe®, Thug triflucropbosphlne yieldse stabls complexes

and dn this ligand the donor character of the phosphorus
ione pairx 18 non-oxistant dus to the electronegativity of
the fiuvprine atoms. Since no conplex is obtained when
trifiverophosphine 18 reacted with boron triflucride; and,

sinece a very stable complez vesults by reaction of

platinum {1} ishloride with trifinervophosphineg, Chatt
reasons that sultable 4 orbitels arve a raquivement for the
formation of stable trifluorophosphine complexes. Tha

lack of donoer charaster in this ligand, however, is more

than offsed by the much enhanced electron aflinity of the

)



empty Qd-erbitals of the phosphorus atom. Because of
the inersassd pi-bonding character, trifluorophosphine
shews even greater similawity to carbon ﬂ@ﬁ@ﬁiﬁ@ than do
the tertliary phosphines. In a complex of the type
AgM@yﬁg)gg where ¥ is & Transition Metal, as the electro-
negativity of the B atoms op moleenlies increa asas, the drift
of electrons forming the pi-bond will partially neutralise
the induective effect of the R groups. Hance the avail-
ability of the lone palir Lforming the sigme-bond will not
ba impaired to tha same sxtent as would oceur in the
absence of the pi-bond.

Phosphing metal halides are well known wheve the
Relogen is chlordne, bronine or iodine. There ave,
howavaey, relatively fevw characterised complexes econtaining
phosphores and fluorine bonded to the same metal. Urbdd
recently the eonly such complexes were the derivatives of
trifiverophosphineg discussed by Peacoek®, vizg, PF308Fs,
PPaIlvFs ., FPaPAF, and PPgCof. NWo details as to the
strueture of these compounds have been given, altn@dgh
the lattey tvo are reported to be diamagnetic. Poacaek
also sugpaests that Moi&ﬁamsggg platinum comnpound should

hé Formulated FFaPYFs LAs such, the compound i3 a

preguaably have a phosphorus-platinmm bond analogous Yoseuld

pregsuaably have a phosphorus-platinum bond anglogous Lo


mailto:triflu@rophospbl.ne

the phosphorus-nickel bond in Wilkinoom 'e*® WL (PP dao

£ theosge aﬁdu@té owe thelir stablility to pi-bonding
then the sdducts of sulphur tetrafliuoride, sslenium tetra-
Flvoride and bromide trifluopide,; with Trangition Metal
fiuorides, could also bz considered %o possess bonding
from sulteble d-orbitals of the Trangitlion Metal to an
uncccupied d-orbital of the non-metal. Some adducts

rgported involving these ligands arve recorded in Table 1.1

Adduek. Belfarenge.
MEg o Bl g M= 0s, Ru, Ip 11, 18
MF - 8Bpl s M= Pe 13
MFg . Belg M= Py An 14
Mg o X, M= 0s, Ip, X = 8, B 18
MPgo250F, M= Pe 8
MFgo80F, M= Pd, Au 14

Tabla 1.1

The adduet formad by the action of bromine trifluoride on

L3

platinum{iV ivoride ", could be a compleox in which thers

s interaction between lone pairs of slectrons on the

fuin

bromine atem and the platinuwa, altheugh it ¢ usuvally
consildered ags being lonic.
The Cilest phosphing wmetal flroride preparved, involving

teiphenyliphosphine, was that reported by Muetterities®®,



Heacticn of Sungsten hexafiucride with triphenylphosphing
glvoe a Ll addust, whieh, on the basis of n.m.p. studles,
has been assigned the structure shown in Flg. 1.28. This

struettire 18 supported by the fast

"5
§
T
F

- %Dg%iﬁ -
Fig. 1.8
that the compler bobeves as an electrolyte dn liquid
sulphur dioxide. The range was extended by M@S$&69 who
raports the preparatlion of bi&(t?ipﬁemylphospnim@)platimwm
{23 Miuordide, the palladive snalogue and tris(triphsnyl-
phosphine Jhydeldedirlidiuvm{illl =difivorida. This worlk was
rapeated in the present study, but only the existancs of
the platinuwe compound eould, unaguivocally be confirmed.

The yisid of produect freom the irxidium reaction precluded

glementel analysis determinstlon.  However, the speclipuw

of the comnplon wag similay %ﬁ that reoported by Mossg., The
palladiws compound eould not be preparaed becauss of tha
instabliliity of the intermediate.

M@ﬁé attenptad to sxtend the serles to the first row

Transition Metals, partievlarly to Wickel. Atvenpted



fluorinations of bis(tri-n-propyi mickel{lllehloride owx
bis{triphenylphosphine micksi-dicarbonyl, in a vapiety of
erganic solvents, with silver fluoride or hydrogen fluoride
resulted in the formationr of nieckel fluoride, identified
by X-ray powder photography. Moss' studiss, hovever,
showed that hydrogen fluoride wags & useful fluorinating
agent for the preparation of phosphime fluorides of the
seecnd and third row Transition Metals. -

During the last fevw years many molecuklar hydrides
nave been preparsd, showing that metal-hydrogen linksges
arg much movg comnen than wag previously %h@&ghﬁ&?g and
compleoxes of this type have beoen established Tor the metals
of the Transition Opoups U to idk. The study of such
apaeies has been fasilitated by ths advant of nuclear
nagnetie ragsonance spaciroseepy. The proton in the metal-
hydride has a characteristic high field shifs®®. Thig
technique has bsen used to show that protonation of the
metal atom in metallocenes®?, earbonyls®, and phosphine
metal garbonyls can ba achleved by reaction with strong
agids such as concentrated sulphurie acid, triflucroacetic
agid and bovon triflucride monohydrate. Another vary
ugaful methed iz the veduetion, with borvohydride, of
conpoitnds such az phosphine metal halldes or cyelopents-

ddenyl metal halides®®°2®,



A very interesting method of producing hydrides, and
one which has also been shown to result in reductivae
carbonylation, is that involving'the reactlion of a
Trangition Metal hallide, a substituted phosphine or arsine
and an alcohol, usually in the presence of an alkali.

Veska and Sloane®? reacted ruthenium and osmium halildes
with triphenylphosphine and arsine in methyl cellosolve

and obtalined stable products formulated as [MX{Lkhgz )],
whare M 1s Ru or Os, X is a halogsn other than fluorins

and L is phosphorus or arsenic. Chatt and Shaw?e,

howevaer, showed that the alcohol was invelved in the
raaction of rutheniuvam, iridium and osmium halides with
disthylphenyliphosphine in bolling ethanolic solution.

From these reactlions they were able to isolate the cowmplexes
TrHaCL(PBEaPh lgy BuCly (CO )p (FBigrhly and 0sHCL(CO M iELaPh )i,
(B% is ethyl and Ph is phenyl ). These findings have since
been confirmed by Vaska and Diluzio®® who have shown

that thelr ccompounds ares in fact carbonyl hydrides. The
use of hypophosphorus acid®® has also resulted in the
formation of hydrides such as [RhClaH{AsPhgMa 3],  These
ﬁamplax@s wepre initlally incorrectly formulated.
Carbonylation of rhodium halides has also besen achieved by
reaction with tevrtiary phosphines 1n hot alecoholic alkali?®927,

Recant developments wilth ditertiary phosphines and
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arsines have 1ed to the proparation of vanadiwm®929

v}
&85
5%

i

GBed “f-‘;) iﬂ?@ﬁ‘ﬂ

" 26 5 ‘ s )
chrondum®®7% 9 molybdenuwm®®, tungsten .

cobalt®?9%% . atckel®®, palladiua®®®®® ) apd platinum®®,
complexes in which the metal is formally in the zZero
@ﬁiéati@m 8tate. Thaere are velatively fevw zero valsnt
Pransition Metal complexes raported where the ligend is
a monotertiary phosphing, and there ars no reporvs of
sueh complenes where the ligand is triphenyiphosphine,
with the ezeception of the metals platinum and palladlicm.

?% peported the prepavation of

Malateasta and Carielle
the complexes tebtrakis(triphenyliphosphine Jplatinumid) and
its pallsdivm analoghe. These can be prepaved by
renction of the potassium chlorometallitel(ii) salts in
hot alecholle alkald with triphenylphosphine. Chepoorian®®
@t ali&'smgg@@t@d that the platinum complex should bs
formulated as a dihyderide. Thelr evidence For this was
based on the identificaticn of chloroform from the
reaction of the tetrakis complex with carbon tetrachloride,
and from the spectrophotometrie titration of the complex
with breomine in wmethylene chloeoride solution. Alkall
titration of a vater extract of the resulting solution
showed that two squivelents of hydrogen bromide had been

A

produced. Mogs agraed with the formulation of these

avthors apd suggested that, by anology, the palladinm



conplox should h@ ainilarly formulated.

winee the platinum complex i8 an intermediate in tie
formation of the phosphine metal fluceride 1t was thought
pglevent to maks some attempt to substantliate one or othew
of the Tormulationg. It had baen shown that decomposivion
of the complex ocecurred in bonzene solution®®,
Congaquently, various concantyrations of the complex were
shaken in a e¢losed flasﬁ with benzene at room Lemperatir®d.
A yellow golition wag obtained, from which, on standing
overnight, & white pf@@ipit@ﬁ@ was isolated. The infra-
ead gpsctrum of this vhite material, obtained as a nujol
mull, showed mbsorption at 1675ems  and 816ems” o which
were abttributed to metal-hydrogen wibratlicns®®, and whieh
were not observed in the parent materialo The isolatiom
of chioroforn from & cavrbon tebtrachloride solution @f‘&
hydride speecles 13 characteriatic of hydrogen bonded to &
matal®?. £n consequenes, varying concentraticms of the
complex were dissolved in carbon tetrachloride and allowed
Lo stand at room btemperature for intervals of time ranging
from. two to twanty-four hours. In egach cage a white
precipitate was obtained, the infra-red gpectrum of which
wag ldentlieal with that of an suthentie sampie of
bioltriphenyiphosphine Jplatinumill lehlopide. V.P.C.

analysis of the filtsates im all cases shoved no trace



of enhloroform, nor could any obthew S&@h'@hlg&ﬁ solvent ba
ldentified. The tetrakis complex was boiled in distilled
water for thirty minutes. The yellow colour of the
starting wmaterial was discharged and a white solid obtained.
The infra-red agpscirum of this material also showed
absorption at 16?5amamL§ although the absorption at SiSems
was not identlfiied. NoMoBRe studies on the yellow tetrakis
phosphine complex did not exhibili rescnance whieh eould
be attributed to hydrogen bonded to a metal.

Unfortunately, at this time, Malatesta®® published a
paper following sinilar lines to the above sxperiments,
the conelusions of which avre identieal with the above
obsegrvations. Malatesta suggests that hydride formalion
may result from traces of water in the solvent, according
to the sguation

PL(PPhy J¢ + HgO === PgHy (PPhg g + OPPhg

Onn the bagls of the evidence presented it was coneluded
that the parent complex i8 a zero valent platinum compound.

Bis(triphenylphosphine Jplatinum(ll }flvoride, a
deorivative of the unknown platinum{ll )Wluvoride can be
prepared by passing o stream of anhydrous hydrogen fluopids
through & benssne solutlion of tetrakis(triphenylphosphing )
platinmm {0 ) o0 treated, the solution undergoes & series

of colony chapges with final precipitation of a white solid.



Altornatively, the zero valsnt tetrakis conmplex dissclves
in liguid anhydrous hydrogen fluoride, and the sames product
can bg isclated from this solution after removal of the
fxeass aclid. The product ig scluble in polar solvents
such as nethylene chloride, chloroform and nitrobenzens .
is stable to soncentratsd nitrice acld and is upaffected
by alkali. Bgeause it i lmsoluzble in nonpolay sclvents
its dipole moment has not been obtained. Some evidence
o subntantiate the formulatlion hag been obtained from
9 and **P n.m.r. studies in mathyleng chlovide. 1%
was cbvlous from thsse, however, that halogen exchange
occurrad at the high coneentratlons necessary for measurg-
ment.  Sueh & ecmplex of platinumiil ) should bave a
sguars plangr coordination about The metal. When warmed
gantly dn a suitable solvent, & pink form is obtained,
which, on successive reerystalliisation, reveris to the
original white devivative. By analogy with the correspon-
ing ﬁi@hl@?i@@gQ? it 18 suggested that the white form is
tha cig isomery. In all other complexes of this ¢type the
trans isomer 1s the more highly coloured®®,  The eis
argpangsnsnt is alsoc predicted by the Trauns Efrect®®.
The pilatinum atom in this, and analogous compolnds
prepaved in this study, appears to be glectronically

nnsaturated. Carbonyls of general formula LePL{(C0 }pFsa,



where L ig a phosphorug ligand, can be prepared by
pregsuriging a soluvion of the complex in anhydrous
hydrogen fluorlde in & steel bomb. For complexes in
which L 1s sither triphenylphosphine ovr teiphenylphosphite,
thiree peaks ave observed in the metal-carbonyl reglon of
the infra-red, one strong the other two weak or as
ghonlders on the main absorption. The pattern of peaks

il differont from that observed for the complexes

LoFa(C0 aXs, whers L 18 triethylphosphine, phenyldiethyl-
phogphine or ethyldiphenylphosphine and X is chloride,

bromide, icdlde or thloeyanate®t,



bxperimental o

"

For the reactions involving anhydrous hydrogen
ilmafid@? polythene apparatus was uged, axcept in prasgsure
reactionsg, in which cass experiuments ware carried out in
& stainless asteel bomb of 26ml capacily. Tha polythene
apparatis consisted of o flat bottom reactiocon vessael

gguipped with a screw cap inte which was welded polythene

inlet and outlst tubss. L% proved posgible, with
sritable procauntlions, fto evaguate this spparatus by

L

attaching the exit tubs o a wabter pump.

Bisf{txiphenvinbosvhine Jelatinun (11 Wluoride,

s . . L
Thiz wag prepared ace @&Gsmn to The mgthod of Mosg™"™,

from tatrakis{triphenylphosphine Jplatinum{o ), which was

‘&
";

C.i‘

obtained by the method of Melstesta and Cariello
Patrakls (briphenylphogphine lplatinumi{0 )y (lgm. ) vag
reacted with liquid anbydrous hydrogen fluorideo (5=10ml. ),
N & polythene vessel Immorsed In an acetons-drikold bath,
the anhydrouns fluoride beling condensed into the vessal
from o coylindero. The bath was remcoved, and the reactaats
plLiowed o come Lo POOR Temperature, when the excess acid

rayish

was removed In a stream of dry nitrogen. The g
vasidus remalning wog dissolved in methylenz chioride, and
this solution silrred into anhydrous dlethyl ethew, ylelding

a white precipltaite. This was washed with distilled water,



followed by diethyl ethor and drled 1n vacuum.

Analysis, C = §7.8%, H = 3.37%, Pt = 25,9% (found )

(PPhg )s PPy vequirves C = 57.1%, H = 3.988%, Pt = 25.7%
(theowry )

Pis{triphenviphosnbite Jolatinmml{li ) inorides

Totrakis (triphenylphosphite )platinm(C), was preparad
from tetrakis{triphenylphosphine Jpiatinum{0) by %the method

e . o Y
of Malatesta ond Carisilo” .

Tetrakis{triphenylphosphite JplatinumiO ), (2gn. ) were

teeated with snbydroug hydrogen fliuoride exactly as

degeribed for the phosphins complex. Gn removing the

areass acddy a grayish, wisgcous liguld was obtained, which
a8 dissolved in methylene chlorids (Smil ). Atbempts to

proacipitate the complex from anbydrous diethyl etheyr were
nnsuecessiul. The only solvent found to effect preocipit

vion was n-hgpitang. Treated suceesgively in this way,

jax]

the complex was evantually obtainsd ag a white solid.
Alternatively, triphenylphosphite, {0.25g) in methylene

chleride (5ml ), was added to bis(triphenylphosphine )

platinmill iivoride (0.2¢) in methylens ehlovide (5ml ).

The resulting sclution, when added te diethyl ether,

filtered, washed with ether and dried in vacuum gave 0.18g

of a white solid. Tha ccomplexr prepared by elther method

analysed to the Fommulae (POsCygHs g ko Ptis



% C % H % P %P % Pt
52,75 3.79 7. 66 5,0 22,68 (found )
53008 &old 8,01 5,08 82,91 {(found )
50,65 oS4 T.26 4045 22,87 (theory )

The analysis for carbon was always high for this complex

s

but the analysis for other elements is satisfactor

&

0
The displacement of phosphine by phesphite in thiz reaction
18 analogous to the displacement reaction which occeurs

when tetrakis(triphenylphosphine Jplatinum(Q) 1s tweated with
triphenylphosphite®® or M.T.P. the stvieture of the latter
ig shown in Fig. l.1. The physical propertieg of the
phogphite fluovride are gimllar to those of the phosphine
fiveride. IV iz gtable in both acid and alkali, inscluble
in noppolar solvents, and exbtresmely soluble in polar
solvents, partlcularly helogenated solvenis. On warming

a selution in methylene chloride a pink form of the complex
is obtalned, from which the white form can be rogengrataed

by treating with disthyl ether.

Totralkis (M. TeP. Jolatinum(0 ).

(MoToPo = d-mothyl-2,6,7-tploxa-l-phosphabieyelol(2,2,2)
octana ).

M.ToPs wag prepared by the method of Verkade and

Reynolds®.



Yatyakls(triphenylphosphing Jplatinum(0), (2.79g) vere
dispersaed in hot ethenol (10ml ). The yellow colour of

the aryl complex Wa s discharged on adding, with stirring,

a hot ethenolic solution of M.ToP. (l.4g)e A clear
solubion was obbained (15 minutes ), from which, on cooling,
& white precipitate gradually devaloped. The solld was
filtered, washed with hot ethancl and drled in vacuum.

The complex analysed to the Formule PE{F0sCsHg s

Analysis.

% ¢ A @ P % Py
G056 %o GO 15081 24,6 (found )
30.85 e BF 35,73 273 (theory )

The infra-pred apectrum of this complsy., in the region
%OQQ@?@QO@mQ&xg wag not particularly diffevent from that
of the ligand. Reo. gvidence, from infra-red, was obtalined
whiech would indieste hydride formation or @afbonylatigno

Tetrakis (M. T. P, Jplatinum(0 ), (0.8z) was reacted with

liguid anhydrous hydrogen fluoride as deseyribsd previocusly.
After renoval of the sxeess acid, the crude produect,
disgolved in methylene chloride, wag added with stirpring
to disthyl ether ylelding a slightly pink coloured solid.
This was washed with ether and drisd in vacuna. The
analysis indicates the formation of the bislipand metal

Tluorilide .
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{a ) Banzene.

Petrakis (triphenylphosphine Jplatinum(0), (0.5g) was
added %o 10ml bengzene in a clesn dry conlecal flask. The
flask wvas stoppered, shaken to effect dilssolution, and left
overnight at room temperalursg. The yellow colour gradually
faded with precipitation of a white solid. The speetrum
of this material showed absorption at 1675cms” and SiScms .

(b)) Carbopn Tetrachilorida.

Totrakis (triphenylphosphine Jplatinum (0 ) {Ooﬁg) WAS
added to S5ml Anslar carbon tetrachloride in a clean dry
conleal flask, The flagk was stoppered and shaken for two
hours in a mechanical shakepr a2t room temperaturs. The
yallow colour of the solvent vwas gradually dischaxged and
a white precipitate obtained, the infra-red spectrum of which,
in the region 4000-700cms ", was identiecal with that of an
authentic sample of bis(txiphenylpha&phin@)plétiﬂmm(ll)
ehloride. ToPoCo analysis of the filtrate showed no trace
of ebhlorofori. This reaction was repsatéd for intervals
of time up %o twenty-four hdmrgo The same observations
ware noted.
iMﬁ&@gm

Tatrakis{triphenylphosphine Jplatinum{0 )}, (0.058g) was
boiled for thirty minutes with distilled water. The

yallow colour of the complex gradually faded and a white



sollid was obtained, This was filtered, wasghed wlth ethanol

and diethyl ether and driled in alw. The spectrum of this

, o o . I
material showed an infra-ved peak at 169Scms o

Beactliong of LnbiFa,
L = triphenylphosphine oy triphenylphosphite ).

