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ABSTRACT

Complexes of indium with halides,acetylacetone,bipy-
ridyl,phenanthroline,pyridine and ds-pyridine,as well as
some cyclopentadienyl derivatives,have been prepared and
studied by means of analytical and spectroscopic techniques
to determine their coordination and structure. The full
X-ray crystal and molecular structure of In(acac)bipyCls,
is also reported.

I. Anionic Complexes Derived from the Lower Halides of

Indium

The halide salts of the dipbéitive N,N'-dimethyl-
4,4t -pipyridinium cation (MesbipyXs; X = Cl,Br or I) react
with indium monohalides to give salts of the trihalogenoin-
date(I) anions Mesbipy.InXs,in which the anion is isoelec-
tronic with SnXs and SbXs. With indium trihalides the pro-
ducts are either Mesbipy.InCls or Mezbipye+ + InX, + X
( X = Br or I);the InCls2 anion has Cy, Symmetry in the
salt prepared,and this result is discussed in terms of
earlier studies of this anion, The indium dihalides yield a
mixture of In(I) and In(III) anions. The Raman spectra are
recorded for the anionic complexes prepared,for the indium

monohalides and for indium dibromide and diodide.

iii



IT. Force Constant Calculations for Anionic Indium(I) and

———

(III) Halide Complexes

A simplified generalized quadratic valence force field
has been used to calculate force constants for the anionic
indium(I) species InXsz2 ( X = Cl,Br or I) and for the
anionic indium(III) halide complexes InX, ,InCls2  and
InCle3". The primary stretching force constants for the
indium(IIT) chloro-anions decrease linearly with the increa-
sing coordination number. The results for the indium(I) com-
plexes are compared with those in the literature for isoelec-
tronic tin(II) and antimony(III) species.

ITI. Some Reactions of Cyclopentadienylindium(I)

(a) Cyclopentadienylindium(I) (CpIn) in chloroform
reacts with gaseous BXs ( X = F,Cl,Br or CHs) to yield
solid CpIn-BXs species,whose structures have been investiga-
ted. Vibrational spectroscopy shows that the BXs group has
the expected trigonal pyramidal structure. The cyclopenta-
dienyl ligand is in the monohapto (o-bonded diene) form in
the adducts,in marked contrast to the stereochemistry of
the parent CpIn. Reactions of CpIn and CpIn.BCls with
maleic anhydride showed that Diels-Alder addition occurs
in both cases.

(b) Cyclopentadienylindium(I) reacts with iodine to
yield the polymeric CpInI, species. Adducts of this species
with some nitrogen-donor ligands have been prepared and
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studied by means of vibrational and mass spectroscopiles.
The reaction products of CpInI, with CpsIn and (propyl).NI
have also been studied.

Iv. Monoacetylacetonatoindium(ITII) Complexes

The reaction of 2,2'-bipyridyl,1,l10-phenanthroline,
pyridine and ds-pyridine with the brown pasty solid obtained
from the dissolution of indium(I) halides in acetylacetone,
yields solids of the type In(acac)IX,:-CoHsO0H ( X = C1,Br,I)
whose vibrational spectra have been studied in the range
600-100 em™ !, Vibrational spectroscopy does not allow a
clear distinction of a cis or trans arrangement of the hali-
de ligands. Evidence for a possible mechanism for the disso-
lution process of the indium monéhaiides in acetylacetone
is given.

V. The Crystal and Molecular Structure of Acetylacetona-

to-2,2'-bipyridyldichloroindium(IITI)

The crystal and molecular structure of In(acac)bipyCl,
has been determined by means of X-ray structural methods.
In(acac)bipyCl, belongs to the monoclinic P2,/c space group,
a = 11,340(3), b = 12,198(3), c = 14.330(3) A and

B

indium atom whereby the indium atom is surrounded by two

120.25(2)°. The structure consists of six coordinate

cis chlorine atoms,a bidentate bipyridyl and a bidentate

acetylacetonato anion. The InO-NoCl, group has a distorted



octahedral configuration. The indium-chlorine bond lengths
are 2.443(1) and 2,394(1) A, the indium-oxygen bond distan-
ces are 2.124(3) and 2.164(3) A and the indium-nitrogen

bond lengths 2,276(4) and 2,299(%4) K .
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CHAPTER I