Fogaction with Carbon Moxoxidg.

Bis (triphenyiphsophine Jplatinum{ll }luoride, (0.5g)
wag addsd to & stalnlesss stesl bomb, which was then
avacuated. Anhydrous hydrogen flucride was condensed
into the homband a pressure cof carbon monoxide applied.
After rockling overnight, the wvolatile products wgrae
raleased, and the residus taken up im methylene chloride.
On adding this solubtion to diethyl ether, a pals yellow
s0lld was obtained, which, after filtration, washing with

$her and drying in vacuum, analysed to the formula

(PCpHys )2 PE(CO )aFy.

Anslysla,
% C % H % Py
5663 4,60 3006 (found )
370 - 4,00 240 1, (found )
56,0 3,79 24,0 {theory )

Carbon monoxide was evolved on treatment with an excess
of pyridines the regldug after this reaction showed no

carbonyl bands in the infro-red spectyrum. i mol. of



complex gave 1.63 moles of ecarbon monoxide. This figure
i not corvected for the solubllity of cavbon monoxide in
the golwvents used and 1s taken to confirm the complex as
& dicarbonyl.

Bigs{triphenyiphosphite Jplatinum(ll ivoride was
similarly treated. The residus was pale ysllow and was
roerystallised from wsthylene chloride -n- haptana, and

analysed o (P0aC;eHys 1aPH(CO 2P,

Analysis.
% G -k H % P b
51.01 e B8 ToBL o 70 (found )
50,17 333 7.30 4.18 (theory )

Roasetion with Boron Tvifluvoride.

Bia(triphenylphosphine )platinum (1l )luoride, (0.8g)
was added to a steinless steel b@mbg which was then
gvacuated. Anhydrous hydrogen fluorids was condensed
inte the bomb. Boron teiflucoride, from a cylinder, wasg
bubbled through a conecentrated sulphuric aecid-borie oxide
mixture, and the issuing gag collgeted in a trap,
convaining bovic oxide, cooled to =180°C. Atmospheric
noisture vas excluded by means of a celecium chlorids -
phosphorus @@mt@xid@Adﬁying tuba. The trap was then
trangforred Lo a vacuum liney eoclsd to ~-180°C, and
gvacuated. The boron trifluoride was distilled imto the

bomb, cocled with liquid nitrogen, by heating the trap in



an agotone - drikeld slmyyys Pinally & prassure of
carbon menoxide was applied to the bomb which was ther
left to shake overnight.

Volatlile gases were allowed to esecape into a Tume

chambor, A brown gunmny residue remalned after the sxcegs

el

solvent had bgen wemoved by distilling, In vaguumy into

a silica Ttrap. The residue was taken up in methylenc
chloride {(Snl ) and added to diethyl sthsy which precipitated
a pale yollow solid, This was filtersd, wvashed with ether
and dyied in vacuum. The geolid analysed to the formule

{E@lgﬁig );3;?‘%3 {CQ ):‘;?. {E?@ );g,

Analvaig.

% ¢ % % P % ¥ % B
54..55 B0k 6061 15093 2,26  (found)
48,05 3,16 6053 16,02 2,32  (theory )

T 48 difficult to account Tor the high carbon analysis
in view of the good coprrelation between theory and found
for the other slements. However, each time analysis
wvas earried cubt a high value for cavrbon was obtalned.

taaction with Hydyogen,

Bis{triphenylphosphine Jplatinum(ll ¥lvoride, (0.5g)
dissolved in methylene chloride (15am1) was added to a
stainless steel bomb which was then preossurised with

nydrogen from a cylinder, and shaken at room temperature



for twenty-Lone hours. The excess gas was releaged and
the solution stirred into disthyl etherx. A white
precipitats was obbained, the infra-red spectrun of which

was almost identieal with that of the starting material.

o

iffarences wars confined to the presence of weak infra-

rad peaks at 2358 and BﬂgﬁﬁmEM&u However, attenpts o
vopeat this gspectrum were unsuccessful, It would seem,
therefora, that an unstable hydride 1z formed during the
reaction. This reaction is analogous with that reported

by Vaskn and Diluzio®™®. These authors reacted IrGliG0)
(PPng )» in benzene solutlon with molecular hydvogen at

roon temperatire and obtalned an aly stabls, though light
sensitive, hydride speeies, IrH.CL{CO M PPhgls. Formally,
a2t least, thiz 43 an omidation of iridium(l) %o iridiom(iii)
by molsculayr hydrogol. This complex weacts with hydrogen
chlorida, Liborating hydrogen, Torming a mononydride

apacies (pHCL1s {80 ) PPhy oo This latter complex can also

ba obtained by reacting the original menochlorcearbonyl
with hydrogen chlorides Forthew, the monoehlorocarbonyl
rgacts with elemental chlovine giving a trichloro derivative
TeGlg (CO MPPhg oo  Tn thess yresctions both hydrogen
ehloride and chiorine are aeting ag oxldising agents.

The authors stabte that these molecules, hydrogen, hydrogen

70

ehloride and chlovine nugt be considersed ag Lewis acids



{or oxidants) in thege reactions, that is to say,
aeeaphing electrong form univalent iridium for covalent
bond formation. '’

In the platinum reaction described, hydrogen may be
acting as an oxidants on the other hand it may bg that
the hydrogen ig chemisorbed on the matal atom. Pliskin

b3, A 1 o A, 8 o~ . - ,
%2 have studied the chemisorpbtion of hydrogen

and Bischsns
on alumins supported platinmi. Thely results show that
sueh & specles hag a detectable infra-vred spectrum for
nydrogen chemisorbed on platinum.

Reaction of bis(triphenviphegphina platinunlil ehliorida.

Bis{triphenylphosphine Jplatinom {1l Jehloride, (lg)
wae added to a polythene reactlon vessel into which was

condensed anhydrous hydrogen Lluorlde as previously described.

£

Removal of bthe excess aeld left a falntly pink coloured
solid, which wag dissolved in methylens enloride and the
golutlion stirred inte disthyl ethewr. A white solld prec-
ipitated. This wos washed with diethyl ether apd dvried
in air. Unfortunately, only a pavrtial apalysis could ba
obtained for this couplex. This data suggests & PsF:ClL
Patio of 4:5:8 and is taken a8 indicating o mixture of

substances.

FP = 7,58, B = 5,54, A1 = 3.95.



Phogphine Palladiup Fluorides.

Moss™? reports the praeparation of bis(triphenyl-
phosphine Jpalladivm{ll ivoride from tetrakis(triphenyl-
phosphine Jpalladimmi(Q ). He was unable to prepare The zerc
valont teobtrakis complex by the method of Malateste and
Angoletta®®. Reduction of bis{triphenylphesphine Jpalladium
{13 ehloride in alechol in the presence of an excess of
teiphanylphaosphine by sodium bovohydride, however, gave
the desired product. In the present study, attempts to
propare bthe Ltetrakls complex by methods of Malatesta wewre
alse unsuceassiul. Consequently, bils(triphenylphosphine )
Palladiem{ll Jehloride, {(ig), and triphenylphosphine, (0.75g
wore added to ethancol (3Bees) in a three-nsck reaction flask
fitvted with a nitrogen inlet, mecury seal stirvrer, veflux
condensar and dropping funnel. The reactlion mixzture was
heated on 2 steam bath and 0.05g sodiuvm bovohydride in 10ces
gthanol was added dropwlse gver & period of five minutes to
the stirred reaction mixturs. Heating and stirring were
eontinued for one hour, and a nitrogen atmosphers maintained
throughout. A yellow solld was obtalned which immediately
turned orange in alr, (as was reported by Malatesta and
Angoletia ) and sventually turned black. Attempts to isolate
sufficlent of the material by filtering in a nitrogen bag
ware unsuccessiul.

Since hydrogen chloride 1s virtually insocluble in liquid
anhydrous hydrogen flucride, attempts wore made Lo prepare
the phosphine fluoride by reacting the phosphine chloride
with 1iquld anhydyrouns hydrogen fluoride. Bis(triphenyl-



phosphine Jpalladimm(il Jehloride { 0.8g) was added
20 a polythene reactlion vessel anc anhydrons hydrogen

fluoride condensed into the vessel at =789%. The solution
was allowed 1o come to room temperature and appear@ﬁ|ta have
a reddish tinge. On removing the excess hydrogen fluoride,
with a strean of nitrogen, a desp ved ecoloured product was
obtained. & solutlon of this in methylens chlopide was
atirred into dlethyl ether giving an orenge-red precipitate
which wag filtered, washed with etheyx, and alr dried. The
raaction was repsated saveral tlmes, but insufficient
material wag obtained for elemental analysis. However,

the infra-ved syﬁetgam of the orange solid, in the region
&OOOw?O@@m@m& wags different Lfrom that of the starting
matorial, although Boilstein's test showsed the presence of
ehlorina. The mein difference in the apecetra was the

~% with medium %o

prasence of a strong absorption at 833ems
o - w3, .
weal shoulders atb 348, 258 and 378ecms . Thesd may be due

to P=F vibrationsa. In FFg. absorptions at 938, 948 and

s b, . L - - -
957cms  are attributed to the P-F vibrationd)) and in (MFg)

\al

©% 15 observed at 3Beng o

3

the infra-raed active peak

Other Piatiown Group Metals.

Relatively few characterised carbonyl fluorides aye
known. The first such complex was prepared by Sharp®® by
reaction of platinum{iV¥ )flusride with carbon monoxids.
Sublimation of the reaciion pyoﬁm@t gave a yellow complex

which, on the basis of imfra-red and analytical data, was



formnulated PE(CO )Fg. An analogous reaction with rhodium-
(37 ) 1lucride gave an orvange-red product, volatile at room
temperature in vecuum, and more stable than the platinum
compound. On the basis of infra-red, analysis and
molacular welght determinations the complex is formulated
as {BRhiC0 1aFg )o The absence of peaks in the beidging
carbonyl wegilon of the infra-red suggest that dimerisatica
is via fluerins bridges.

Russall®® has found evidence for the existence of othew
carbonyl fiuorides of the Flatinum CGroup. Reaction of
platinum{l¥ XXluoride with carboa monoxide at room temperature
gives a non-volatile product Tormulated as PL{C0)aF4.

This compound dispreportionstes vioclently if heated sbove
80° giving PL{CO W Fg. For ruthenium, the product differs
depanding on the method of preparation of the metal fluoride.
Ruthenivm (1LY Joromide, fluorinated with bromine trifluoride,
gives & product which, when pressurised with caxbon
monoxide atv room temperature, glves a dark solid from which
& white coapound can be sublimed at 100° in vacuum.  An
infra~red golution spectrum ¢f this material in carbon
tetrachloride shows tvwo weak and one strong band im ths
carbonyld region. The fluorlde, prepared from the elements,
shows 1ittle or no reacticn with carbon monoxide undep
pregsure unless the temperaturs of reaction is raised to

about 10DC. In this in%tance, no sublimate was obtained,



S i

but a carbon tetrachlovide extraet of the preduct showed

an infra-red speetrun similay to that of the white sublimate.
The yield of product from.thése reactions precluded
glamental analysis. SGimilayr attempts, by Russell, to
prepare carbonyl fluorides for osmium, iridium and paliadium
proved unsuccessiul. Metheds inveolving the reactlon of
fluorine oy metal flucrides with metal carbonyls have &lso
boen unravarding®?,

Since carbonyl fluorldes of platinum avre quite stable
when phesphorus donor molecules arve also present in the
complex, attewpis wore made Yo produce simllay species Low
some othey Yilatinum Croup HMatals. The reactlons involving
the phosphine flucrids preszurised with carbon monoxlde gilve
very low yields of the desired species. Sinee fluorination
with anhydrous hydrogen fluoride appeared to b quite well
gstablished, attompts were made to fluorinate vhosphine
carbonylis with this reagent.

Rut benium.

Ruthenfum{1il lehloride, (lg) and triphenyiphosphine

(6g ), were refiumed together in Z2-methomyethanol (200ml )

for two hours. The ezeess gsolvent was pemoved by distillation
untidl the volume in the reaction vessel was 25<-850ml.

This was #filtered hot to vemove insoluble materilal gilving

& dark brown erystalline solld and s deep red solutlon.



Bxeess methanol was sdded o the filtrate and ah orange
precipitate was obtalned.

Brown Crystals,

Bedlstein ‘s test showed the presence of @hl@fim@o An
infra~roed spoctrim of this mateyrlal as & nejol mull, showaed
absorption attributable to metal-carbonyl at 18?5cmsmao
Peaks attributable to metal-hydrogen wers absent.

This complex wmelted, with decomposition at 240-245%.
Analysis.

C = 57.875, H = 4,08%, P = %.98%, C1 = 13.87% (found )
{PPhp )aBu{CO 0Ly voquires § = 58.46%, H = 3.98%, P = 8.16%

Gl = 14.0%

Orange Fragipiitate.

Bailstein's test showed the absence of chlorine. AR
infra-red spectrum (nujol mull ), showed peaks in the metal-
hydrogen reglon ab 2006ems " and 1958ﬂms&A9 and an intensa
sharp peak at 1923cms”™" with o weak shoulder a% 180Zcms™"
attributable to metal-cavbonyi. This ovange compound melted
at 1409, and elemental analysis gave, € = 66.78%, ¥ = 4.71%,
P = 2,668 (found ).

(PPhg )aRuiCO MHy ?@qﬂﬁ?@gg‘@ixﬁ?“67%g H = 5,08%, P= 9,42%.

Both of thosw products were reacted with liquid
anhydrous bydrogen fluoride in the manner previousiy
deseribade

The veaction of the trichloro carbonyl gava sone



decomposition, but the only isolable compound recovered
proved to ke the starting material. The trishydrido
carbonyl, however, gave a pale green solid Irom the reaction
with hydrogen filuorlde, which was isclated by precipitating
& methylene chloride sclution of the crude weaction product
with diethyl ethew. The infra-red spectrum of this
materiail in the region %ﬁﬁ@@?ﬁﬁﬁmﬁm& was very similap to
that of the parent material. The only differvences
oeceurrgd in the metal-cazrbonyl and metal-hydrogen reglonsg.
Yibrations atiributable to the latter were abkeent in the
piroduet, and the Trequeney of vibratlion of the former wag

A

- - > "-15&
obgserved as & single intenss peak at 1888ems 4, de. a shift

&

A

of some 4lems™ " from Cthat observed in the parent conplex.

Analysis.

C = 82.78%, H= 4.17%, P = 9.01%, P = 7.93% (found ).
{FPhg }pRufCO Wy requires € © 62.538%, H = 4.26%, P = 8.72%,
P o= 8,08%.

Dsmivm,

hummenive hexabromoosmate (1Y) was prepared by the
method of Dwyer and Gibson®®. ig of the osmate and 4.5g
triphenyiphosphins vere mixed in o beaker with 2-methoxy-

ethanol after the methoed of Vaska®®.

The spectrum of the
white earbonyl hydride, obtained by precipitation with
methencl frdm the bot solution, was identical with that

raported by The anthor.



Loz of this complex, of formula{PPhy )s0s(CO MHBr, was
roacted in polythens apparatus with liquid snhydrous hydﬁog@m
floorlide in ths menner already dogeribed. On vemovling the
9xeass acld, a rather dirty brown sludge was obtaiped.

This dissolved completely in methylene @hl@?i@@‘(ﬁmlho On
adding the sclution to diethyl ether, & pale ysllow solid
pracipitated. Filtration and washing with sether g&?@ a
pale ivory-yellow solid, the spectrum of which, as a nujol
aull, showed a single sharp absorption at 1945ems”" asg
compared with three peaks Tor the parent material. These
absorptions ave assigned to the C=0 strebteh in the metal-
carbonylo. The absorption al glaﬂamgmgg assigned to metal-
nydrogen vibration in the pawent, is not observed in the
py@dﬁ@%@ Anslyeis of the fluorinated species gilves

¢ = 88,97, H= 3,78%, P = 7.87%, P = 8.88% (Ffoumd )
{PPhg }208(C0 Py vequires C = 55.58%, B = 3.78%, P = 7.75%,

P = 7.12%
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Anhydrous hydrogen fluoride is extremely reactive.
Sulphuric and nitrle acids are both protonated in liguild
anhydrous hydrogen fluoride. It resembles water and
ammenisa in 1ts physical properties. ALL th?@e'have
anomolous boiling polnts, with respect to other compounds
in thelr groups, atbtributable to strong hydwogen bonding
batween the moleculesg. The dieleetrlc constant of
hydrogen flucride ls comparable with that of water and
ammoenis. Table l.4. shows the comparison of thess

physical properties.

Compound EF HC1L H Br 5L
Disglectric

Cﬁnst&ﬂﬁ @506(@06 ) ‘;};0 6(8'?6‘?06 ) 3082(%0 ‘?CG ) 20 @(gloz?gc )
Boiling

Point 19,5 =85,.8 =871 =360
Compound HgQ Had HpSa HoTa
Dielectric '

Constans &L (25 ) 5.75(10°C) - =
Boeiling

Point °C 100 . ~6L.8 =42 =Lo&
Compound gl Hp P Hoh s HeSb
Dielectric

Constany 22(=34C ) 2.70(=25%C ) 2,08(18C) 2.88(-50°)
Boiling ‘

Point °C =385 ~8G.% <5409 -18

Table 1.2



I¢ 48 doubtful if the specific conductivity of the pure
anhydrous compound has baen obtalined, although ssveral
workers have made vigerous afforts to do 8o. Runney

8t alia®? woport the epseifiec confuctivity of liquid

<6 &

e d -
anhydrous hydrogen fiuoride a$ 2.6 x 10 “chms o emg ~.

at 0%, Theae authors alsc veport that the conduetivity
of their extremely cerefully prepared sampled increases wilith
time, and partieularly so 4if the liguid 18 in econtact
with a mebal, pregwmabiy the elsebrods. Congidewring
these facts, ionisation may be appreciable in any reaction
involving the uge of the anhydrous 1liquid., The lonisation
ey bs gonsidered asg,

SHF o= HgF F
in spite of the fast that the golvated proton has not
boen identified. On solvent theory, any substance
whieh increases the concentration of the anion character of
& 801f lonising solvent lg basie with respect to thai
golvent. Any substence which ineresses the eohcentration
of the eatlon character 1s an acid. Clifford et aliad?
have studled the hydrogen fluoride system and find that
there are relatively few gsubstances capable of acting as
acids 1a this system. 0f the many substanees investigated,
only four were found which were capable of dissolving

sleciropusivive metalsg. Thege are antimony and



arsenie pentafluorides, boron tirifluoride and stannie
fluorides In oxdeyr to emsure that their criterion of
acidity wag valid, wiz, the dissolution of slectroposlilvs
matale, they used sevaral different metals whose salts
might be expected to wary in solubility, in an attémpt to
obviate pasglviiy. A second reason for failure in thelr
chogen eriterion might be attributed to & slow rate of
evolution of hydrogen. However, Clifford®' has shown
that the hydrogen ovarvolltage on & dropplng mereury
alectrods 1s only 0.4V im HF compared with about 28V im
water. Thay coneluds that thls latter factor should bs
unimportent in liguid hydrogen flucride solutions.