LITERATURE SURVEY

1.1 The Chemistry of Indium

Indium belongs to the group III of the periodic system.
First discovered in 1863 by Reich and Ritcher1 from its emi-
ssion spectrum,it was isolated from a zinc-iron mineral,spha-
trite. Indium,like gallium,can be obtained by the electroly-
sis of aqueous solutions of its salts as a soft,silvery-white
metal with a melting point of 1570 C and a boiling point of a-
bout 2,700° C.

Group IIT of the periodic table begins with the non-metal
boron and ends with thallium,a metal, Table 1 gives some proper-
ties of the elements of the group III. Despite the large amount
of energy required to remove three electrons from the gaseous
atom,the tripositive state dominates most of the chemistry of
the elements of this group. Although boron is formally in the
+3 oxldation state in its compounds,there is no chemistry of
the free BT ion.

The monopositive state is kndwn for aluminium,gallium,
indium and thallium,becoming increasingly more stable as the
atomic number increases. For thallium,both the +1 and +3 oxi-
dation states are well known.

From boron to thallium there is a change in the non-me-



tallic to metallic properties. Thus,it is found that boron oxi-
de is an acidic oxide,whereas Al,05 1s amphoteric and gallium,
indium and thallium oxides are definitely basic.

Going down the group III one finds that the bonding in
the halide compounds changes from a distinctly covalent bon-
ding in BX, ( X = Cl,Br or I) to a nearly ionic in the corres-
ponding thallium halides. With regards to the redox properties,
from table 1 it is seen that the reducing power decreases stron-
gly from aluminium to indium. Thallium in its +3 oxidation sta-
te has a considerable oxidizing power as it is shown in the
half reaction given below

o]

> aq) E® = 1.25 volts

1% (aq) + 27 = T17(

Indium forms compounds in the +1,+2 and +3 oxidation
states., Since the chemistry of the +3 oxidation state has been
throughly reviewed2_7,the following review will deal mainly
with the chemistry of indium in its lower oxidation states;the

chemistry of indium(III) will be surveyed only briefly,

1.2 Compounds of Indium(I)

Compounds in which indium has the formal oxidation state

8’9,su1phide10,

+1 have been known for a long time, Indium oxide
. ... 8 .. 11 ., 10 . .11

selenide,telluride ,chloride™ " ,bromide and lodide are known,
Crystal structure determinations of the halides reveal

that in the bromide12 and iodidelB,each indium atom is surroun-

ded by five halide ions located at the corners of a regular
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square-based pyramid,with the axial indium-halide distance
somcwhat greater than the other four in the base of the pyra-
mid. The chloridell’L has a different structure,each indium(I)
ion being surrounded by twelve other indium(I) ions and twelve
chloride ions in a distorted NaCl type structure.

Indium(I) has been obtained in low concentration in solu-
tion by anodization of indium metal in perchloric acid15’16.

Tndium(I) is rapidly oxidized by both H' and air according to

the reaction
In+(aq) + oY = In3+(aq) + H,(g) log K = 14,7

Tt follows that indium(I) is a very strong reducing agent;it
is also thermodynamically unstable with respect to indium(III)
and indium(0).

3In+ = m° ot 4 oom® log K = 8.4

The product of the reaction of indium(III) chloride with
sodium cyclopentadienyl in ether,followed by sublimation under
vacuum,is an indium(I) compound,cyclopentadienylindium(I)17,
the first organometallic compound of indium(I) to be prepared.

More recently methylcyclopentadienylindium(I) has also been

18
prepared” ~,

1.3 Complexes of Tndium(T)

The action of dry ammonia at 2 to 2,5 atmospheres and
0° ¢ on indium(I) halides yields compounds of the type InX-NH,

( X=Cl,Br or I). At 3 to 4 atmospheres of ammonia,the product



is InX-2NH319. The products are black solids,insoluble in water
and dilute acids,and disproportionate rapidly on contact with
water. The diammines lose ammonia when heated. Unfortunately
there are no structural or spectroscopic data available for

these complexes and hence there is some difficulty in distin-
guishing between bonded ammonia and ammonia trapped in the
monochalide lattice, At 6 to 8 atmospheres of ammonia the products
are undoubtedly indium(III) complexes, InX,«ONH,.

In studies of the reaction of morpholine and aniline with
indium(I) halides,Coggins and McColm®® found that the halides
dissolve slightly in these basic solvents;solids of the type
In(morph),X ( morph = morpholine) and In(anil), X ( anil = ani-
line)( X = C1,Br or I) were obtained after addition of ether.
The complexes (which were analyéed'for indium and halides only)
were formulated as 1:1 electrolytes on the basis of conductivi-

ty measurements in nitrobenzene ( A,, ~ 28 ohm !ecnf ).

M
Oxidative insertion of indium(I) bromide into Co-Co bond
has been observed in the reaction of InBr and Co, (CO), in tetra-
hydrofuran at room temperaturegl. When the reaction is carried
out in benzene,the stoichiometry of the product is
BrSInSCo4(CO)1§2,rather than BrIn(Co(CO),), obtained in tetra-
hydrofuran. Indium(I) bromide also inserts into the Mn-Mn bond
of Mn, (CO),,. Drastic conditions (heating the reaction mixture

at 180° ¢ for 22 hours in a sealed tube) were requireng,but

Hsieh and Maysgl‘L showed that this oxidative insertion occurs



gmoothly in refluxing dioxane (boiling point 100—102o c).
gimilar conditions allow the insertion of InBr into the metal-
metal bond in ( m-C_H,M(CO),), where M = W or Mo. Similarly
indium(TI) bromide reacts with ( m-C,H Fe(CO),), to form

2
2
BrIn( m-C_H, Fe(co)2 )2 5

. Indium(I) chloride was reported to

insert into a metal-halogen bond to form MninX2 species24.
Recently26,it has been found that indium bromide inserts

into the carbon-bromine bond of methyl bromide to give a product

of stoichiometry CH, InBr,. Oxidative insertion of this type

were also found to occur for indium(I) iodide into the carbon-

iodine bond of a variety of alkyl iodides27. The products have

the stoichiometry RInI, where R = methyl,ethyl or n-butyl.

1.4  Compounds of Indium(II)

28

Earlier studies reported the preparation of InF, "7,

0 and InI, 31.

Incl, 27, mBr,
Magnetic studies of the In01232 and InBrZ33 have shown

that they are diamagnetic rather than paramagnetic as one

would predict for a monomeric indium(II) species. To explain

the observed diamagnetism,Puzako et al34 suggested a dimeric

structure of the type shown below

X X
\In In/ ( X = C1 or Br)
~




where the diamagnetism would be due to a spin;pairing process
as a result of the metal-metal bond. An alternative structure§9
could be an ionic dimer similar.to that found for gallium diha-
lides, Ga(I)[Ga(III)X,] ( X = C1,Br or 1)55"38.

The mixed oxidation state structure has received support
from the Raman spectrum of molten InCl,,which shows unequivo-

4o

cally the presence of the InCl4_ ion . Briﬁkman and Gerding41

reported the X-ray powder diagrams of the solids InCl,,In,Cl,
and In501942. The d spacing as well as the intensities quoted
indicate that all three lattices are made up of the same'spe—
cies,presumably InCles_. On the other hand Atkinson et al43
suggested a mixed valence structure for the solid ﬁ%(ﬂs
which could be formulated as Ins[ InoClg] on the basis of
structural relationship between this solid and Cs5;T1,Clg who-
se crystal structure44 revealed that the T120193_ anion is
built'up of two regular octahedra shéring a face,

43

Phase studies of the indium-chlorine system have also
shown the presence of InZCls whose Raman spectrum resembles
closely the spectrum of a molten 1:3 mixture of InCl; and KC1
which is expected to have the structure 5K+[In016]3— 40.
In,Cl, has been formulated as In,[ InCl_,]. On the other hand
the Raman spectrum of this melt also shows a band at 311 cm_l,
assigned to the symmetric In-Cl stretching mode of the InC14-
ion;any InCl,” would come from dissociation of the InCl %"

species,




Despite of the number of vibrational and phase studies
on the indium-halide systems,conclusive evidence is so far not
available and at precent the nature of these solids is unsettled
and confusing.