In vigw of these facts 1t ls difficuly to imegine
any of the complexes in the present study scting as acids
in liguid annydrous hydrogen fluoride. Consequently they
are probably either neutral or basie in the solvent.
Thore 18 an abundance of gvidence for protonated speeies
of Transition metal eomplexes in the literaturs, (references
19,80,21 and 82). Foyr example, Iron pentacarbonyl is
protonated ln trifluowcacetlc acid-boron tyrifliuvoride bydrate
mixtures and bis(triphenyliphosphineg Mrontyricarbonyl 1s
protonated in concentrated sulphurie acid. It is
suggested, thersfore, that the complexes prepared im the

present study sct as bases in liguid anbydrous hydrogen



£iluoridae, the protonated speeles loosing hydrogen with
formation of the fiuoxide. The veactlon LTop the
praparation of , for example, the phosphine platinum
Flvoride, 18 thereflora,

Po[FPhple + 2HF o= [PPhglaPtFa + Hp + 2PPhg
thae libsrated triphenylphosphine baing pressnt as the
phosphonivm fivoride. WWo attempt was mada ¢o dateet the
prossnee of hydrogsn. The presance of the phosphonium
Fluoride 48 inferyed Lfrom the regction of triphenylphosphine
with hydrogen £iuneride. A water soluble preduct was
obtained which, on treating with alkall gave tripbhenylphos-
phine.

In all of the reactions degeribed, oxidation of the
sontral matal 18 achisved. This is, perhaps sueprising
congidering the nature of the reaction medium. It 18,
howsver; no more surprising than Vaska 's®? oxidation of an
Ividivall ) complex o ono of iridium(illl) by moleecular
hydrogen at woom temperature, or the similar oxldation
with hydrogen chlorida. Indesd, if the suggestion that
the moleeules, hydrogen, hydrogen chloride, ehlorine, and,
for this study, hydrogen Fluoride, act as Iswis acids im
these reactions is valid, then this also supports the idea

of protonation of the central metal.



Platinum Complexes.
The bonding in LaPtFs, where L 48 ¢tvriphenylphosphine

o¥ triphenylphosphite is visualised as donation of the
long paix of eleetrons from the donor %o the metal, with
fovmation of & sigma bond, the dative pl-bond being formed
by overlap of a f£illed 4 or dp hybrid of the metal with
@ vacant pyd ox dp hybeld of the domor. This will confew
gtrong bonding in the plane of the molscule and the central
matal ghould then bae sleetiron def&@i@a% above and balow
the molecula® plang. It is to b3 expected, therefore,
that this complex should further react with donop
molecules, provided ligand-ligand repulsion 18 not too
BPaat.

That other ligands can be accomodated is shown by
the reaction with carbon monoxide, with the formation of
Lp (€0 )abeFz. Since the pattern of pesks im the metal
carbonyl region of the infra-red for these complexes is
different £rom that observed by Chatt et alia®®, it is
p&@smm@d th@% the stereochemigtry of the present complexes
nugt be different from that described by these authors,
who asgign to their complexes the structure (Pig. 1.4)
on the bagls of infra-red spoctra. The peals observed in

the earbonyl region Tor the
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phosphine metal carbonyls, related carbonyl fluorides and

Chatt ‘s carbonyl complexnes are recorded im Table 1.3

Compound o Fragueney (ems™2.) Referencg.

co 2143 52

Pt (CO )aFg 21.6%, 2120 45

PE(CO )aly 2817, 2175, 1842 46

(PPhg )aPL(C0 Py 2152, 2108, 2083 16

[P(OPR)3]aPe(CO 5Py 2079, 2127, 2092 present worll:

(PPhg JaPL(CO a (B, Ja 2127, 2123, 2105 present work®

[RR(CO }aFgla 2103, 2086, 2035 45

(G0 )y 2180, 2126 46

(PPhg JaBulCO Wy 1965 present work®

(PPhy )203(CO ¥y 1.945 present work®

(FBog )aFa (GO 1,615 2014, 1963 41

(PREg Jol'o (CO JaBry 2009, 1258 47,

(PR )aPa (CO aig é@@a&g 1963 4

(X Recorded as nujol mulls on a Grubb-Parsons DPB-1 S4
Spectrophotometer

TRecorded as nujol mulis on & Perkin-Blmer 125
Spactrophotometer.)

Table 1.3



1% 49 reasonablc to ezpect donation of long pairs of
algetrons into regions of low electron density. ;f the
postulate that L PeFs 48 slsetron deficient above and
bolow the molecular plein is valid, then 4i¢ is sﬁggestad
that the stercochemistry of the present complexss ig
degeribed by Flg. 1.8, Such a

CO

(R = triphenylphosphine or triphenylphosphitey X =

flucrine or tetrafluoroborate )

Figo 1.5

stereoehenlstyry sheuld wesult in only one infra-red active
C=0 stretching vibration®®. In the spectra, Fig. 1.6,
there 12 only one strong poeak in the carbonyl reglon,
although shouldeyrs oy weak peaks aye apparent. These
may arise fyom small proporiions of othey isem@tfi@ speeles

or thoy may be overtones of the fundamental vibration.
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(PE”&‘?L@ )a PE(CO )gf"g}_{ {PPhg Ja PE(CO )y (B, o [ﬁ’(Ok’k‘a )adaPe{CO )aFa
Filgo 1.6

The infra-red specteum of the tetralluoroborats
ecaplex in the reglon 1250w§@0@m8”& 18 not much @iff@r@@ﬁ
Fieom %@aﬁ of the pawrent fliuvoride. Triphenylphosphine has
hands at 1086, 1064 and lﬂﬁ@emgmag the ph@éphﬁﬂ@ fivoride
has bands at 1092, 1063 and ooSems™ .  The tebtraflucroborate
complex shows absorption at 1092 snd 995ems™ , and, im
addition, has ¢vo intense bands, with ill-defined maxime,
0 the vegions 1064-1047cms” omd 1030-1023éms” . This
18 in the region in which the teitraflurorocborate iem 18
axpected %o absorb. However, in donic tetrafluoroborates,

g uswally very broad and

the absorption at 1200cms”
intensa. The fact that in this complex the absorption 1o
resolved into two peaks 4is taken to indicate some partial
eovaleney in the bending between the anion and the metal®®.
(Coordinated tetrafluorcborates are diseussed im Chapter 4 ).

Sinee the pattern of peaks 4m the carbonyl veglon for the



tetrafluoroborate complex is not much different from that
for the phosphine metal carbonyl fluoride, it is suggested
that this is evideneé for the coordinate nature of the
bond batwaen the anion and. the central metal in the
tetrafluoroborét@ complex.

The instability of the phosphline hydrido-metal
L£lvoride could also be ascounted for by this structure
(Fig. 1.5), considering hydrogen in the sites occupied by
garbon monoxidae. I£, as Vaska®d guggesis, hydrogen in this
type of reaction acts ag a Lewls ascid, then the platinum-
hydrogen bond will bs very weak bscause of the slectron
daeficiency above and balow the molseular plane in bis(
¢triphenylphosphine Jplatinum (11 )flvoride.

Bondiog in LnPE(C0 )aFao

To account for six coordination in these complexes,

one must invoks the use of 2 638 orbitel. The formation

of 8ix equivalent bonds using a S546s6pdsdd combination
has been shown by Craig et alla®® o be energetiecally
uniikely. As an explanation of the bonding 1n these
complexes 1% is suggested that the planar part of the
molgeule can be regarded as a hybridisation of the
546s6p® orbitals, the other two bonds in the completed
q@tghadr@n being a hybrid of the wemaining 6p with a &d
orbital. This explanation has bsen used by Harris and

Nyholm®® to explain the bonding in LﬁmQ&FSiﬁ@)gIg]¢o



The Gye.ya orbital combines with the 6s and twe 6p orbitals
té-g1V@ four planar hybrid bonds. The £illed 4,3 orbital
ig perpendicular to tho plane, pointing Lowards the
remaining two positions of tho octahedron. Ligands along
this azis awe, therafore, expected to suffer a repulsicn,
with é@ng@qm@mﬁ elongation of bond lengtho X-xay resulis
on the gold dlarsing éompl@gﬁﬁ show that twée of the bonds
are longer than usual, supporting this gﬁ@ﬂi@tié@o

Horrls and Stephenson®? have also used this eoxplanation
o account for the configuratiocn and dismagnetism of
LPE(WHg )g (CHgCH )]G, X-ray and magnetiec moment studies
on bi%&%?iph@ﬂglgh@@ph&ﬂ@)di@arb@ﬁylplaﬁlnum(ll)flmnfid@
would be well weorthwhile,

For_Jngrnred Spactrn.

| The far infra-ved spectra of these platinum comploxes
hé@ boen particularly unvevarding. The spoetra observed
in the region 650-200cms ", for the complexes studied are
racordad in Table 1.4 (for the phosphine complexes) and

Table 1.5 (for the phosphite ecomplexes. )



PPhgg_‘ (PPhg )a, PT (PPhg JoBEFy (PPhg )3 P (CO )oFa (FPhg )g Pt (CO )o (Bij):&

e17™ - 617" 613" 613.8"
59970 . - - -

= - 552,57 552,5" 555,57
540.5" 546.4" 540,50 - -
510° 5B 5098 510° s11° s18°
495 - 5005 507.6° 507.6°

- - 480,7% S 480° 0 460,80
g™ 449"  449.5% 449" 436, 7"
a20™  418.58Y  420.2" 420" 420.8"
308" 400" 400 400" -

(Triphenylphosphine also has a weak peak at 270cms™* and

a waak doublet at 251 and 245cms™>. Absorption im this
ragion was not observed for the complexas. All
frequencies are reported in cms™ . )

Table 1.4



P{OPh ); [P(OPR)alaPe [PLOPR)3]aPtFs [P(OFh )3]2Pt(CO JaFy
606° 617.2° 817.3" .
597" 591.7 595.3" -
555.7° 571,560 555,77 565,77
540.5°%  s43.6" - -
- 526,25 518.5°° 515,479
- - 502.4% Sh 502445 SB
492.67°%  487.7° - -
465.1°  467.8° - -
444,458 438.7°" 446.5" -

(Spectra recorded as nujol mulls on polythene plates, on 2
Grubb-Parsons DM2 Far Infra-red Spsctrophotometers
s = strong, m = medium, W = weak. sh = shoulder.

Frequency in cems™®. )

Table 1.5

The platinum-carbon stretch in Kp[Pt(CN )3]13Hz0 i1s
assigned to the vibration observed at 505ems™* in this
compound®t., In mononuclsayr carbonyls, the metal-carbon
stretching vibration variés considevrably depending on the
symnetry of the specles, and also varies for the metals in
a Transition Group. In the Group V] hexacarbonyls, whers
the symmetry ig Oh, the M-C stretch is assigned to the

3

vibrations at 436, 368 and 432ems = for chromium, molybdenum

ané tungsten r@spee%iwei&ﬁao In the phosphine complexes



e

the vibrations circa 555cms™! may be due to the M=C stretch,
although such & value would be much higher than that expected.

The triply degenerate vibration at 520cms " of the
tetrafluoroborate ion should be spliv 1f the lon is co-
ordinated to'the matal. By analogy with the spectra of
other tetrafluoroborate complexes in this reglion (ef.

Chapter 4) 1t 1s suggested that the observed weak band at
460.8cms” > be assigned o a vibration arising from the, now
non-degenerate, fundamental.

The absorptions recovrded in rows 7 and 6 of Tables 1.4
and 1.5 wespectively may be dus to platinum=fluorine
vibrations. Woodward and Ware®® have studied the vibrational
spectra of the hexafluoroplatinate(lV)ion and report the
agymmetric platinum=-fluorine stretch at 571@ms;Ao A direct
comparison for the platinum-Frluorine vibrations between the
spectra reported by these authors and those recorded im this
gstudy is not vallid bsecause of the complexity of the specles
in the latter. Further, the absorptions of the phosphorus
ligands effectively screen the reglons of partiecular interast
in these eomplexes making 1t very diffieult to be precise
about any of the obsarved vibrations.

Osmivm and Ruthenivm Compleoxes.

The reaction between ruthenium{lll Jechloride and
triphaenylphosphine must be very dependent upon conditlons such

as reactlon time, reaction temperature and perhaps the molar



patio of phosphine te metal. Vaska®® cbtained a product,
which, on reconsideration, he formulated as RuHC1 (CO )(FPhg )3,
for convenienee labolled A in this s%udya This is & yellow
8014d which melts at 139%. Absorptlion im the infra-red at
2020cms > 18 assigned te the metal-hydsrogen stretehing
vibpation, and those at 1916 and 1800cms” " to the C=0
atretehing vibration of the metal earbonyl. In the present
stuwdy, two pwreducts were cobtained, with a very small amount
of a third. The major produets of the reactlion are
Tormulatad (PPhg )z (COIRuCly and (FPhg )z (CO Rully, laballed
compounds B and C for convenience. Tha spectrum of the
thizd product, compound D, a yellow so0lid, was very similap
%0 compound A reported by Vaska?9. Insufficient of D was
obtainad for analysis, but on the basis of 1nfra-ped gpecirs
and melting point, 138.8%C, 1¢ 4s presumed that D is identical
with &.

The variety of complexss obtailned from the suthenium
reagtion contrasts merkedly with the uniformity of produet
obtained from the osmium reaction for the same conditions
of time, temperature and molar ratio of phosphine to metal.
It may be that the products B and € isolated from the
ruthenivm reaction in this study would reaet with mora
triphenyliphosphine with evolution of hydrogen ehloride

aceording to the equatien,



(PPhy )2 (CO RUCLg + (PPhg )p (CO JRuHy + 2PPhg
weeet> B (PPhig )g (CO JRUHCL + HCL
Howgver, this was net tested.

It 1s strange that the ruthenium ehioro complex,
compound B, doas not react to any great extent with liquid
anhydrous hydrogen fluoride, whereas the osmium bromo
complex, (PPhg)s(CO)0sHBr, and the ruthenium hydrido complex,
compound C, both give reactlon. It may be a purely kinetic
effect and that a mueh longer reactlion time 1is required for
gompound B. It is, therefore, particularly unforitunate
that the quantity of compound Dy obtained precluded reaction
with hydrogen fluoridas In all.the reactions attempted in
this study involving a chloro complex and ligquid anhydrous
hydrogen fluoride, chlorine was always retaiﬂed in the
product species in spite of the fact that hydrogen chloride
1s virtually insoluble in anhydrous hydrogen fluoride. It
wouldy therefore, be interesting to compare the redetions of
a series of complexes, such as (FPPhg)g(CO MHX, where M is
ruthenium oy osmium and X is chlorine, bromine or lodine,
with liquid anhydrous hydrogen fluoride.

Structure and Bonding.

The central metal in the complexes prepared in this
study, viz {Prhy )2 (COIRuXs where X is fluorine, chlorine oy
hydrogen, and in (PPhg )s (CO)0sFg, has a 4% configuraticn.

Magnetic moment measurements should be rewarding for these



complexes, since i1f these are low spin octahedral complexes,
the magnetic moment should be equivalent to one unpaired elee-
TIONo However, imsufficient product was obtalned in these
reactions to permit such a measurement. To obtain
reasonable accuracy in the measurement of the magnetic
suseeptibllity of powdeyrs by the Gouy method, a Gouy tubs

of dimensions, internal diameter not less than 3mm and
length of from 3 to 10 cms, is required. Such a tubs
required about 1g of sample. The maximum yield of product
obtained from these reactions was of the order of 0.5g,

and in most cases was less than this.

The orbitals available for hybridisation are the normal
dsp combination. Six equivalent bonds would then be
expoected for an octahedral strueture, in contrast to the
postulated unequivalent bonds for the platinum complexes.
The structure postulated for the complexes of ruthgnium
and osmium prepared in the.present study is described by
Filgo Yoo In this; the strongest trans direeting ligands

are opposite thae weakest.

CO
R@P* K
Rp Lt
4

(R = phenyl, X = fluorine, chlorine or hydrogen )
Figes 1.7

[ 8 AEY ]



Spectra.

In Table 1.8 ave recorded the vibrations observed in

the metal-hydrogen and metal-carbonyl regions for the

ruthenium and osmlum complexes.

Compoungd

RuUHC1(CO ) (PPhyg )g
RuClg(CO ) ¥Phg o
Rully (CO ) (PPhg )g
Ruly (CO )(Fhhg )o
0sHCL(CO ) Prhg )y
0sHBr (CO )(¥Phy g
0sF3 (CO )(PPhg o

Exagnancy. (ems”)
(-1 ) J(c = 0)
2020 1916, 1800
- 1875
2005, 1958 1923, 1802
- 1.965
2097 19927, 1912, 1894

2100

1930, 1913, 1896
1946

Referenca

23
present work
present work
prasent work

49

49

present work

(Spectra, as nujol mulls on XBr plates, were recorded on 2

Perkin - Elmer 125 Spectrophotometer ).

Table 1.6

The spectra in the region 650-400cms ‘ave soreened by

absorptions dus to tripkenylphosphine and no assignuents are

made for thess vibrations since the data available is

limited. In Table 1.7 are listed the peaks observed in

this region. In addition to the absorptions recorded in the

table, bis(triphenylphosphiné Imonocarbonylruthenium(ill)

chloride hag a &trong peak at 331cms” > with a shoulder at

aaeemsfag and three other peaks, a weak doublet at 280 and



Ul etz

agﬁﬂmsmgy amd a weak singlet at as?cmsﬂéo Since these
peaks are absent in the hydrido analogue, 1% is suggested
that these are due To metal-chlorine vibrations.

L BuCly¥l RuBg¥le RuF,YLs OSHBr¥L, OsFsYLp

ei?¥ e e e e 817"
599%1  s02%  593%  s598® sos" 595
- - 5839 - - -
s41¥  sa2 542 s4a”  Bag 549"
510° %P s21® s518° s18°  s:a® 513°
4055  s508% P 505° 505" 502" 502”
- - go8™ - - 490"

- 457" - 457" 461" 456"
a7’ 439" - 429" 441" 420"
420" 422" 417" - 420" 412"

(Spectra, as nujol nulls on polythene plates, were recorded
on & Grubb-Farsons DM2 Far Infra-red Spectrophotometer.
W= weak, m = medium, 8 = strong, sh = shoulder. L is PPhy
and ¥ 1g CO.

Tablao 1o7o



Chanpter 2.

Group. VI Matal Carbonyl Fluorides.

Introduckion.

In the last decads, one of the most active f£ields of
raseareh has involved the preparation and characterisation
of a large number of Transition Metal complexes. One aspect
of this activity bas been concerned with the complexes
formed -between pi-bonding ligands, 4 = Group Transition
Metals and halogens. & great variety of ligands has been
employed, bui probably the most extensive studles have been
caprried out where the ligand is carbon monoxide.

Carbon monoxlde has three occupied sigma orbitals
whiech correspond to the unsharsd electiron pairs on the
carbon and bxygen atoms, and to the slgma bond between the
atomg, The remaining four electrons occupy a doubly
degenerate bonding piworbitélg and this contrlibutes greatly
to the bond strengtho The remaining orbitals of the molecule
ara a very strongly antibonding sigma orbital and a strongly
antibonding pi-orbital. It is conecelvable that any of the
three occupled orbltals could aet as the donor orbltal in
complex formation. Howeﬁerg the elecitronegativity difféerence
baetwaen carbon and oxygen suggests the use of the carbon

lone pailr in prefer@nc@ to that of oxygen. This leads to

<



two extreme possibilitiesy eilther donation of the c¢arbon
lone pair, in which case 2 linear arrangement is to be
expected, M”009'0r Gonation of pl electrons glving an

arrangement of the type M<]

Oi==00

o  Experiment nas shown that
only the lineayr arrangement is observed, so far.

Carbon monoxide 1is not baslic, as the absence of simple
complexes with the normal vacant orbital acceptorg i1llustrates.
The only exeeption to this is the borine HgBCO, and this is
rether unstable®®,

The nature of the bond formed by a pi bonding ligand
may be visuallsed asy, first the formatlon of a dative bond
by overlap of a2 sigma orbital of the ligand wlth an empty
sigma orbital of the metal, Fig. 2.1a, énd gsecondly, overlap
of a f11led & pi or hybrid A4 p pd metal orbital with an

empty antibonding p pl or d pi orbital of the ligand,
Fig. 2.1bo

o



The current theory of bonding in metal earbonyl
complexes, which is ﬁﬁe subject of & recent review article
by Abelé3, is embodied in the above deseription. This
theory permits the excess negatilve charge, which would
accumulate on the central metal by the sigma bond donatlon
from the ligand, to be dispersed via the pi bond. This
gives rise to what Orgel®® has described as a synergic
interaction batween the two types of bonding, and is probably
the major reason for the strength of the metal-carbon bond.