Support for the existence of an indium(II) state comes
from the experimental fact that InI, and InBr, can be ammonia-
ted to yield compounds of the type InoX,-6NHs and InoX,-8NHs.
Since complexes with no more than two molecules of ammonia
could be prepared from the monohalides,Kochetkova et a145
concluded that the indium dihalides could not form the obser-
ved ammoniates 1if they were mixed oxidation state compounds.
The results are dubious because of the high pressure of ammo-
nia used and the experimental fact that the ammoniates decom-
pose even in the presence of ammonia at 3 to 4 atmospheres to
yield InX-'2NHs and InXs+6NHs,i.e.,the indium(I) and indium(III)
derivatived.

Indium dihalides were found to dissolve slightly in
morpholine and aniline to yield,after ether addition,compounds
of the type InX(morph), and InX,(anil), respectivelygo.
Conductivity measurements in nitrobenzene showed that these
compounds are 1:1 electrolytes being best formulated as
[ In(morph) 2] InX4] and [ In(anil) ][ InX,] favouring the mixed
valence structure formulation for the dihalides of indium.

46

Sutton reported that indium dihalides react with

ethylenediammine (en) with disproportionation according to the



equation:
3InX, + 6ben = 2In(en)sXs + In

The action of hydrogen and hydrocyanic acid on indium
metal yields a solid of stoichiometry In(CN), which has been

formulated as In(I)[ In(III)(CN)4]47.

1.5 Compounds of Indium(III)

Compounds in which indium is in its +3 oxidation state
are well known and many simple and complex compounds have been
prepared.

In the +3 oxidation state indium displays coordination
numbers four,five and siX.The coordination number three is
reported to exist only in the planar trigonal structure of
InXs ( X = Cl1,Br or I)‘monomers in the gas phase,whereas
coordination numbers greater than six have not so far been re-
ported. It is believed that the complex anion In(NOsz). 48

would involve a formally eight coordinate indium(III),but at

present no structural information is available.

1.6 Complexes of Indium(III)

The indium(III) complexes can be classified into three
groups:(a) neutral complexes,(b) cationic complexes and (c)
anionic complexes.

(a) Neutral Complexes of Indium(IIT)

Indium(III) halides react as Lewis acids with a variety



10

of donor molecules to give neutral complexes. The stoichiome-
tries InXasLas, InXsls.s5, INXslLs, InX3l4.s and InXsL ( X =C1,

Br or I) have been reported. The stoichiometry InXsLs where

kg 50

I = diethylammine,pyridine,aniline

51

smorpholine and dimethyl-

sulphoxide involving six coordinate indium have been characte-
rized by means of vibrational spectroscopy,conductivity measu-
rements and in some cases unambiguously by X-ray structural
methodé. |

The InXs3L,,s type complexes where L = N,N'-dimethylaceta-
52

mide exhibit molar conductities between a neutral and a 1:1
electrolyte. No definitive structure can be inferred,but pro-
bably they could be ionic or dimeric with halogen and or 1i-
gand bridges.

Complexes of the type InXsL, involving a variety of mo-
nodentate ligands such as PPhs,PﬁsPO,pyridine,ammines and

dimethylsulphoxideSB’54

have been prepared. The structural
possibilities for these five coordinate indium(III) comple-
xes are trigonal bipyramidal (DBh) or square-based pyramidal

55

(C4v)' The X-ray molecular structure determination on the
triphenylphosphine adduct revealed that InCls(PhaP). possesses
D3h symmetry. Five coordination is not involved in Inls(deO)g,
for which X-ray crystal structure determinafion showed the
ionic structure [Inlg(deO)4][InI4]56.

The products of the reaction of indium(III) halides and

pseudohalides with bidentate ligands such as 1,10-phenanthro-
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line (phen) and 2,2'-bipyridyl (bipy),are solids of stoichio-
metry InX3L1.557’58. Unfortunately no structural data are avai-
lable for these species, |

The complexes InXsL are formed from indium(IIT) halides
and phosphine ligands52’53’59. They probably involve four coor-
dinate indium species,

Neutral tris chelate Inls complexes derived from acetyl-
acetone48,8—hydroxyquinoline6o,dithiobenzoate anion,dithio-
phenylacetate anion61 and 0,0'-dimethyldiselenophosphate anion62
have been reported. The crystal structure determination of
In(acac)363 ( acac = acetylacetonate anion) showed that this
complex 1is isostructural with the iron(III) analog. In(dtp)a
( dtp = dithiophosphate anion) has a distorted octahedral
In-Se kernel;although all six In-S bond distances are approxi-

mately equal,each ligand has two different P-S bond 1engths64.

(b) Cationic Complexes of Indium(IIT)

Both four and six coordinate indium(III) cationic comple-

48’60. Indium(III) halides and pseudoha-

Xes have been prepared
lides react with mono and bidentate ligands such as phen,bipy,
en,dmso,urea,dimethylacetamide,N—methyl—y—butyrolactam65 and
antipyrine66 to yield cationic complexes of the type In(AA):;s+
or InAg® . Four coordinate indium(III) complexes of the type
[ nL,]13" were obtained with phosphine and arsines.

The indium(III) cation [ InL(dmso).]" ( L =1,2-bis(tri-

fluoromethyl dithiolate anion) was identified in the product
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of the reaction of this ligand with indium(I)»halides in di-
methylsulphoxide67.

Finally a number of cationic complexes of the type
[InX2L2]+ where the balancing ion is perchlorate or hexafluoro-

phosphate and L is bipy or phen58,have been prepared.

(c) Anionic Cbmplexeé>of ihdium(iii)

A considerable number of anionic halide complexes of
indium(IIT) have been reported. Coordination numbers four,five
and six have been found. Ekeley and Potratz68 have prepared a
series of anionic complexes of the type InX. ,InXs2 and

69

InXe3 . X-ray crystal structure determinations of InCl, ~~“and
InT, 70 ana nCls2” " anions have revealed a tetrahedral
structure for the four coordinate complexes and a CMV square-
based pyramidal structure for InClSZ-;
Maleonitrile~-dithiolate,iso-maleonitrile-dithiolate and
toluene-3,4-dithiolate from a series of four,five and six coor-
dinate anionic complexesg’72. The X-ray crystal structure de-
termination of [ (CoHs)4N]s[ In(MNT)s] ( MNT = maleonitrile-di-
thiolate)73 confirmed the distorted oétahedral arrangement of
the In-Seg kernel, Maleonitrile-dithiolate anionic complexes of

the type [R4NI[ In(MNT)-C1] ( R = methyl or ethyl) have also

been reported74°

1.7 Organometallic Compounds>bf.Ihdiﬁﬁ

Organic derivatives of indium have not been extensively
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studied,but an increasing amount of éttention has recently
been given to this important field.

As the atomic weight of the elements of group III increa-
ses,low oxidation states become relatively more stable. Thus,
organometallic derivatives of gallium(I) are so far unknown,

17

whereas cyclopentadienylindium(TI) and methylcyclopentadie-

)18 have been prepared.

nylindium(I

A number of alkyl indium(III) derivatives,MeSIn75,

BtaTn 0277, (1-Bu)sIn’C ( Me = methyl,Et = ethyl, i-Bu — i-Bu-
tyl) are known. The aryl derivative PhsIn has also been prepa-
red79.