A lowering of bond order 1s assoclated with a reduced
force constant, and the force constant of the carbon-oxygen
bond stretching vibration is quite sensitive to changes in
bond order. The presence of electrons in the pi antibondiﬁg
orbital of earbon monoxide, from filled metal d or hybrid d p
pi orbital, causes a reduction in the order of the C~0 bond.
Thus, 1% is generally accepted that M=C pi-bonding 1is
accompanied by a lowering of the frequency in the C-0
stretehing vibration in complexes contailning carbon monoxide.

The extent of effective pl bonding will be governed
by the eleetron density around the central metal. A metal
in an snviroment of low slectron denslity will not experienca
the same necessity for relieving the dpnated negative ¢harge,
compared with a metal in a flield of higher slectron density.
Consequently the extent of pi bonding will be increased in

the latter, and this will be reflected, in the C=0 stretching



vibration. This effect 1s ¢learly seen in the ilons of
ganeral formula®® [T]=CsHgM(CO)]"", uhere M 1s ¥(=1), Ce(0),
Mn(+1) apdFe(+2), the numbers in brackets referring to the
formal oxidation gtate of the me%alo The two C-0 stretching
frequencies for each compound are, ¥V, 1748, 168453 Cr, 1376,
16853 Mn, 2035, 1953 and Fe, 2120, 2070cms .

Imzsubgﬁitut@d metal carbonyls, the electron density
around the metal will vary with the substituent. Many
carbonyl halides are known, and 1%t might be expected that -
in sueh compleses the density of the metal el@@tfonieleud
would follow the order of electronegativity found for the
halogens. This need not neeessarily be so, since the
pPossibllity of backbonding bétween the metal and the halogen
nust also be considered. Thusy 1f the £illed p @rbitals‘éf
the halogen have energies comparable with empty d orbitals
of the metal, then & metal-halogen pi bond could occuro
This would tend to reduce the inductive eflfect of the halogen,
and would aet in the oppositse sense on the C-0 stretching
fraquency. In many cases, however, the inductive effect
seems to be The more important, especially so in the platinum
complexes discussed in the previous chapter, (cf. Table 1.3),
where 1% 18 obseived. that some of the compounds have:Cwo
stretching frequaneies:ﬁighér than ﬁhat in carbon moﬁoxide
Itself. This may be interpreted by suggesting that the

demand for elsctrons by the fluorine atoms has become so



great that 1¢ has been transmitted to the carbon atom of

the ecarbonyl group, wlth a consequent reduction in the
electronegativity difference between the carbon and oxygen
atoms. This in turn will tend to increase the force
constant of the CG-0 sigma bond. I{ must be pointed out,
however, that too much rellence cannot ba placed on comparisons
made between wibrational spectra measured in the gas phass,
for carbon monoxide, and those obtained from solutions o
nullss

For pi bonding to occur, sultable filled and exmpty

orbltals must be availabls. In an octahedral environment,
the sultable metal orbitals for the formation of pi bonds

ave the dyyy dxg and dy,®%.  In the platinum(ll) complexes,
the ecentral metal has a d8 configuration, consequently these
orbitals must be filled. ir backponding from fluorine to
platinum‘does occur, 1t can only be a relatively weak elffect,
because of the presence of electrons already in the sultable
orbltals of the platinum atom. It could ba, however, that
there is a harmonlc back donation fyrom fluorine to metal which
coineides with the back-donation from the metal to the

carbon atom. This leads to the suggestion of synergie
bonding throughout the molecule. On balance, however, it
would seem that the inductive effect of the fluorine atom

is the dominating factor.

In the substituted carbonyl fluorides of wuthendum

a
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and osmium, {(Chapter 159 and ths carbonyl f£luorides of
molybdenum and tungsteng_éfepared in the present work,

the situation 4is slightly different. In the former complexes
ruthenivm and osmiuvm are formally ia the +3 oxidation state,
and consequently have a d% configuration, while in the latter
complexaes molybdenum and tungsten are in the +2 oxidation
state and congsequently have a d® configuration. JIn these
complexes, the metal orbltalé suitable for pi bonding aie

only partially £illed, and this factor could emhance the

gxtent of M«—F back bonding.



‘Lrparimental.
Iris(pyridine Imolybdenum(0 oricarbonyl.

Molybdenum hexacarbonyl, (6g) was refluxed with
Anala® pyridine (30ml). Gas evolution wagiimmaﬁia%@
and ﬁh@ c¢olour of the resuliing golution beeamnc yéll@w
and rapldly turned deep red as %h@ gag wae @volved. The
theoretical volume of gas was glven off very quickly (approx.
10 mins ). Gas evolution vas measured by é@lle@ti@ﬂ 0@@? |
vatar in a 2-1i%re measuring cylindew. The solution was
&11®W®d o wreflux for one hour %o énsm?@‘@ompl@%@ reagtion.
The hot solutlon was Tiltered and the filtrate allowed Vo
eool slowdy when welld-{ormed cansary-yallow crystals of the
tricarbonyl wera obtained. Some of the erystals wera
sealed into @ glags tube in a nitrogen &tméspb@f@ for

olegmensal analysis.

An&lggiso
% G % H % W
851.63 3,62 10.87 (found )
5307 3660 10,08 (theowry )

Reaction with hvdrozen L£luvoridg.

Tris (pyridine Jnolybdenumtricarbonyl, (Sg) was added
to a polythene vessel and liguid amhydroua-hyd?@gen |
flouoride (25ml ), from a eylimnder, condensed imto the vessel

cooled in an acstone=drikold bath at =78%C. The bath was

=]



romoved and allowsd to coms to room temperature. Excess
gcld wag removed in a stream of dry nitrogeno This
treatment, howaver, did not remove all of the liquid.
Consequently the reaction vessel vwas atiached to a water
pump via & ¢cubs containing sodium fluoride, ealeiuvm chlowride
and phosphorus pantoxide, and the pressure slowly reduced
as the vessel was heated with a haly driews In this way
most, of the liguid wvas wremoved. The erude damp blackish
solid, was transferred to a sublimation apparatus in & dry
box and then attached to a high vacuum line vie a siliea
trap, containing sodiuwm fluoride, eooled to =-78°% . The
ligquid was distilled @ﬁt of the sublimer, leaving a deegp
cerimson to brown coloured s80lid.

The sublimey was heated in an oll bath, the temperaturs
baing raised slowly. A% a bath temperature of about 80°%C,
& white solid subiimed onto the cold fimger. The
tomperature of the bhath wags slowly raised to about 100
until no moye sublimate was obtained. The residus
remaining, by far the bulk of the material, was a rather
biackish - brown solid with a greenish tinge.

Sublimate .

The white sublimate was twice resublimed, the final

treatment giving a pure white solid, subliming at 65% in

vacuu. This solid dissolves immedistely in water giving



a colourless solution. If, however, the solid is left
exposad to the atmosphere for several days it slowly turns
blug. Complete elemental onalysis for the white sublimaste

gave the following data.

Analysig.
% © % H % X i3 % Ho
3979 4o 15 9. 02 30,086 16,09 (Tound )
30. 61 Do 8I 2.13 20,03 16,28 (found )

This date £its the stoichoimetry Ca HaeNalM Fio, Which
raquires %G = 39,59, T = 3,99, B = 9,24, %F = 31.33 and
o = 35,850

On the basis of 1ts solublility Iin water and its infra-
ra@ gpectrum in the regiom 4000 - 700ems”" 4t is suggested
that this complex is a tem coordinate molybdenum VI speciss,
and formulated (g%HJ@MQF&&O
Rgsidug.

The residue wag pulverised im a dry box, and exiractad
with methylene chloride, giving a deep gréem solution and
& brown insoluble solid. Extraction with the solvent
digsolvoed about half the total residus. The combined
gxtracts wera then aéd@d to sodium dpy diethyl ethex
giving a brilliant green solid. The brown residue provaed

o bo oxtremely soluble in water, and, apart from obtaining

a nujol mull spectrum in the infra-red region 4000 - 700cms o

d U
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was not further invegtigated. The green solid was
insoluble im water, and exposure of the solid to the
atmosphere over a period of a few days resulted in de-
composition. | The product of decomposition wag browa im
eolour; and water soluble. The green product analysed to
the empirical formula (CgHyl oMo (CO)2Fz. A nujol mull
spectrun of the solld absorbed in the metal-carbomyl wegilon.
Analysig.
% C % H % W % ¥ % Mo

43044 3.22  7.89 10,75 27,90 (£ound )

43034 3,02 7o 96 10.89 27,86 {(found )

41,38 2.89 8,08 10. 9% 2758 (theory )
Egﬁ§$ﬁgﬁégg;in@)ma&gbﬁggmmtri@afbagﬂg%

Molyhdenun hexacarbonyl, (Sg) was vefluxed with
redistilled &F=picoline (30ml ). The reaction is completaly
analogous to that described for the pyrldine derivative.

A 75% yleld of a bright yellow erystalline product was
obtained f£rom the cooled solution.
Analyvsils. | .

% C % H % W

5501 4. 55 9,22 {(found )
55,0 458 Q6 20 (f@uﬂd )

5409 4061 8. 15 (th@@ﬁ‘y )



This complox tends ¢o deconpose more readily tham 4its
pyriding analogue. ‘Whereas the colour of the pyridine
dovivative is unaffected over a perlod of omne to two days,
the piecoline derivative darkeons in ecolour im @ matier of
hours AL exposad ¢o the atmosphera. Samples for analysis
were sealed in gless tubess in & dry niltrogen atmospheire.

Reactiop with Hydropgen Fluorldg.

Teis{f~-picoline lnolybdenumiricarbonyl, (S5g) wag
reacted with liguid anhydyrous hydrogen Tluoridse according
to the procedure already describgdo FPinal removal of
1iguid in a high vacuum line gave & blackish - brown selid,
which was algo treated as described forxr the pyridine
an@lagm@b Again etehing of the glass sublimer Wasg
observed. The wesidug gave & white sublimate at aboubt
100€C in high vasuum, the uwasublimed material remaining vas
blackish gresn in colour.

Sublimata.

This, the major product of interest obtained from
this reaction, was resublimed twice, the final treatment
giving a pure white product sublimimg in vacuum at 98°.
The observed physical properties of this produect are
analgous t¢ thoss of the pyridine derivative, and elemental
analysls gave date consistant with the stolchiometsry

CooHpalNeMoalg .



Analyslg.
% c % H % N % ¥ % Mg

43063 4:0 85 8,456 13.83 29,06 (found )

43045 4., 806 8045 14,32 28,92 (theory)
This may be a species similar to that suggested for the
pyridine product. The infra-rgd specirum indicates the
prasance of the pleoliniuvm lon. It is, however, quite
difficult to formulate a stiructure from the stolchiometry
abt&in@ﬁo' It is particularly wnfortunate thet a molecularw
welght determination could not be obtained. Any formula
suggested must take into account the fon (CgH.NH) , and
sines there are possibly foup of these, only My:Fg remains.
Magnetiec momont m@ésur@memﬁ by the Gouy method showed the
mataerial to b@ diamagnetics

Residua,

The wresidus was extracted with methylene ehloride giving

a very dark green solutlion, and leaving & water soluble
brown solid. Pracipitation of the solid with diethyl
gther yisided a grosn solid, which decomposed immediately
in aly giving a black gum. Some of the so0lid wvas obtained
by filtering in a nitrogen atmosphere. = The yield, from
saveral attemnpts at this rdaction was of the order of a fouw
milligrams, and only an incomplete analysis of the product
could be obtaineds This gave ZN = 6.69, W = 8,97, which

gives a ratlo of nitrogen to fluorine of 1:1l. A nujol



mull spectrum of the solid did not havé any absorption in
the metal-carbonyl wegilom. In the absonecse of metal
analysis, 4% is difficult vo make any predietions as to
the fosmulation of this product. It was partieularly
dirfieult to obtain reasonable nmulls for speeiral studies.
The best, of numerous attonpis, shaw@d & medium ©o broad
band, with meximum absorption at 1048ems”", @ weak
intensity band at lalaemsmlg and three otheyr peaks at 840
(voak shoulder), 800 (medium intensity) and ?QG@msm&9 the
latter of dntensity comparable with that of the 1045ems ™

band.

Trds (pyriding tungstentricarbonyl.

Tungsten hexacarbonyl (5g), was refluxed with Analaw
pyriding, (30ml ), for six hours. The rate of evolution
of gas was very much slower than for the molybdenum
reactions. The hot solutiom was filt@r@d and allowed to
cool slowly giving the tricarbonyl as well formed yellow -
orange crystals. The colour darkens markedly on @xposusre

to the atmosphere over a pericd of time.

Apnalysis. : .
%G % H % W

48071 2,86 8,31 (found )
42063 2,98 8,29 (theory )

¢



Trié(pyriﬁih@)ﬁmngstentricarbonylg (8¢ ) wvas treated
with hydrogen fluoride as daéeﬁibed for the molybdenum
reaction. The final traces of hydrogen fluorlide were
removed in a high vacuum line, the residue remaining was
2 brovi’ coleured solid. Again etehing of the glass
apparatis vas apparent. A pale yellow solid sublimed out
of the brown residus, at a bath temperature of &boﬁ% 100 <G,
The remainder of the residug, blackish in colouy, was
ihgelmblﬁ in methylene ehlorlde bul dissolved immediately
in water giving & blus soluvion. This produect was not
1nv@g€ig&t@d farther.

Jolloyw Sublinata.

'Thia-waa resublinad twicg, and eaeh time a pals
yallow gsolld was obtained over the temperature range 80-300 °C
a¢ 20 %mm. The sublimate was extracted with 2-3ml Analaw
ehloroform giving a deep yellow gsolution and a white
insoluble solid. The white s0lid was wesublimed givimg
& pure white sublimate at SO im vacuum. Analysis of the

white sublimate gave the data.

%G % H % % %G w z W
2‘?963 31:59 - Sa@*% 2@0‘%& : g’?ao ﬁfamﬁ )
27.59 3061, 8,07 26,38 26,81 (found )

il g



This data fits the stoichiometryry 039H3@WQWF&§ which
poquires A0 = 27.48, FH = 3,46, AN = 8.07, IF = 27,38,
B = 28.5L.

This substence on sxposure to the atmosphers over &
pericd of days gradually turned blueg. On the bagis of
1ts solubility 4in ﬁat®r9 and its infra-red spsetrum in
the region 4000 - 700cms™ 1% 48 suggested that this
compler 15 & ton coordinete tLungsien Ei:@@@@iﬁﬁg and

formulated (Pl )gliFs 00

Chloroform Solution.

‘The solutlion spectrum in the infra-red reglon
4000 - 625ems” vas obtained. This gave bands in the
metal - carbonyl region similar to that observed for the
grosn nolybdenum complox. Evaporatien of the solwent at
rocm tempegrature in a rotary evacuator gave a few milligrans
of & green so0lid whiech rapidly decomposed to a blaek gum.
The reaction was repeatsed but not enough of this product
could b2 isclated for elemendal analysis.
Roaction of Tris{pyridine lehromiumtricarbonyl with
Hydrogen Fluorida..

Tris(pyridine Jchromivmiricarbonyl, (Sg), prepared by
Mro. JoHo Valaontine of this Department, was wreacted with
liquid anhydrous hydvrogen Lluoride as previously deseribed.

The oxesss acild wasg vomoved by the procedure @l?@&dy



outlinsd. However, atfter evacuating the reactilon vessel
undor water pump pressure it was observed that no fumes

vare given off fror the product, although a small amouvnt

of liquid, remeined im the vessel. This liquid was green
in eoclour, end there was also present some, apparently white,
8014d. The so0lid was removed by filivation. On further
investigating the green liquid it was found that, whem
absolute e¢thanol wes added, a white precipitate Lformed.

this was £iltered off and an attempt made to sublime the
gombined solids without suecess. Am infra-red gpecitrum

of the white solld shoved a broad absorption bamd at ?@O@ﬂ@qgg
attributable to the hexafluerosilicate lon.

Groan Selution.

The solvent was removed with a rotary evacuatoy
yielding a green . guwh. This was redisgsolved in the
minimuwn of hot ethanol and the solution allowed to ool
slowly glving pale green crystals which were filtered and
drded in vacuo over Pgalg. Ogly & partial analysis could
be obtailned for this waterial, which gave Cr = 16.84%,

N = 7.56% and F = 33.28%, which corresponds to the ratio
Crs N F of 1ls 1o62 £.3. Unfortunately this reaction

could not be ropeated.



Discussion.
Group VI Motal Carbonyl Fluorides.

The previous chapier deseribes soms reactions of

triphenylphosphine complexes with anhydrous hydrogen fluoride.

In all of these, it was noted that some of the phosphine
substituents were displaced from the pawrent compound
during the veaction. It was thought that the same effect
would bs achieved with amine substituted Group V1 metal
carbonyls.

Group V1 trisamine metal carbonyls decompose very
readily. Even the puwre compounds smell strongly of the
partieuniar aming substituvent. Tris{pyridine )ehromium-
tricarbonyl decomposes, with:loas of aning, within minutes
vwhen exposed to the atmosphere, and a similap phénqmenon
vas observed for the trisamine complexes of molybdenum and
tungsten cayrbonyls prepared in the present study.

The variety of colour changes observed in the resactions
of LgM{CO)g, where L is pyridine or ¥-picoline, and M is
chromium, molybdenum oy tungsten, with hydrogen fluoride,
indicates the @omplexity of this new field of study.

As already igdicat@d in the experimental ée@tion only one
substituted ecarbonyl fluoride has:b@eh characterised in

tha present study, namely, bis{pyridine )Jdicarbonylmolybdenum-



(11 )filuoride. On the basis of infrared spectra 1t is
suggested that a.simila? tungsten specles can be prepared.
There ware no absorptions observed in the infrared spectra
of the products isolated from the reaction of tris(pyridine )-
@hromi&m%ri@arbonyl~witn hydrogen fluoride -which could be
attributed to earbon monoxide bonded to thﬁ metalo Other
workers®® have found that there 18 an increasing tendency
for carbon monoxide ¢to be lost on.oxidaﬁion of Groupjii
metal earbonyls in the order ehromium :> mélybﬁanmm;>
‘Jungsten. The molybdenum carbonyl fluoride, -1liks the
platinum earbonyl Lluorides, is insoluble in nonpolar
solvents, consequentldy its dipole moment has not bsen
‘ obtained. It is ex%femeiy goluble in polar solvents,
eg. methylene ehloride, chloroform, but such & solu%i@n
regults in gradual decompogition of the complex. Bacause
of this, 1% has not proved possible, as yet, to obtain the
nomofo speetrum of the molybdenum carbonyl fluofld@o

In general, the yislds of isolable products from the.
present reactlons ave very small, only two cemp@unds béing
cbtained in quantity sufficiont fer m&gngtic moment
determinations. In the main, information coneerning the
properties of the complexes prepared in this study has
been derived from thedr 1nfraf@d spectra. |

It 18 expected that the magnetic moment of a low spin
molybdenum(1l) complex should be about3.3BM at 300K, and



that 1t should bz temperature dependent®?.  The diamagnet-

ism of molybdenum complexes, in which the central metal
is formally in the +2 oxidation state, eg. MoXsg ,
[ (MogBrg e]®™, where X 48 617, Br or I and ¥ 45 C1 , I
ox Dﬂmg is attributed €to polymeriec structures and to metal
- metal bonding. The magnetic moment of the complex
Moldlars )2Xz], diars is o-CgHy (AsMep )3, has been measursed
over the rangs 77 ¢to 303°%K for X = €L o At the upper
1imit, the magnetic moment is 2.85 B.M. falling to 2.80 B.M.
at the lower {temperaiture. The bromide and iodide have
negnetic moments 2.9 at 298°% and 2,80 B.M. at 27K
respectively. The molar susceptibility of Mol(CO)aPysFa,
a8 determined by the Gouy method, was found %o be 4388 x 10 ©
C.ffo8 units at 293°%, which corresponds to a magnetie
noment of 2.87 B.M. This is consistant with a second row
Transition Metal 4% lon with two unpaired electrons in an
octahedral configuration. It contrasts with the magnetic
moment for [Mol(CO); dilars Is] of 1.98 B.M. This latter
octahedral complex is obtained when EMé@CO)G diars] is
rafluwed with iodine in carbon tetrachloride solution®®.

Xf, however, chlovoform is used ag the refluxing gsclvent,
the molybdenum(1kl )species [Mo{CO)s diars Iz]I is obtained,
and the magnetic moment of this complex 18 1.40 B.M..

Nigem ot al®? have reacted the Group Vi Metal hexacarbonyls



with $he diarsine ligand, o-CgHy(AsMey Jp, and obtained
complexzes of the type [M(CO)ydiars] and [M(CO)zdiarsz].
Oxidation of these complexes with bromine or iodine im
suitable solvents give seven co-ordinate speeies®®?09 of
the type [MolCO)gdiars¥z], where X is the halogen. A

pentagonal bipyramidal structurs has bsen suggested fow
these sevon eoordinate complexes, Fig. 2.2, in which the

halogen atoms are presumed to oceupy

j; the aplcal sites since the two axial
€365ﬁmj§§m§€3 bonds are longer thanm the other five®?d,
ggmgggﬁfém e and since they are expectad to bs
Q\&p%@g the positions whewre the most

iﬁ electronegative ligands would bs

attached. It would bs reasonable
Fig. 2.2 to suggest that the planma® part of

the molecule for the octahedral molybdenum{il) complex,
[Mo{CO JadiarsIs], should differ only im the number .of
attached carbonyl groups.

The similarity in stoliechiometry between [Mo(CO )aPyaFgzl,
[Mo(CO hadiarsIs] and [PelCO g (PPhg )aFs] is inm contrast %o
the infrared speetre of these compounds im the metal
carbonyl region. Detalls of the spectrs in this region
for the complexes of the present work, other related

carbonyls and eaxbonyl fluorides ave glven inm Table 2.1.



Compound Eragueney (cmg * ) Medium Referenca

Mo(CO )g 2000 gas 70
Mo (CO Js¥yg 1200°% ,1762° mull ®
Mo {CO Jg¥~Pies 19152 ,1787°,1758° mu'L %
Mo (CO ) PysFs 2072¥,20107,1876°  solution  *
| 1930%,1880° ,1820" "

Mof{CO Jzdiarsls 1842,1887 TR 68
W(CO ) 1980 71
W(CO Jgbya 1200% 762" saull %
W(CO )y Py ¥, 2060" ,1385",1973" °* solutien
| 19252, 1015° 2000™ P

Ru(CO )(¥Phg )aFg 1965 mudl +
08(CO Y(PPhy )2Fg 1945° el +
PE(CO g (PPhg )oFa 2152,21.06,2083 i 18
PE(CO ) [P(OPR g2 Fe 20787 2127°R, 2002° anll *

1

(s = strong, m = medivm, v = weak, sh = shoulder, Mull
refers %o nujel and solutlon to CHClg. < rapresents
present work o '

The mull specira in ¢he present work were recorded on &
Perkin-Elmer 237 Spectrophotomeiter. Tha solution speetra

were recorded on a Pevkin-Elmer 125 Spectrophotometer.

Table 2.1
Tuo strong infrared active absorptions im the metal-carbonyl

Tegion axe in_a@eord wi%h'@iswdi@arbanyl substituents in



hexa-coordinated complexes®® . On the basis of infrared
spectra, analytical data and by analogy with [Mo(CO)adiarsia],
it 4s guggested €that the structure of thg present complex
is describasd by Fig. 2.3.

Fig. 2.3
Group ?iiM@%al Complex Fluorides.

The infrared spectra of the pyrldinium and picolinium
complexes, in the region 4000 - 700cms »>, differ quite
markedly from those of the frae amines, and fxom those
in whieh the amine is coordinated to a metal. Details
of the infrared spectra of these °‘‘salt-1like’’ complexes
prepared in the present work, tog@ther with the reported
gspectra for similaxr complexes?®°?® aye given in Tables 2,2

angd go e



(PyilBg ) (PyH )aMoF, o {PyH)(WF3 o
1625 1630 1640
1597 1605 1613
1525 1630 1637
1497 1480 1485
1367 1370 1375
1327 1329 1337
1250 - 1248 1250
- 1190 1199
- 1165 1165
BF, 106§, 1067
absorbs 1045 1036
here 243 245
T, 740 P
677 670 680

* peforence 72
Table 2.2
CXEF,Y XBF,T  aBPhs” AcMoFie  XuWFao
3208 3250 3230 3200 3230
3180. 3160 3173 3110 3120
~ 3120 3130 - g
3080 3080 3050 3040 3045
- 2200 3010 - i,
- - 2930 2950 2960
2800 2327 2360 2350 2355

(B=PicH)gMooFy
1640
1622
1530
1505
1373
1328
1262
1208
1040
1010

960
800
230

(@-PileH JgMoaFy
3250
3168
él 10
3065

<

2350



(+ reference 73 X = (PyH). The spectra wera obtalned
as ﬁuja; and hexachlorobutadiene mulls on sodium chloride
lélates and wére recorded on & Perkin-Bimer 237 Grating
Spe@trophoﬁém@%@fo Frequancy in ems * ).

Table 2.3.

Nuttall et 211a79 6bsarved thrg@ pealks abovs 3100¢cms” *

for the compounds they stuﬁieﬁg'irr@spective of the
pregenee or absenee of hydrogen bonding. In compounds
of simple aniong, eg. tha haiogens, in which hydirogen
bonding i9 @ﬂ@@c%edg these threg peaks‘wafe of lovy
intensity, wherecas in the spectra of the complex anions
sgudied, eg. BFy~, BPhe s in which hydrogea bomding is
not expected, thres strong &bsorpﬁions vers observad in
this region. The band observed at about 2300cms™’ was
strong in the nydrogah bonded complexes, and is of only
weak intensity in ﬁﬁe non~hydrogen beonded complexes.
They con@ludéd that the présence of a Stéong broad absorption
in this region was diagnostic of hydrogen bonding.
Comparing the speétra obtained in the'p?@semt study with
those reported by these authors, 1t 1s concluded that the
basc is pregsent as a cation and that the compounds are
hydrogen bondad. |

It is difficult to account for the difference in
stoichiometyry between the pyridinium and picolinium

complexes of the present work. It can only be said that



insufficient data are at present available to make any
eomment on this aspect9 apart from suggesting %hat the
most likely explanation may be that the picolinium complex
38 a mixture of (§PicH)® and MoFg. This appsars to be

a veasonable eonglusion. This substance 18 dliamagnetic
whie@ gould be explained by either metal - metal bonding
or bonding via Tluorine bridgos, if it 1s not a mixture.
Such an arrangement would bBe expected ©¢o be coloured
whereas the product 1s colourlesgs. If, however, the
product 4s a minture c@ntaiﬁing molyhd&num(ﬁi} ions then
both the lack of cclour and the diamagnetism are reasonable
physical propertiss. The fawx infrafed spegtrum of the
pieolinium complex 48 not particularly illuminating. Tha

region 650 - 400ems™?

is obseured by vibrations which may
be attributed to the pleolinium ion by visual comparison
with the spectrum éf ¥=pieolinium chloride., There are,
howavay, two intensae absopptions at 28%cms”> and 230§ms‘&
which are not observed in Y-picolinium chloride. These
may be duve to metal-fluorine symmetrie and asynmetyrie
stretching vibrations, but suech assignmants are very
doubtful and are much lower than what might reasanably be
axpectad. Faacock et al®Y have assignad the Mo-F
asymmetric stretehing vibration, in (MOF@)EQ MoFg and
(MoF; ) to the absorptions vhich occur at 623, 741 and

=3
G45ems T respectively.



The infrared spectrum of the pyridinium molybdenum
f1noride in the region 650 - 200eme ® is very similar to
that of pyridinium ehloride. The vibrations observed
ean bo attributed te the pyridinium ion, with the excaeption
of & strong broad band occurring at 274ems .  This may
be due o metal = fluorine vibratiomsg but again this
valug 4is very low when compared with the vwalues, quoted by
Poacoek and Sharp®Y, for fluoro complexes of molybﬂenmmo

It 48 extremely diffieult to make any predictions with
regp@@t t0o struehura on the evidence obtained from this
brief @Kploratory study. The formulation suggasted foy
tﬁis compléex, (Pyl)oMoF,,, is perhaps only one of sgwveral
which would £it the stoichiometry. The product may bg a
mixture of MoFg and (FyH)F, but all attempts at purification
falled to effect a separation of the componentso’ Examples
of ten coordinate species are not particularly common,
although there are some examples in the litarature®®.

Jalkkob et alia?® report the preparation of salts. of ten
coordinate complexes of molybdenum and tungsten im which

the central metal is surrounded by eight cyanida lons and
two ammonia molecules, and tungsten hexafluoride is
raported®?® to react with ammonia giving a species formulated
Wk g. 4WHg o No structural data are given for any of these

cComplexss.



Chapter 3.

Amine Complexes of Transition Metal Faxehlorates.

Introduction,

Untll recently, vibrations whieh are essentially
metal = nitrogen stretehes have only been logatwd for
amponda eomplexes of trivalent metal lons, eg. Co-N in
LCO(NH@)@]3+?39 whera they are assumed to oecur at about
500¢ms - The metal - nitrogen stretehing frequeney is
of particular interest since 1t provides direct ipformagion
about the coordinate bond. Because of the low bond order
assoclated with the coordinate bond,; and the relatively
hoavy megs of 2 Transition Metal, this vibratiom 18 expacted
to occuyr in tha low frequency region of the infrared®®.
Blcelll, from an empirical relationship involving C-N bonds
in the pyridine ving, has predicted that M-N frequencies,
in pyridine metal complexes, would occur in the range
150 = 250ems™ .

G411l et al??, studied the infrared spectra of a large
nuaber of complexes of the type MXaPys, where Py is
pyridine, ¥ is Mn, Co, Niy Cu, 2n, Cd, or Hg, and X 18 a
halogen or pseudo halogen, in the range 2000 - 400cms” .
These authors did not observe any bands above 400¢ms
which could not be assigned to pyridine vibrations. It

wag unfortunate that they could not extend theiy studies

e Q



to dnclude the region of the spectrum down to 200ems™ o
Their studies showed, however, that there are few
systematic changes in the bends observed for the free

base when compared with those obsaerved when the base 1is
coordinatod to a metal. Since changes in the elaectron
~density over an aromatie ring system lnvariably rasglt_im
wide diffevsnce in the observed speetra’?, Gill suggests
that the observad similarity 41n spectra between fras and
coordinated pyridine is consistant with a virtually
ualéored electron density over the ring system. While
this could result from baék_hdhding from the metal atom,
the authors themselves state that they have no positive
evidence for such back bonding. Howewver, this would be
in agreemaent with the greater stability of cx,mdmdigyﬁidyl
and o-phenanthroline metal complexes, which is balieved

to be due to similar back bonding. Qveyr & series of first
row Transition Met&lleomplaXng 1% would be @xp@ét@d that
nicked and copper would exhibit the greatest degrea of
back bonding in these eoﬁplexasg since in these metals
there are more d electrons available for dative pi bonding.
- Thnis 4s also in agreement with the general elasgification
of aceeptor ions. It is doubtiul, however, if sueh
svidence will be readily accessible, since the effect9 if

it exists in pyridine complexes, will be r@laﬁivély wealk.



The £irst paped in the literature assigning metal -
nitrogen vibrations, in complexes containing pyridine as
the donor molecule, is atiributed to Clark and Williams®Y,
who studied the infrared spéectre ofy, and, on this basis
assigne@ structures to, complexes of the type MXglya,
where M 48 Mn, Co, Cu, Zny, or Hg and X is ghlorine oy
bronine . These authors report, as did Gill et al, that
two of the lowest ring vibrations, %he in-plane ring

defornation at 604ens

and the out-~of-plane vring deformaticn
at 405ems”™® in the spectrum of 1iquid pyridine, suffer”
significant shifts towards higher fréqm@neias when pyridine
i8 coordinated to & ﬁetalo Both authors agree that these
shifis seem to be functions, whkther dizectly or indirectly,
of the metellic radius. In some cases, splitting of these
bands was observed?290usBr,  Sineg these vibrations
are nondegeneratdt?, it would appear that some interagtion
between diffevent pyridine molecules exists, either within
& single molecule or between different maleeu;as of the
undt celi. Clark and Willilams®?®, in a more detailed
publication, observe that the magnitude of shift for these
ring deformation modes, of the order of 30ecms™, 48
dependent on the gte?@oehémistry of the complex and on
the metal atom, but is independent of the halogen, as ave

the absorptions assigned to the metal - nitrogen stretching



nodes®4982,  On this assumption, the bands observed at
about 250 and 230ens " have b@en agsigned to thg metal -
nitrogen vibrations in tetfahédral and actanadr&; gnviron-
ments respectively. In general, there is 1little variation
in the stretehing fraquency of metal ~ nitrogen vibrations
for a saries of substituted pyridine complexes of similay
stereochemistery, but differing in the aming substituent.
Bueh changes as ave obgserved can be attributed to steric
factors. it is also apparesnt from the valmas quoted that
the M-N stretehing Tfrequencless are a function of stereo-

chemisiry. These features ave illustrated in Table 3.1.

Compound Sizuetura, Q$&zﬂ&mmiii Referencs
PyaCeCla T 243 83
B=rieaCoCly T 244, 82
P=PilegsCalls T 240 a1
ot=r'4eaCeCls T 260,233 81
Py o014 0 236 82
Py o N1 Beg 0 235 82
PyoNils 0 240,228 a2
p=PieoNily 0 225,210 82

(T = tetrahedral, 0 = octahedral, Py = pyridine,
Piec = plecoline )
fablo 3.l
The metal - nitrogen stretehing frequency, however, varies

with the metal in a series of isostructural complexss.



This feature is 1llustrated in Table 3.2 for polymeric

octahedral complexes.

Compound N (M=i dems ™ Reference
 PyaMnCle 212 82
PyaFoCle 222 a1
PyaCoCla 236 a1
PyaliCla 253, 235 81
Table 3.2

This order of frequencles is in agreement with the
Trving - Willisms®® order of stabilities of complexes of
bivalent lons of the first Transition Series, viz Mng Fe(
Co{ Mi{Cu)2Zn, Such an order is also found to hold for
the pyyridine ring deformation modes in a Serxies of iso-
structural complexas. Thus, both bends increasse in the
axpected order for the serles of polymeric octahedral
chloro complexes, of general forxmula PysMCls, detailed in
Table 3.3

Compound Deformation Moda (ems™* )
In-plana Qut-of-plane
pyridine 604 405
Kn 627 419
Fa 629 424
Co 631 ‘ 429
Ni G634 439



(Only the metal atom is given for simplicity ).
Table 3.3

The vavriations in vhesg bands are parallel for & pariicular
=l

structure, but the shift in the 604ems  appears to be the

more sensitive to changes in stereochemistry for a given

metal; as is shown in Table 3.4

Gompound Structure In-plane def (ems™ ) Out-of-plane def (ems *)

PyaCaCly T 642 - 422
PyoGoCls PO - 831 | 429
PysCoCls O 626 422

(T = tetrahedral, ¥ 0 = pclymeric octahedral, 0 = octahedral )
Table 3.4
An XTrving - Williams opder has besen found to hold
for ring deformation modes, and also for metal = oxygen
stretehing vibrations in complexes of the type
[M{Py0 )5] (CLO, )2%%, Table 3.6. For simplieity, only the

metal atom is given in the table.



Compound \) (M-0)
by 805 , 405 -
Py0 541 , 453 -
Mn 561 , 466 311
Fo 556 , 467 320
Co 556 , 468 a3l
N 557 , 464 342
cu 560 , 464 363
Zn 553 , 465 319

(Py is pyridine, Py0 is pyridine-N-oxide. Frequencies in
cms ® )
Table 3.8

The magnitude of shift for the ving skeletal vibrations
18 not as great in these complexes as 1t is for the
pyridine complexes. This 418 o be expected, since, for
the former, coordination is from an atom external to the
ving, whexreas for the latter coordination is from an atom
in the »ing systems

The stolichiométries and infrared spectira of these
complexas of pyridine-W-oxide are in aeccord with ioniec
bonding between the perchlorate and the complexed cation.
Since previous studies on metal = nitrogen vibrations had
been confined to amine complexes of metal halides, it was

thought relevent tc conduct similar studies for a series



of first row divalent Transition Metal loms in which the
bonding between the metal and the anion could reasonably
ba expected to bs ieonie. Such a study should give

unequivoeal svidence as to the metal - nitrogen streteh

in metal comploxes.



Experimental.
The preparation of the complexes of the present work

is velatively simple. The hydrated metal perchlorate

vas prepared by treating an excess of metal carbonate
with 60/ vreagent grade perchloviec eeld, filtering off

the exeess carbonate and concentrating the filtrate on a
steam bath %o efifect erystallisation. The hydrated metal
salt wag filtered and dissolved in absolute ethanol. To
this solution wag added a glight excess of the desired
aning. This &gditian i3 an exothermlie wrgactlon and, in
some cases, is accompanied by a change in colour. Thus,
the grgen aleochol gsolution of niecksl perchlorate turned
blue on addition of pyridine or {§-picoline, whereas there
was only slight derkening with addition of guinolina.

The blue soluéion cf the coppar salt begcame purple on
addition of pyridine, violet with P-piecoline and dark
groen with quinoline. No colour change was observed fowr
either cobalt, manganese oy zinc solutions on addition of
the amines.

The pyridine and §-picoline complexss of eopper
precipitated immediately on adding the ligand. The
pyridine and § -pleoline complexss of ecobalt, nickel and
zine and the guinoline @omplex of copper crystallised from
gsolution after standing a fow days in & refrzigerator.

The amine complexes of manganese, and the qﬁinelin@



complexes of cobalt, nickel and zine did not erystallise
from solution, but wers isolated by removing the solvent
on 2 rotary evacuator, redissolving the residus in absolute
ethanol and preeipitating in anhydrous diethyl ether.
Tnege eomplexes were then wvedissolved in the minimum of
hot ethanol and allowad o cool in a refrigerator. This
treatnent gave very small crystals of the complexes,
Removing the last traces of solvant from the complexes
proved somewhat difficult, but was finally aehieved by
heating the solids <o about 60 Im high vecuum. It wasg
at this stage that & colour change was observed for the
nickel -¥-pleoline complex. The selid priow ﬁo this was
& pale blue ecolour, whiech gradually becane bright canary-
yallow.
The general formulase for The complexes so prepared
are [MLyfC10, )] and [MQa(C10g )a], where L 4s pyridine
or Y-pleocline, Q is quinoline and M is manganess, cobalt,
nickel, copper or zine. The analytical data obtained for
these complexes 48 detailed in Table 3S.1.



Compound

MaPlya (€104 )a
CoPye (C104 )a
N4 Py (CL0g )a
CuPy, (C104 )2
ZnPya (C10g )z

Mnf=Pleq {(C104 da
Colj-Pleg (€104 )3
NiB=Pics (€10 )2
Cuf=Picy (€104 )a
Zn§=Pleq (€10 g

MnQga (CL0, )a
CoQa (C10g4 )a
N3Qz2 (€104 )z
CuQa {C104 )
ZnQa(ClQ@)z

Colour

white
pink

- blue

purple
white

white
pdnk
yellow
violet
white

whigae

blue

yellow-
grean

dark
grean

white

%N

A

nalysis

Theory

% Gl

% M o N

Found

B C1

% M

2,83
Q. 75
.76
2,68
2,65

Bo 95
8039
8,39
8032
8080

G 47
So43
Sodd
5,38
S5.36

12,44
12.34
12,36
12,25
12,21

11.32
11.25
11.22
13.16
11,14

13. 86
130 74
13. 74
13.61
13.87

Table 2.6

.63 975
10,21 9.68
10.22 9,74
10,97 9.864
11.26 9,68

377 8,77
9,35 8,80
9,32 8.89
10.01 38.84
10.27 3.83

10.73 5040
11,48 5.36
11,38 5.42
12,20 6.40
12.81 5,31

12,36
12,29
12,34
12,31
12.28

11.30
1i.19
11,20
10,98
11.09

13,81
13,66
13,52
13,58
13,49

9,84

10,23
1017
10.93
11,31

3,685
9,28
.30
10,14
10,28

10.85
11.40
11.36
12,19
12,46



Gapneral Discugsion.

This investigation was initiated with a view to
making wonequivoeal assignments for metal - nitrogen
vibrations. Howaver, the unusual nature of the infrared
spectra obtained for the present complexes make NOCesSsSary
a discussion of the bondiag batween the aniom and the
complexed cation. It has besen generally aceepted that
anionie assoglation is minimal where the aniaﬁ is a strong
agid raéi@al such ag perehlorate. This lon was usuwally
considored a very weak ligand since thave wers, until very
reeently, fow known examples of perghlorato complexes.

In the }a@% year however, & large number of suén complaxes
have boen reported in the literaturs.

The perchlorate ion has a highly symnetrical structure.
It 1s tetrahedral, having Td symmetry, and ag such, hag
nine vibﬁatiunal degrees of freedom giving rise to four
fundamental vibrations, of whiech, only two, both triply
degensrate, are infrared active; Vg the asymmetric
gtreteh and “@@ the agymm@tri@ bend. In the unperturbed
iony the former is usually observed as a very broad sérong
absorption with a poorly defined maximum in the region
1050 m’llﬁoems“xg while. the latter is observed at about
630¢ms”* as & sharp well-defined band. “@gg the symmeteic

streteh, 1s theoretically infrared inaetivae, but. 15 .



usually also observed aé & very weak absorption at about
930cms™*. It becomes very weakly allowed owing to
distortion of the ipn in a erystal field of lower symmetry
than itself. A study of the effects of eoordination upon
the infrared spectrum of the perchlorate ion has been
reportod by Hatheway and Underhill®®.  These authors heve
shown that, as %@e perehlorate lon becomes involved im

covalent bonding, its symmetry 1s lowered fLrom Td %o Cgay

o Cayy d@peﬂding on whather one or two of its oxyg@h atoms
axe inveolved in bonding. Each of the two infrared active
bands in Td sympetry are split into two components in Cgy
gymmnetry, and into three componants in Cag synme try . In
addition, Qgg the infrared inactive strateh. in e SYyMmeTtry ,
bacomes infrared active in perchlorato complexes, as does

> 4n Td symmetyry, which

Qgg the symmetrie bend at 460cms
gives one band in Cgv'gymmet?yg and ‘is split into two
@@mpﬁn@nts‘in Cay SyRMELTY. xe ié thevrefore poséible to
disginguish between ionde, monodentate and bidentate
perchliorate by means of infraxed spaciProscopy.
| For conveniences, part of the tabieg compiled by
Hathawdy aﬁd Underhill®s, whera wibrations for ionie and
monodentate p@r@hierat@ are assigned is réyrudu@@d in
Table 8.7, The vibrations attributable Lo perchlorate
observad in the present study are assigned according to

this table. Other workers® disagree, in seme instances,



with the assignments of Hathaway and Underhill.

State

of C104 Assignment.

C10,7(Fa) 3, Vs Yo Vs
A(R) E(R) Fa(I.R) Fa(I.R)
éymostr sym. bend a$ymastr asym. bend.

~0C10, Cav) 3‘2 ng( 3,7 Ve J, ™3,
Ay (I.R) E(I.R) A(XI.R) B(I.R) A{I.R) B(I.R)
Clﬂnm rocking Sym. sty asy.bend sym.bend asy.
stw. €10y  C1-0" bond

Cl0g ClOg4

(* coordinated oxygen, A - nondegenerate, B - doubly

degenerate, F - tfﬂply degenerate, I - infrared active,

R - Reman aetlive o

Table 3.7
Harris et al®, on the basis of conductivity

experiménﬁse postulated perchlorate coordinatioﬁ in
[M(phen )z (C104 )2] and {Cu dipy2(ClO0g )2}, waere M is nickel
or copper, phan is l:l0-phenanthroline and dipy is 2,2°-
dipyridyl. MeWhinnie®?, Quaglianc et al®® apnd Moore et
al®? yreported the isolation and infrared characterisation
of ecompounds of the type.LCﬁ eng (C104 )21, [N1Ls(C104 )a]
and [N1 kay@(CLO&)aj respectivaly, where en is ethylens
ddaming, L 1s 3,4 oy 3,5-luvidine and x-Py is & substituted
py®idine. In each of these reports the infrared data



indicate that the psrchlorate ion is coordinated as a
monodentate ligand. Very recently, Pavkovie and Meek®°
reported ¢he synthesis of [NiLp(C10y)2] complexes, where

L is N-alkyl-gthyleonediamine, in whiech the perchlorate
group can be either mono oy bldentate, depending on the
number and size of the alkyl substituents on the nitrogen
atoms. Thus, Nmﬁ@%hyl and NQN”dimathyl derivatives form
complexes containing moncdentate perehlorate, whereas the
NN N '-¢rdmethyl ethylenedismine complex comtains a
bidentate perchlovate group. Wickenden and Krause ®*
studied the coordination compounds of nickel(ll )perehlorate
with acetonitrile and obtained [Ni(CHRCN 5] {(C104 )z,
[WA(CHCW )g (€104 Ja] and [Ni(CHaCN)3(C104)2). The infra-
rad spectra of these @@mplaxaﬂ indicate the presenca of
ionic, monocdsntate and bidentate paerchlorate respectively.
Tuo other examples of a bidentate perchlorpate group have
been pesiulated in anhydrous Cu(Cl0q)e%%, and MezSnC104 %%,
Straub and Yung® have recently prepaved the first anlonic
complexes contalnipng only the perehlorate dlon as the ligand.
These are formulated Lp[M(C1l0y )g), whers L 1s the tetra-
butylammonivm or methyl-triphenylarsonium 10@ and M is
Ma®¥, Co®"y Wi2T, Cur™ or U0z2*.  The infrared spectrs
are not reported for these complexes.

A ) Perehlorate vibrations.

1) The ragion 800 - 1300ems .

LY ol

L



In this regiom, the infrared spectra of the complexes
of the présent study clearly sbhow the perchlorate molety
in two different environments. The strong absorption in
the region 1060 - 1100cms”™® in the zinc complexes 18
agsigned to the Vg mode in ioniec perchlorates.

Similarly, the absorptions at about 1100cms™ in the
gquinoline complexes ave also assigned to this asymmetrie
streteching vibration, although the peak contour is much
sharper than that observed for potassium perchlorate®e owr
for the present zine complexss. Howevar, the peaks at
10507* and 1100ems”* in CnQs(C10q )z and 1063 and 1100cms™"
An NiQga (C10g )z may be due 4o coordinated perchlorate, but
the presence of only & very weak absorption at 930 and
020cms ™t respectively suggests the contrary. hgain, in
Wi Y=pice(C1l0s )n, the asymmetric stretehing fraquency
appoarg to be slightly split, maxime at 1060 and 1105emsmlg

but the symmetrie streteh at 934cems™>

in this complex
is very woak, from which 1i¢ is infered that lonie perchlorate
is present. This also agrees with published®? infrared
data for this complex. The daetails of the infrared active
vibrations of the present, and related, complexes ars
gilven in Table 3.8a.

The speetra of these complexes are in sharp contrast
tO thos@ of the wremaining pyridine and Empi@qli@@ @omplaxes.
In these, the 3@ mode of Td symmetry is clearly split

into two sharp peaks at about 1030 and 1130cms™*, the .

s

haddh g



and @6 modes of Cgy 8ymm@ﬁry respectivaly. The 33
stratching mods of Cgy symmelry is alsoclearly observed
ag a strong band at about 930ems™t. The complex
WiPy, (CL0, )2 recently prepared by other workers®, has
b@én studied spectroscopically, and the agreement with
the presont values is exeellent. Daetails of the infra-
ved active vibrations observed in the present 1nvesﬁigation9
together with those reported by other authors for the same
o similay eomplexes ave given in Table 3-.8b.

The pr@seht spectra were racorded as nujol mulls om
potassiwn bromide plates, the mulls being prepared in
8 dpy box since the complexes ayre very sensitive to

atmogpheric moisture.

Compound Szgm@t:gf Proguency_ems-® Refaerenca
Assignment Vi Va

C104" Td gas” 1080-2170° ° &8
ZnPyo (G104 )a Pd 046Y 1080-1100°%
Zn8-Plag (C10g o Td - 928Y 1075-1095°

Z0nQz (€104 )a Td g2sY  1085-1107°

CuQs (G104 )a (7d ) 930 105051100

N4Qs (€104 )2 (1a ) g20¥ 106351100%
Ni8PLea (C10g )z Dd g34¥ 106081105°
WLEPies (€100 s 231"  1040-1130° 93
CeQs (€104 )g Td 920Y  10985-1105

MnQs, (C10g )a T 937Y  1090-1107°

Table 3.8a



Gompound 8gmm@ﬁ§g? Freavency i _emg™> Raferenco
Asgigoment. Vs Ya  Ye

CulCi0g )a8Ha0  Cgv 9208 1020° 1158° 8%
Cuby, (C10g )a Cyv 929® 3040% 1307°
Cull-Pin{C10s)2a  Cpv 2a0® 1045° 1120°
N4.Pys (G104 )2 Cyp¥ 032% 1030° 1130°
N4Pya (G104 Vs Ca¥ 920% 1032% 13233° @3
CoPya (G0 g va— 030® 1030° 1320°
Co¥-Pleg 0104 )s  Cp 926° 1020% 1127°
MnPya (€104 )a Cov 2365 1030% 1130°
MalPic, (C10g ) Cpw 0288 1025% 1125°

(" refors to Cl0y, v = wesk, m = medium, 8 = strong,

b = broad. Speetin recorded on a Ferkin-Blmer 1286

‘ Spectrophotoneter ).
Table 3.8b

The magnitude of splitting of the asymmetrie
stretehing frequency, about 100ems”® in the present
conplexes, has besen Interpreted?®l as indicative of strong
perchlorato goordination. However, pereblorate coordination
vo a metal through an oxygen atom 18 not the equivalent
of complete convalent bond Lormation, and possibly a
bettor guide to the govalent character of the bond would
bs the 8hift observed for the infrared inective syumetrie
streteh, Q& of Td symmery. Coordination Chrough a

givon oxygen atom wonld bs expacted to lower the bond

sl *3



order, and consequently, tho vibratiomal frequeney of the
corresponding C1~0¥ bond. The corresponding shift has
been reported®d for the sulphate lon, 98lems™* (T4 ) to
g70ems™* (Cgv )y and for the amine nickel perchlorato
comploxes @, 988ems " (TA) to 926ems”(Cgv)e  The
magnituds of shift observed for this band im tho prosent
complexos 45 about Gems ™%, A much lerger shift 4m this
band vould by oxpeeted if The bond werg strongly covalent.
Thug Vo cceurs at 739 and 718ems™ 1o the gg@@ﬁra o%
anhydroug perehlovie aeld and pervehloryld £luoride
respactively®l, corresponding to shifts of 192 and 217ems~?
fov the ClL-0H and Cl-F stretehing vibrations wrespeetivaly.

Tha, bands at 890 snd_460cma”5.

AR, = ¢ Srya e

The zine pyridine complox and the B¥-picoline
complexss of nickol and zine oxbibit. speetws im accord with
londe porchloratc, (Table 3.%a) The speetra of the
E@m&iﬂd@? of the pyriding and ¥-pilcolina comploxes confizm
the presenee of moncdentate perghloratc, Table 3.8b. The
mnagnitude of splitting observed when the Q@ moda of Td
symmebry 18 lowered to Cpv symmetsy is about 10ems™.  The
spoctrun of gquinoline as & liquid £ilm shows She presenceo
of two week end two strong bands, in this region, whieh
malo 4% vather difficult ¢o assign unequiveocally the peaks

observed in the apeetre of the complexes. If, as the
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spectra of the quinoline complexes im the region 800-1300cms”
guggest, the bonding bstweson metal and amion is ionic,

only one peak attributable to the aniom should ba observed
ad &bomﬁ-éaﬂemg“&o However, comparison with the pyridinc
and Y-picoline complexes suggests that there are tvo

poaks whiech may be attributable to perchlorate at about
825emg ™%,

&9 tha @@ roeking

The expscted hand at about 460cms”
mede of wmwoncdentate perchlorate, is not observed im the
pragent spectra of the pywidine and B-pleoline comploxes.
A wveak peak 4g preseont in this region in the guimoline

eomplenes, the detalls of which ave glvem in Table 3.%c.

Compound.. Symmetey. Exequenecv (ema~®) Referenca.
Assigament Vg
C104~ Pd 826 58
ZnPyq (C104 )g Ta 6228
Zn 88P1Leys (C104 )2 T4 : 622"
Wi8=Pley (€104 )g  Pa 820°

Table 3.%:.



Compound Symnme Ley, Freauepey (cms”*) Referenca
Assipnment @ 6 3g 93

Cul{C10, )a2Ha0 Cg¥ 480 620,805 648 85
Cuby, (C104 )a Cov (427) 618° eusoh
Cul=pice (€105 )z Cav - 620%  Gassh
W4 By (G104 )a Cyv - e14® @28®
CoPye (C104 )2 Cav 615°  @23"
Cof-plce (C10g )2 Cgv - 618% @25
My (€104 2 Cyv - 6178k  @as®
Mn¥-Pies (C10g)a  Cav - 8165  633°
HG10, Cyv 426 535 8 85
FC10g Cav 408 589 §4.9 a5

Table 3.9.

Compound Symme LEy. Freoueney (ems ®) Referemco
’ Agsignuent Q@ 35 3@_

Cu{C10, 12 2Ha0 Cgyv 430 620,605 643

ZwQa (C104 g (Cav) 433" @24  6as™

CuQz (€104 o (Cav) 492¥ g20® 633"

NiQs (€104 do (Cav) ae?’  618° 6ee®

Cola (G104 )a (Cav) 4637  823°  6aa™

MnQa (C10g )z (Cgv) 424Y  622%  g33"

Tablae 3.9
The band at 42%7cms * in Cubyg (€104 )3 may be due to

gplitting of the ring deformation of the amine as a wresult



of interaction between different pyridine molecules,
gitner within a single molecule or between different
molecules of the unit eell. - This interpretation has been
used by other workers®? to explain a similar observation
in complexes of the type FyaCoXz where X is a halogen.
Furthery the Q@rc@king mode of monodentate perchlorate
occurs at 480cms”? in Cu(C104)22H20. The laeck of
absorption in this region in the picoline compleaxes may

ba due to the faet that the amine ligand also absorbs at
about thig frequeney and gonsequently would mask the
perchloyato vibration. It is much more ¢iffleult to
gxplain the Jlack of this vibration in the pyridine
complexes. It may be masked by amine vibrations, although
this i1s unlikely sinee it would mean quite large snifts in
fraqueney. Alternatively, i1t may be that this vibration
is only QDS@?VQQ when there 1s extensive covalent inter-
action beztween perchlorate and metal.

The spectra of the gquinoline complexes present an
anomaly. Their spectra in the region 800 - 1300cms~*
suggests ionie perchlorate, whereas the region 400 - 800cms >
suggests monodentate perehlorats. It 4s possible that
the weak peak observed in these gomplexes at about 486cms™*
may be due to the amine, and that crystal interactions
cause splitting of the '3@ asymmetric bending wibration
of Td symmetry at about 630cms . The magnitude of



eplitting 4s about 10ems™ ", which is similar to that
observed®® in Cul{Cl0, )a2H20 and to a lesser extent in
anhydrous Cu(C1l0g Ja. It has been suggested that the
splitting may be dug to the presence of 88C1 and 37Cl
Chlovrine isotopes. I this is so, the magnitude of
gpliteing would be éxpected to be much less than that
obsarved. It is therefora, not possible on the evidence
so far presented, %o decide whether ionic or monodsentate
perchiorate 1s present in $he gulnoline complenes. Other
@Wiﬂ@néﬁg which will be presented help to resolve this
pirroblem. Hovover, 4% is velevent, at this point to
digeuss the infrared active amine vibrations.

Anipe Vibrations.

In general, the spectra of the complexes are not
particeularly different from those of tho free amine in the
region 1800 - 650cms™".  The strong band at 1604 and
1580ems ™" in the spectra of §-picolline and pyridine
raspectively move to slightly higher fr@qu@h@QQS'im the
cémplexego This agrees withltn@ cbsexrvations of othey
workers?2982,  Howewer, significant shifts are observed
for the ring deformation modes whéﬁ.thé amine i3 coordinated
to the metal. The observed frequencies for these
vibrations are detailed in Tables 3.10a, b and e¢. In
compiling these tables further arguments have buen

anticipated.,



Compound
Pyridine

Mokyas (Clg )a
CoRya (CL04 )2
N3Py (CLO, g
Culyq (CLO, )
CuPysCla o
B-picoline
Mnf=piea (6104 )2
Coll=piee (€104 )a
Culi~pieg (C10g )a
Quinoline

MnQp (€104 Ja
CuQs (C104 )a

Compound
Pyridine

ZnPy, (C104 g
ZnPyaClg 02

¥ ~picoline
Znl-pieg (€100 )a
Quinoline

Z20Qa (€104 )2
CoQp (CLO, )g

Amine Ring Vibpations.

373v agglt
373" 3e0™
- 4011

Table 3.108

373Y¥ gua
377 3958

a7e" | aad®

Pable 3.10b

800°
L
610°

637"
B4:4

513"
537"
540
ST
516"
518"
s2e¥

644"
839

513"
5047
518"
528" -
5218



Compound Amine Ring Vibrationg.

Y =picoline 483° 5132
NaG-pieq (C10g )z 509° 572"
Quinoline azav agg® 4755 5189
N4Qz (C10g ) ara¥ ago™ 275% s22Y

(w = weak, m = medium, 8 = stroag)

Table Jo 10e¢

The spectra in the reglon 400 - 650cms™  were obtainmed as

aunjol mulls on KBr plates using a Perkin=Elmer 1256 Infrarad

Spectrophotoneter. The spsctre balow 400cms™® wera
obtained as nujol mulls on polythene plates and recorded
on a Grabb=Parsong DMZ2 Far Infrared Spectrophofoileter.
Mulls were prepared in & dry box. All frequencies avre in

emg=2,

Any shift observed in these vibrations must be
attributad ©o either the sﬁé?eochemistry of the complex,
or to the pa?ti@ﬁl@r metal or to both, sinee only metal
parehlorates weve used. Clark and Williams®® have
demonstrated that the shift observed for pyridine ving
deformation modes in cample;es of the type MXaPyaorg,
where X 1s a halogen, is independent of the halogen, but
follow the Irving-Williams order foy a series of complexes
of the 3amé stersochemistry, differing only in the central

metal {e¢f Table 3.3 p.85). Inspection of table 3.10a

A0S o



&a iU

shows a similay order for the three series of complexes,
viz the frequeney increases in the order Mn {Co{ N1 {Cu.
Phis 48 the ordsr of stability predicted by Irving and
Will4amsSo,

Mo tal-Nitrorgeon Vibrations.
The mest axplicit publication to date on metal-nitrogen

vibrations in aromatic amine metal complexes is due to
Clark and Williams®%, although Sharp et al76902980 hava
eertainly examinéd @ wider variety of complexes. Metal-
nitrogen vibrationg are strongly dependent on the ligand
to which the nitrogen atom is attached, and their
froquencies decrease as the mass of the ligand increases,

as Table 3-.11 1llustrates.

Type of Comples. N (M=) Ref.

metal - ammonia 4:20--500 58

metal - hydrazing 306-440 85

ne¢al - glycine 275-423 o8

metal - anilines 350-400 84

metal - pyridines 200-300 82
Table 3.1l

The basicity of the ligand will also influence the metal-
nitrogen vibration. However, in the complexes éf the
present study, although the order of basiclly 1s

¥ -pseoline ) pyridine ) quinoline, 1t would appear that
the basicity difference between {-picoline and pyridine



49 not sufficient to overcome the mass effect as Table 3.12

illustrates.

Compound gﬁ&&g&; Othar Vibrations.
MnPysC1y02 212 -
Malye (€104 )a 222 233
CoPy, (C10p )2 233 246
4Py ,C1582 236 =
NLPya (CR0e )z 240 262
Cmé’ygélg es 263 -
Culyq (C10, )g 264 283
ZnPy, (C104 )3 220 =
ZoPyaClga 82 220 -
Mal-pies (€104 o 200 238
Colf-pleg (CLOg )n 207 249
Cul-picy (€104 g 241 201,
Znl=pleg (C10g )g 200 -
MnQs (€104 )a 200 =
CoQz (C104 )a 210 -
CuQa (C10g )z 220 =
ZnQz (C104 )a 220 -

(frequency in ems™> )

Table 3.12.



b wera obtained as

Phe speetra in the weglon 200 - 400cms
nujold mullg on polythene plates and recorded om a Grubb-
FPargong bma Far Infrared Spesctrophotometer using Csl opties,
the mulls being prepaved in & dvy box. The complex
Ni§fi@@€310@)a i8 not ineluded in the table sipece it giweg
a spectrun vwhieh 18 not consistant with the oth@f COmpPLeNGs.
This complex will be dlscussed later.
The metal-nitrogen froquencles inecrease in the order
Mo {Co{ ML {CuyZn for aach of the ligands. This again,
13 in accord with the Irving=Williams ordey, apd is also
in agveement with ths observations of Clark and Williamg®2,
The bands 1listed under the heading '‘other vibrations®'
may be due to metal-oxygen stretches. Qm&gli&ﬂ@ et alsad
gtudiad the fayp iﬂfrared spgctre of complexes of the type
[M(Py0 )] (€204 )3, where M 48 Malll), Fe(il), Col(id),
W2(11)y Cu{2r)dy Zn(il), Cx{(111)y Fel(lll) or AX(111l) and
Py0 18 pyridine N-oxide. The bands assigned to <(M-0)
in these complexes are listed in Table 3.13, only the metal

atom 18 given for simplicity.

Mn Fe Co N4 Cu Znm Central Mgtal.
311 380 831 342 363 319 Fraqueney ems >,

Table 3.13.

I there 43 bonding betwaon the metal and the oxygen in

the perchlorato complexes Shen infrared &etiﬁiﬁy may be



expacted and the feéquency of absorption should follow the
Izving-Williams ordsy. Such an order 18 observed in these
other bands listed 4in Table 30129 but it should bg pointed
oul that these bands may also be attributed to metale-
nitrogen vibrations, rather than metal-oxygen.

'while the primarpy purpose of this investigation has
not been achieved, viz the unequivocal assignment of metal-
nitrogen vibrations, the physical measurements reeorded
demonstrate further proof of the coordinative nature of
the perchlorate don., Clark et alb? were able to &ésigﬂ
structures o the complexes they studied, on the basis
of theiyr infrayed spsctra, since thay found that metal-
halogon vibrations were quite sensitive to structural
environment. On the basls of their observations, and on
the @bS@rv@d vibrational frequencies for metal-nitrogen
and amine ring deformation modes it is possible to
postulate structures for the present complexes. It 4s
for this purpose that Tables 3.10 a, b and ¢ (pps. 104,105)
vere compiled in that pérti@alar manhays It 49 suggaested
that tﬁe complexes listed in Table 3.10a have an octahedral
o digéorted octahedral structure, that those in Table 3.10b
@énform to a t@tranéﬂral structure and that those in Table
3.10¢ have a square planey arrangement of ligands round
the eentral metal. To substantiate these postulated

structures, the refleetance spectra in the region &0-10 kK,



and magnetiec moments, measured by the Gouy Method, were

obtained.

Reflectonce Speetra..

Tables 3.14 a,byedand o glve the assigned trensitions
and bands observed for th@.preaan% én@ ralated complexes
aceording %o st?uctﬁfal environment. Figures are in cms™?
% 107%, and the results of this oxamination are discussed
for each element.

Manganese - octabedral environment.

Q&&ﬂgmmi STapl8)  2Tagl6) 58,p(6) OBgiG) Referance
(Mn(Ha0)6]2"  18.9 23.1 24,95 25,3 97
MnPyaClip 16.7,19.0 2004 23,7 : 97
MnQaCls 15 35 21.28 23,8 g8
MoAng Lo ¥ 95 20.41 94
MnPya (C10g )a - 22,73 25,0

Mn¥-Pice (CL04 Ja | 23,81 26,67

MnQs (€304 )a 17-33,18.87 * 23,28 25.0

(An = aniline, Py = pyrldine, §-Pic = ¥-picoline,
Q = quinoline )
Table 3.14a



Copper = probably tetragopally distorted octabedron.

Compound .

Cukya (CL04 )
Cub-Pleg (6104 )
CuQy (CL0g )a
CuQaCla

Mizture of Transitions.  Referenca
17.54
17.39
160 84,23, 31
16.13,19. 22 98

Table 3.14b.

Nicked - distorbed octahedral enyironment.

Compound B7ar(F) 22um(B) *Ep(D) 2T.p(R) 3%,m(2) Ref
NiryaCla 10,86 16,13 12,89 19.81 25.84 99
NaPys (€104 )2 = 16,69 12,12 - 27,03

N ¥=PiceIs = 15.83 11,77 - 26,0 100
W4 (3=BrPy )5 (C10q )2 16.2 12,0 26,9 89

Gobalt - distorted ogtabgdral environment.

Compound .
C@Py.@, (Cl@@ )g

Coll=piee (€104 )a

Col~picyBrs

Shag. Tap Mixturs Referanca
18,7 22,2
20,0 25,0

17024 19.23 20,83 102

Table 3.14e¢



Cobalt ~ Distorted tetrahedral environment.

Compound. ~  @p, 2, 3T, Mixturg
[CaClq]?” 1%9%@150291505918019160Q
CoQaCla 15.83,  16.26,17.45
CoQa (CL0g )a 16.92,22.5

Table 3.14d

Nickol - Distorted Planar environment.

compoung . Trangition observed.
NiB-Pleqg (G10g )2 22.73
N4Qp (C10g )2 23,86
N9 X-Pieg (G10g )a 82,9

Nl e &FQNHQ Py )@ (@10@ }a 83.6
Table J.14q

Manganess.

aZwede %37 Q

Referenca.
o7
o8

Refeorence.

89
89

Bispyridin@mang&n38@€ll)@hloriﬂ@ 1s known %0 have

octahedral cooyrdination about the metal atomd¥}

Sharp

et al%998 gugpest that, by comparison with standard

spectra, the complexes MnQaCls and MnAnyafs also have

octahedral environment about the metal atom.

The spsctira

of the present cqmplexes are very similayr to those reported

by these authors. The ground state for a d° atom in an

octabedral £ield 48 SA,g and the observed bands correspond

to transitions to the glectronic states given at the head



wdy qlof 0 G

of %the columns. The reflectance spectra of the manganese
cemylexes ave, in goeneral, poor. The d-+d transitions
of Mn{ll) are 9pinmforbidd@n.and therefore of weak
intengity. To account for octahedralvmoordinatiam in
MnQq (10, )e 1% 18 suggested that the perchlorats group
acts as a bridge between two or more metal atoms.
Cobalto

The spectrva of the cobalt compounds are quite
charactoristic of cctahedral, foyr I,Co(Cl0,y )o, L = pyvridine
or {~pleoline, and of tetrahedral, for CoQa(Cl0g 2,
environments. The ground state for the Co(lil) lon 18
&T,g for octahedwal coordination and %53 for tetrahedral
coordination. The transitions OTyg —>%A,g(F) and 4Tyg—p
“Pog(P) cecur at slightly lower energi%s in the pressnt
complexds, and the transition éT&gm@EEé@ which in regulay
octahedral anvivronment uswvally occufs.&ﬁ about 1l KX is
not observed in the present complexes, although -the
presence of & band is indicated. However, with the
prasent apparatus it was not possible to obtain specira
balow 10 k.IK.

Table 3,144 compares the transitions observed fop
CoQa (€104 }o with th@ée reporied for the [CoCls )®” don and
CoQaCla. The absorpiion bands between 20 and 186 kK

correspond to transitions®? to mixtures of the exeited

states ©T,, %, and 27, and confirm the proposed tetrahedral



configuration about the cobalt atom.
Nickel,

From the spectroscopic evidence NiPya(C104)a has
octahedral configuration ahomt the metal atom. The

g¢olour of the complax is a very pale blu@ and the visible

spectra can be interpreted in terms of electronié transitions

from & Mg (F) ground state to the excited states given
at the head of the Golumng.

The complexes NiY¥=pieg(Cl04 )z yellow and NiQg (C104 )s,
very pake yellow grden give a single absorption maximun at
about 23 kK which is typieal of squarae planar nickel(l1l)
complexes?¥9,

Coppar,,

No definite information can bs deduced from the
alectyroniec spectra of the present complexes concerning
theiy stersochemistry. Ag is general with copper{il)
eomplenés, the transitions observed avre in accord with
distorted octahedral coordination about the central metal.
2inge.

It is not possible to obtain information on the
structure of the zine complexes from tieir ultra-violst
or visible spaetﬁa; However, bispyridinezine(il chloride
and bromide, on the basis of partial structural determinat-
fondud, ape @oﬁsid@fed to have tetrahedral coordination

about the zinc atoms. By analogy, it is suggested that

ke G

o I



the complexes LgZn{Cl0g )a, where L is pyridine or

B ~picoline also have a tetrahedral arrangement of ligand
molecules about the centra; metal, and that a distortion
of this arrangément may describe the stereochemistry of
the éuinolﬁn@ complex. Sueh an arrangement could be
achileved by econsidering pewvchlorate groups aeﬁiﬁg as
bxridges.

Magne tic Momenisg.

The Gouy method was used to obtain the magnatic
m@menté of-th@ presant complexeg using a permangnt magnet
with a £igld gs¢rength of 7000gauss. Possibly the main
Soures @f SFTOP méing this mathod ariseg from nom-uniforn
packing of the tubs. All of the complexes of the present
investigation were finely ground in a dyy box using an
agate pestle and mortar and packed into & specimen tube,
the dimensions of whieh were, overall length 18.6cms,
external diameter 4m.m, iInternal diameter 3m.m. . Where
possible 13@ﬁsa|@f sanple was gently and uniformly tepped
into the speecimen tubs, corresponding to about 0.3 - 0.4gm
of sémpl@a The tubs was standardised using Hg[Co(CNS ),}3¢®,
and the measurements carried out at room vemparature.

The observed values are recordsd in Table 3.15.



Compound,

cory

et

Mnbye (C10g )a
Mn-pice (CLO4 )2
MnQz (C104 )a
CoPyq (€104 )2
Co¥-picy (C104 )z
CoQz (€104 )2
Nilye (CLO4 )2

W4 ¥-picy (C10g )a
NiQa (€104 )2
Culyq (G104 )a
Culf-pileq (€204 )2
CuQa (C10g )z
Znkys (€104 )
Zng-pleg (C10g a
ZnQz (C104 )

14,290
13,832
14,634
10,360
10,230
8,335
4,982
1086
112
1,353
1,206
1,322
-80
~80
~103

Table 3.18

297
297
297
297
297
297
297
oy
297
297
297
297
297
297
297

% 108 )e.go8. TempK_ Meff. BoMo

5.85

5.77

5,91

§.10

4o 95

4,80

3e44
diamagnetic
diamagnetic

1.80

1,70

Lo78
diamagnetic
diamagn@tie

diamagnetic

The diamagnetic eorrection faetors used in the

calenlation of the observed magnetic moments were taken

from published datal®é.

usually observed experimental values for spin free complexes

The moments are within_ the

in oetahedral configurations for Mn(1l), Co(il), Ni(11)

and Cu(il) with the obvious exceptions of the complexes

CoQa (C10g )ao which 4s within the expsrimentally observed



range of values for high spin tetrahedrally coordinated
Col11), and the nickel WY-plecoline and gquinoline complexes,
the ﬁiamagnaﬁism of which isfin accord with a square
planay arrangement of ligands ayround the cantral metal.

The - octahedral stereochemistry of the manganese, and

copper quinoline complexes eould be @kplainad by.Fig Sodo

O, Q)
) O
\‘;ﬁ M,% M /";E?Q o
@/ e N
N (@ mjmm

fo‘.go 2.1

Sueh an arrangement, 1t is suggested, could also
axplain the apparently an@malous infrared spectra obtainmed
for these complexes. The structures of the other
comploxes are visualisad as distortions of regq;ar octa-~
hedﬁalg t@trahedral and square:planar:arrangements sinee
the perchlorate ligand is not expected to‘be as strongly
bonded as the anine. Tﬁis‘ia substantiated by the marked
difference in the spectra abtained when mulls of the
complexes arve prepared outwith the dry box. In every
casa the bands attributable to perchlorate, particularly

the vibration in the region 1030 — 1130ems” >, become very



broad and have poorly defined maxima. The spectra in

these instances are guite characteristie of ionic
perchlorate. In one case, that of Nié;piQQ(GlQQ)gg

mulling in the opgen atmosphere resulted im the colour of

the complex changing from yelloﬁ to blue. The spectrum
obtained in the region 1030-~1130cns™* was much more

diffuse than that for the yellow complex. I¢ is sugpgested
that this blue compound may be the dihydrate which would

then confor octahedral symmetry om the central metal, Fig.3.2

QH 2, ] e&= 4
L L
/// Nt N///
L L
- Ol ]
(L = ¥=picoline. )
Fig 3.2

The X-ray powder patterns of the anhydrous complexes
are ne% particularly illuminating. They present a very
eomplex pattern of lines indicative of low symmetry. Ag
far as could bs ascertained by visual inspection, the
nickel and cobald pyyridine complexes are isomorphous.

Reproduction of a representative selection of infrared

speetra obtained during this study are appended ati the end
of Chapteyr 4.



Chapter 4.

Anine Complexes of Transition Metal Tetrafluoroborates.

Introduction.

This study is a natural extension of that described
in the previous chapter for two particular reasons. The
tetrafluoroborate ion has the same symmetry clements, and
therefore, essentially the same infrared spectrum, as that
daescribed for the pdgrehlorate don. It is also a strong
acid radlical in which the boron ls eovalently saturated
by £luorine, and is usually considered a noncomplaxing ion
since fluorine dogs not often form bridges®®?. In this
svent, it should therefore have been possible to make
unequivocal assignments for metal - nitrogen in amine -
metal tetrafluoroborataes. On the other hand, it was also
of interest to investigate the possibility of preparing
complexes in which tetrafluoroborate might be complexed,
since, 4n this event, these would be among the first known
exanples of such behaviour fox this ion. By analeogy with
the perxrchlorate ion, the infrared spectra of such complexes
should be quite characteristie of the bonding between
tatrafluoroborate and the complexed cation.

Gregenvrocdiv® has studied isotope and ceystal {ield

effects in the vibrational spectrum of potassium tetrafluoro-



borate, and has shown that someé of the structure observed
in the infrared spectrum of this salt is due to lsotopie
d@ublinga The acid 1tself is known only im solutiom, but
‘th@ metal salis arve known, usually as hydrates. In some
instances, attempts to p?epére the anhydrous salt,
pafticml&rly for the Transition Metals, by heating in
vacuum results in loss of boron trifluoride with formation
of the metal fluoride. It may be that some coordinated |
trangsition state is formed which decomposes with loss of
boron trifluoride as a wresult of the greater lattice energy
of the metal fluoride. There are, however, only two
compounds reported in the literature containing coordinated
tetrafluoroborate. Hathaway and WebsterSe reported the
infrared cheracterisation of trimethyltin tetrafluocroborate,
which contains bidentate tetrafluoroborats. The infrared
spectrum of this, and rélaﬁeé compounds, has also baen
discussed by Clark and 0°Brien®v® , in & more detailled
publication. Quagliane at al®® prepared tvetrakis(3,5-luti-
dine mickel(ll etrafluoroborate, in which it is evident
from infrared, electronic spectra and magnetic moment data,
that the anion 18 acting as a monodentate ligand. These
authors have made tentative assignments for the bands,
attributable to tetvafluoroborate, observed in the infrared

gpectra of these two compounds.



It may be anticipated that the resulis of this

investigation are in general, analogous to those discussed

in the previous chapteyr, and consequently the arguments

prasentad therein awve equally applicable in the present

stndy.

Exparimental.

The method used for the preparation of the comploxes

in the present investigation is exactly analogous to that

describad for the perchlorates of Chapter 3.

EBxcess metal

carbonate was treated with 42% £luoroborie aecid solution,

the excess carbonate renoved by filtration, and the filtyrate

concengrated on a siteam bath to give crystals of the

hydrated metal tetrafluoroborate, which was then f£i1ltered

off and dissolvaed in absolute ethanol.

The amine was

added to this solubtlon, and, in some instances was

accomnpanied hy a change 1in colour as shown in eolumns.

3y 4 and 5 of Table 4.1,

rgaction.

Salk.
Mn(BPg )a
Co(BF, g
Wi (BFy )a
Cu(BFg )z
Zn(BFg )a

Solution

colourlass
ved
green
blue

colourless

This addition is an exothermic

Pyridine

golourless
red
blua
purple

eolourless

Table 4.1

Kmkieoline

colourless
red
blueg
violet

colourless

Quinoline

colourlass
rad

pala graen

dark green

¢olourlaess



The coppeyr pyridine and ﬁmpieoline complexes precipit-
ated on addition of the amine. The pyridine and ¥-picoline
complexes of cobalt, nickel and zinec, and the coppar -
guinoline eomplex crystallised fwrom solution after standing
abdut a week in a refrigerator. The quinoline complexas
of manganese, miekel and zine, and the manganese - pyridine
complex were isolated by renmoving the solvent on a rotary
AVACLRLOT redissolving the wvesidue in the minimum of
absolute gthenol and precipitating in diethyl ether. The
manganese complexes ware particularly difficult to isolate,
and the maﬁganesem5=pieolin@ complex could only be obtained
88 & viseous liquido.

The eomplexes were dried by heating the solids to
about 80-90° in high vacuum. During this treatment the
pale blus nickel-¥-picoline complex turned a bright yellow
colour, a change analogous to that observed during the
similar ﬁr@atmant of the pavchlorate complex. The
quinoline complexes of eobalt, nickel and copper, on the
basis of analytical date, ave degraded by this process.

The boron - flvoring ratio ig 1:5, and these complexes
analyse to the formulation MQLF (BF, ), where Q is quinolipe.
The loss of boron trifluoride from tetraflucvoborate salts
is not uncommon?®?, as alwveady indicated, but it is peculiar

that only one lon should be broken down, £t is, of couwse,



likely ¢that slightly more vigorous conditions would ramove

another molecule of boron trifluoride.

Sueh

a raaction

would be particularly interesting sinee other workers®*®

have attempted, without sueccess, to prepare divalent mstal-

amine fluorides.

pressnt complexes are detalled in table 4.2,

Compound Colour

MnLoXg
CoLgXa
NiLgXa
Cula X2
Inlg Xo
CoL s Xa
V1L aXa

Cull"gXa

2l o Xa
MnQaXg
CoQakX
NiQaFiX
CuQaFX
ZnQaXa

(L, =

white
pink
blue
purple
white
pink
yellow
violet
whits
white

pinlk

yollow-
green

dark-
graen

Wwhita

2,26
9027
9.19
9.16
5080
8,85
G. 85
6077
5,88

Theory

AN AB

Analysis

bDF

B M

3w

The analytical data and eclours of ths

Found

_% B ﬁj@

10.28 3,97
10.2%
10, 2%
10.13
10.09

3o 9%
3. 24
3o O
3. 80
3.58
3.858
3.85
3o B4
40,43
2. 84
2,65
2,82
40,39

Table 4.2

27.89
27068
27,70
a7.406
27036
26,11
25,13
24,93
24,85
ALo48
230 2
23.24
22098
30,81

pyridine, L' = ff-piecoline, Q

10.08
10,74
10,69
11..48
11,77
Qo 74
.74
10.42
10.69
11.40
14,41
4o 35
15,36
13.25

§

10,20
10.19
95 4.
10,07
10,01
80936
8. 80
8. 80
3,95
5076
Bo 76
Go TS
Go TL
5065

= quineline, X =

AY
3.80 27.67 9.93

3.83 27,57 10,69

3.85 27,69 10.63
11.46
11.606

9.65

3,36
3,96
3o 47

27,34
27.29
24, 97
24.. 96
24,86
24.79 10,858
30.93 11,19
23,09 14.29
22,98

.58
3.49
3060
2029

9. 70
10.41

259
2,63 14.31
2,53 22,71

30,05

15.35
4,26 13.19

tetra-~
flu@rqufaﬁe)o



Discussion.

The evidence obtained fyom the infrared spectra of
the present complexes quite clearly shows that the regulay
Td gymmetry of the free tetralluoroborate lon has been
reducad to Cgv in most of the compounds prepared in the
present investigation. This is particularly obvious sinee
the lowering of symmetry splits the degenarate vibrations
and activates infrared inacvive vibrations, as shown in

Table 4,358

Polnt CGroup @z, @8 "3‘&5 :}_;fgm
Td .ﬁ&(ﬂ) E(R) Fg(zaﬁn ) FQ(IORG )
Cav Ay lT.R) EB(I.R) Ay (T.RIE(I.R) Ax (T RIE (IR

(A B, F. = non, doubly and triply degenerates respactively
L = Infrared active, R - Reman Active ).
| Table 4.3
On the basis of the infrared and analytical data,
structural environments can be postulated for the metal
atoms in these complexes, and these postulates are
substantlated by electronie reflectance spectra and magnetic

nomant neasuremenis.

Tgtrafluoroborate Vibrations.

The Beelon 700 - 1300cms™>.

The bands observed in this reglon show two different

environments for tetraflnorcborate.



The triply degenerate stretching vibration, @aﬂ in
the free ion, is usually observed as a rather broad band
with an ill-defined maximum at about 1100cms ‘.  The
symmetric Stretchgiﬁgg observed at 76%cms”* in the Raman
spectrum, 4s infrared inactive, but is also often observed
in the infrared as a very weak peak at about 770cms >,

It is weakly permitted probably because of the perturbing
influenca of the crystal field on the tetrahedral BF, ilomn.
The absorptions listed in Table 4.4a are 1n accord with
ionic tetrafluoroboratey although the intensity of the

band observed at about 740cms”* in the quinoline complexes
requires explanation. It may be that the magnitude of

the crystal field perturbation has caused a marked reduction
in symmetry, 1n which case the intensity of this band would
be expected to vary wlth the crystal field. Howeverg it
the symmetry of the lon is lowered from Td to Cgv, ie if
the tetrafluoroborate becomes involved in forming a bond
through one of 1ts fluorine atoms to some other atom; then
the '@ly vibration of Td symmetry becomes the °§a infrared
active vibration of Cgv symnetry, and will appear as a
single intense band®*“®. Such a band is observed in
trimethyltin tetrafluoroborate®V® at 746cms *- By analogy
with the perchlorate 1on8%, the shift observed for this

vibration, from that observed for the free ion, may be

interpreted as giving some indieation of the covalent nature



of the bond. In the present complexes, the observed
magnitude of shift is about 20cems Y. The spectrum of
pyridine measured on a liguld film, shows a single sharp
peak at 745cms . The analogous vibration in the perchlor-

ate complexes ocecurs at about 750ems >, This band, at

)

about 755cms —, in the present complexes, is rather broader

of the ordar of 2-3ems *. It is possible that there are
Two unregolved bands in this reglon. Indesd in the
copper-pyridine complex, a strong shoulder at 730¢ms > 48
Jjust detectablae.

The spectra in the region 950 -~ 1080cms™ * are quite
definitive as to the state of the tetrafluoroborate. Two
strong bands are ohserved in this region, (Table 4.4b),
clearly showing that the degeneracy of the Vg mode of Td
symme try has been removed and that moﬁo~dentate tetrafluoro-

borate is present.



Compound .
BF,,
Znkys (BF, Yo
Znl-piey (BFg )a
ZnQz (BF, o
Nig=picg (BFg )a
N4 (3,4-L )4 (BFg )p
NiQoF (BF, )
CuQoF (BF, )
CoQzF(BrF, )
MnQs (BFg )2

=]

GCompound

W (3,85=L)g (BF )a
MRy, (BF )n

Colye (BF, )2

NiPyq (BF, )2

CuPlyq (BF, )a
Col~pice (BFg )2
Cufepicy (BFy g

(L, = lugidine, ¥y

Q =2 guinoline.

Fragueney (cms™® ). Rafarence.

773¥  1030-1160° © 108
- 1030-1075°
- 1050-1075°
770 1060-1065°
764V 985-1050° P
- 1080-1100 88

0% 1046-1060°
740 1030-1105"
745"  1045-1055"
744" 1080-10685°

Table 4.4a

Freguency (ems”™) Reforencs.
7650 ,925° , (959),1115° 88

+ ,940%, - ,1070%
+ ,925%,(950),1105°
+ ,922%,(960),1107°
+ 59768%;, - ,1070°
748% ,920%, (945 ),1120% (1163 )
760%,068%, -~ ,1100°

fl

2 pyridine, § -pic = Y -picoline,

+y, pyridine absorbs here. )

Table 4.4b



Tontative assignments for these bands can hs made by
analogy with the perchlorate ecmplexss, as suggested by
other workers®®, Thus, the band in the regilon P40-770cns >
1g assigned to Vs, tha B - F® streteching vibration of Cgv
symnetry, where F¥ is the fluorine atom involved in bonding
to the metal. The two bands at about 930 and 1100cms *
are assigned %o @La the BF'g symmetric streteh, and =@@9
the B - ¥ asymmetric bend, respeetively, of CyVv Symmetry.
Tha bands weported in brackets in Table 4.4b may be duse to
lsotopic doubling.

Ihe. bands at 520 and 420cms .
The band of particular interest in this wegion of the

gpectrum Qgg the infrared active asymmetric bending
vibration which occurs at about 520ems”" in the free ion,
the degeneracy of which is removed when the symmetry is
lowered to Cgv, giving two bands, s the BFg asymmetric
bending mode, and Q@‘thﬁ BFg symmetric bsnding mode.
Tables 4.5a and 4.5b give the detaills of the observed .

absorptions,
Compound Fraguency (ems ")
BF,™ 525
Znky,, (BF g )a 518M
Zng-pleg (BFg )a 524™
Wall-pies (BFg g 51.0™

Table 4.5



Compound . Frequency (ecms )
MnPya (BFg )a 5200, azo™
CoPye (BFg )a 5110, 420%
NAPyo (BFg )2 $13%, 434"
Culye (BFy g 5179, az™
Colf-pica (BFg ) 513", 420"
Culf-pieg (BFy ) 516", 435"
MnQga (BF, )z 5200, 420™
CoQaF (BF, ) 5187, 419"
N4QaF (BFg ) 518", 420"
CuQaF (BF, ) s18%, 423"
ZnQz (BFg s 5200, 464
Table 4.5b

The presence of only ome band attributable to tetra-
flroroborate in the complexes listed in Table 4.5a i3 taken
a8 avidence of the fonlic npature of the bond bstvween the anion
and the ecomplexed catlion, and is assigned to @Eg the
asymnetric bending mode of Td symmetry. The two bands
observed for the complexes in Table 4.5b ave, by analogy
with the perchlorate complexes, assigned to %+he @% and @5

' pespectively.

modes of Cgv symmetyry at about 520 and 420cms
The magnitude of splitting is much greater than that
observed for the analogous perchlorate eomplexes, but ls of

the ordeyr of splitting observed for the bands at aboutb



930 and 1100ems™*.

The infrared inactive symmetrical bending mode, in
tetrahedral symmetyy, which occurs as a weak Raman line
at 353ems”* in the spectirum of KBFy, becomes infrared
active when the symmatry is redueced to Cgv. Again by
analogy with perchlorates this band in Cgv symmetry may be
described by 339 a rocking vibration. It 1s vrather
difficult %o be precise as to the presence or absence of
this band in the present complexes. The spectra of
pyridine and quinoline, measured on ligquid films, bolth show
a veak peak at 953 and 349ems”~ respectively. This peal
also appears in the present complexes, but the band contour
1s somewhat broader. From this it may be infered that the
flvovroborate wocking vibration is also present, and this
premise is substantiated by the presence of a weak band in
this region 1n the ¥-picoline complexes. It must be
stressed, however, that these bands may be amine ligand
vibrations only, and that the band contour is mersly a
feature of the mull compared with a liquid £ilm spectrum.
The bands observed are listed in Table 4.6 and their

relative intensities are weak to medium.



Compound. Freguency (ems”>)
Pyyidine asa
MaPye (BF, g 355
Colyqa (BFg o 353
NiPyq (BFg )z 253
CuPlyq (BFg g 356
% ~picoline o -
Colf=piee (BFs )z 352
Culf-pieq (BFg )a as2
Quinoline 349
MnQs (BF, g 358
oQgF (BF ) 959
CuQaF (BF, ) 353
ZnQs (BFg )z 357

Table 4.6

Aming Vibrations.

The only aming vibrations congidered im this discussion
ave those which ean be attributed to wing deformation modes.
These vibrations, 28 was found for the perchlorate complexes,
guffer significant shifts from those observed for the free
baseo The absgsorpbions obsaerved are detalled im

Tables 4.7, b and ¢.



Compound .
Pyridine

Mnfy,a (B, )a
CoPy, (BFy )s
NiRyq (BF, )a
Culyq (BF, )a

& ~picoline
Coli~picy (BFg o
Cul~pieg (BFg )a
Cull=pileq (C104 g
Guinoline

MnQs (BF, )a
CoQuF(BPFy )a
CuQaF (Bi', )o
CuQz (C104 )

G ompouind .
Pyridine

Znkyo (BF, o
Znky, (€10, )g
¥-picoline
Znff-pieq (B¥y )2
Quinoline

ZnQa (BF, )a
ZnQa (CL04 )a

aa¥
R o

3¢t

ot
3738
377V

Freguency (ems™%)

408"
41.0M
415"
4271
423"
4339
4929
4.95%
495
asg®  47s°
386" 472"
350%  gqas®
3975 402
401, 494
Table 4.7a
Freauency (cms™*)
405"
416%™
431 g
4,339
4378
aga® 78"
ase® 488"
Jos™ 4815

Tahla 4_Th

600°

609°
629°
ga2®
634"
s1.3"
545"
552"
5512
516"
518"
525"
270
529



Compouad. Praqueney g@m”ig

¥ =picoline 433°% 513"
NiG-pieq (BF4 ) 492% 5730
Ni=piee (CL0s g 509° 5725
Quinoline a7a¥ 3338  avs® 5187
N1QaF (Blg ) azal 396?433 s52s®
N4Qa (CL04 )z 3738 3g0™ 4958 seo¥

(v = weak, m = medium, s = strongl.
R 4, i
Table 4.%7¢

The agrecment batween the vibrations observed in the

- present investigationm with those recorded im Tables 3.10a,
b and ¢, for the &miogoms porchlorate complexes is vwery
£008 . The inerease in frequency observed for these
vibrations 1s again in accord with the Trving - Williams
order of stabilities of complexes. | In both seriesg of
complexes the greatest shift is observed in the nickel -
§-picoline complexes, Table 4.Ps. It will be raecalled

that the ecorresponding perchlorate complex [Ni(§=Pic)e] (C1L0a )a,
was found to ba diamagnetic, econsistant with a squaye

blaney arrangament aboud the“nickel atom. Evidanece will
ba presented at the end of this chapter which shows that

the analogous tetvaflucroborate complex is also diamagnetic.
It 18 suggested that the magnitude of shift observed, for

the ring deformation mode at 513cms”™ in the free base,



about 60ems~” in these complexes, may, in soms measurae,
raflect the strengtih of the eoordinate link bstween the
metal and amine.

Matal - Nitrogen Vibrationg.

The gffeet of ligand mass on the metal - nitrogen
vibrations follows the order found by other workers®?, and
is parallel to that observed for the pefahloratéa discussed
in the previous chaptery, is the frequency of wibration
deereases with increasing ligand mass. It is again
observed that the slightly greater basicity of §-plcoline
over that of pyridine is not sufficient to overcome the

mags effect, as 18 1llustrated in Table 4.8

Compound. HeeN)  Other Vibrations
MRy (BFg )z 220 -
CoPya (B )n 235 254
NiPyq (BFg )a 250 . 266
CuPy, (BFg )a 264. 2885
ZnPyq (BF, )z 210 -
CoY=-pieg (BFg )a 230 256
Culf=pieg (BFy g 241, 291,
Znl=picy {BF, )a 200 -
MnQa (BFg )a 200 -
CoQa¥F (BF, ) 216 230
CuQaF (BF, ) 233 266
ZnQz (BF, )a 200

Table 4.3



The metal - nitvogen bandg, in both series of complexas,
ara quite byroad and intense. The frequency of vibration
of the metal - nitrogen mode is again found to follow the
Irving - Williams order. The bands listed under the
heading °‘other vibrations'' may be due %o metal = fluorine
stretehes of the coordinated tetrafluorcboraie. The
frequency of these bands also follows the Irving - Williams
order. The fact that Tthe Crecuency of this band does not
vary mueh in the present complexes for a particulay metal
1s taken to support this suggestion. Howevar, the data at
prasent available 1s insufficient to warrent unsquivocal
agsignments for these bands.

The mixed anion quinoline complexes of cobalt, niekel
and c¢opper are analogous ©o the ehloro-perchlorate complexes
of these metvals, whiech can be prepared by wreaction of the
anhydrgmﬁ metal chloride with silver perchlorate in
anhydrous disthyl ether®*?,  Peacock and Sharpév have
studled the infraved vibrational spectra of alkali salts
of a large numbsr of complex Lluoro-aclds, and f£ind that
for the divalent metals cobalt, nlckel and copper, the
metal -~ fluovrine vibration, as measured in perovskiﬁesg is

=,
observed at 439, 445 and 43%cmg

respactively. In the
present complexes the spectra in this reglon is quite

eomplex. However, peaks ara observed at 413, 430 and

whia Rud Or
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462cms”* for the complexes of cobalt, ihickel and copper
respaectively, which may be due to the metal - fluorine
vibration, since these bands are absent in the corresponding
perchlorate complexes.

The spectvra sgthudied in the present investigation were
obtained as nujol mulls on KBr plates and recorded on a
Parkin - Elmer 125 Infrarved Spectrophotometer for the region
400 - 1800cms™*. The region 200 - 400cms™ > was studled
as nujol mullis on polythene plates and recorded on a
Grubb - Parsons DM2 Far Infrared Spectrophotometer equipped
with CsX opties. Redistilled, scdium dry, nujod wvas used,
and the nulls ware propared in a dry box sinece the complexss,
particularly those which exhibit splitting of the vibrations
attvributable to tetrafluoroborate, are very sensitive to
atmosphevric molsture.

R@prodmetians of some of the infrared spectra obtained
for the present compounds are appended at the end of tnis
chapter.

Reflactance Spactra.

The methed adopted in Chaptér 3 is followed 4m the
present discussion. The obsewrved bands, im cms™ x 1072,
are raported for sach metal acecording to posiulated
gstruetural environment. Compounds which proved ¢o be strong

absorbers were diluted with dyy potassium chloride by



grinding the complex and diluent together in an agate
mortar in a dry box, thae concentration of the mixture being
regulated so that absorption was within the range of the
instrument.

Manganese - ogtahedral environment.

Compound Sp,elG) Sp.e(6) 24,2(G)0Eg(G) Reference
[Mn(H2063%° 18,9 23.1 240,96 25,3 Q7
MnPy, (BFq ) = 22,73 25,0
MnPya (C104 Ja = 22,73 25,0
MnQg (BFg )o 17.24,18,35 23.54 24., 69
MnQp (C104 )2 17.83,18.87 23.26 25,0

Table 4.%a

Copper - nprobably tetragonally distorted octahedron.

Compound Mixture of Transitions Refarenca
CuQaCls 16.13,12.23 o8
Culyq (BFg )g 17.39

CuPy, (C10, s 17.54

Culf-pieq (BF; )a 13.7

CuQaF (BF, ) | 16.95

Table 4.9b



Nickal = distorted octahedral environment.

Sy S W

Compound 3Top(F) 3%, p(F) 2Ee(D) 2%,p(D) 37, (D) Refarence

WiPyalle 10.86 16,13 12,99 192.61
NPy q (BFg, )z = 15,78 12.82 -
NiPy, (C104 )a “ 15.89 12,12 e

Cobalt - disvoirted octahedval environment.

Compound Shap Tag MIXTRYE

CoPya (BF, )a 18,82, 21.28

Col¥=-pieg (BFg )z 18,95, 23,64

Colf-picaBra 17,24, 19.23, 20.83

CoQaF (BF, o 18,87, 20.63
Table 4.9%c

Nickel - distorted nlaner environment.

Compound,

Ni §=pieg (BFq )2 22,22
Niffpieq (C10g )a 22,73
WiQaF (BFg ) 240 24
NiQs (€104 )2 23,26

Table 4.94

25,64 29

25,98

27.03
Reference

The reflectance spactra of the present complexes arag

in accord with thoss already wreported for the perchlorates,

and arg in agreemegnt with the environment suggested at the

heading of Tables 4.%a, b, ¢ and d. These proposed

environments avre further substantiated by the observed



magnetic moments for the present complexes, which are

racorded in Table 4.10 and were measured by the Gouy methed.

Compound,
MnPye (BF )a
MnQgz (BF 4 )n
CoPyg (BFg )a
Colff=pieg (BFy )a
CoQaF (BF, )
NiPys (BF4 )p
Wi -piee (BFg )g
NiQaF (BF,, )
CuPyq (BFg )
Cuif-picg (BFy )a
CuQaF(BF, )
ZnPy, (BF, )a
Zolff=picq (BFq )2
ZnQp (BF g )a

(XFO¥ T 200 Jeog.8.

13GA7
145631
10582
10640
11439

4393

Table 4.10

Temnb. °K

283
293
893
293
293
293
293
293
293
293
293
293
293
293

aff BoMo

5.68

5,80

5.0

4,99

8502

Jodk
diamagnetiec
diamagnstie

1.78

173

1.79
diamaghgtic
diamagnetiec

diamagnetic

The simlilarity observed bstween the tetrafluoroborate

and perchlorate complexes is quite striking.

The X-vay

povder photographs of <The compounds being studied show a

complex pattern of 1ines, consistant with structuras of low

Symme try .
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