Fischer and Hofmann17 found that tris(cyclopentadienyl)
indium(III) is obtained as a side product in the preparation
of cyclopentadienylindium(I). (CsHs)sIn can be obtained in
good yield if 1lithium cyclopentadienide is used in place of
the sodium sa1t18. An X-ray molecular structure determination
of (C5H5)31n8o showed that the structure consists of infinite
polymeric chains with each chain unit comprised of an indium
atom linked to two terminal and two bridging cyclopentadienyl
groups giving rise to an almost tetrahedral In-C, arrangement
around the indium atom,

Halogeno derivatives of MesIn of the type MeoInX ( X =
F,C1,Br or I) have been prepared75’81. Dimethylindium halides

as well as trimethylindium react with donor molecules such as

pyridine,Pha'P,PhsPO,bipy,en81 to yield complexes of the type
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MeoInXL or Me,Inl, depending whether L 1s a mono- or bidentate
ligand.
Finally,the cation [MeoTn]' identified in aquous solu-
82

tion is believed to be in methylindium diodide,which has been

formulated as [Megln][InI4]27.

1.8 Contents of the Préseﬁt Thééis

The work reported in the following chapters is related
with the study of indium(I),indium(II) and indium(III) comple-
xes with halides,oxygen donor and nitrogen donor ligands as
well as some organometallic derivatives.

The second chapter of this thesis deals with the prepara-
tion,characterization and vibrational spectra of some halide
complexes derived from indium(I),(II) and (III).

The third chapter is devoted to the theoretical calcula-
tion of the vibrational spectra of those complexes prepared
in the second chapter. Although this work is closely related
with that in the second chapter,it is presented separately in
order to identify the nature of the calculations carried out.

Chapter four refers to some reactions of cyclopentadie-
nylindium(I) with boron trihalides as well as with iodine. The
preparation,characterization and vibrational spectra of the
resulting addition compounds are reported.

Chapter five deals with the preparation,chemical charac-

terization and vibrational spectra of some complexes of the
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type In(acac)IX,,where acac = acetylacetonate anion, L = bipy,
phen,pyridine or its deutero derivative,and X = Cl,Br or I.
Finally,the sixth chapter refers to the X-ray crystal

and molecular structure determination of In(acac)(bipy)Cls.
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CHAPTER II

ANTONIC COMPLEXES DERIVED FROM THE LOWER

HALIDES OF INDIUM

2.1 Introduction

The general chemical behaviour of the elements of group
ITTI has been discused in chapter I. Although there is now a
good understanding of the chemistry of indium in its +3 oxida-
tion state,very little is known about the lower oxidation sta-
tes of this element. Thus,very few coordination compounds of
indium(I) and indium(II) have been prepared,although the +1
oxidation state is an important feature of the two lower mem-
bers of the group IIIT.

Indium(II) compounds have been the subject of curiosity
for some time,but only recently has any structural information
been forthcoming. Unstable indium(II) species have been detec-
ted in gamma irradiated glasses formed by freezing 5.4 M sul-
phuric acid containing indium(III) sulphate83.

The investigation of indium(II) halides in the solid
state has been restricted to vibrational spectroscopy,phase
studies and X-ray powder methods. The mixed valence structu-
re proposed for the indium(iI) halides 1s strongly suppor-
ted by vibrational spectroscopy in some cases,but clearly
fails in others. For indium-chloride system,on the other hand,

the literature is extensive and rather confusing.
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Molten InCl:; is shown by Raman spectroscopy to contain

InCl, anionsuo,but the spectrum of the solid state is va-

riously claimed to show the presenceuO or the absenceul’43
of this species.

Much less attention have received indium dibromide and
indium diodide. One phase study on the indium-bromide system
has been publishedjoand none for the indium-iodide system,

It was therefore decided to explore the possibility of
preparing some complexes of indium(I),and to attempt to obtain
some chemical evidence on the structure of the indium dihali-
des., It was thought that probably,é large dipositive cation
could be able to break up the indium monohalide lattice and
bring indium(I) into solution. For that purpose a large orga-

nic cation,namely,N,N'—dimethyl—u,ﬁ'—bipyridinium was used.

>t

HsC-N //—~—¥¥CH
OO

The cation used in this work is one of the few readly availa-
ble dipositive organic cations. The preparation of its salts
was first described by Michaelis and Hi118u who studied these
species in terms of its use as redox indicator.

On the other hand,if the dihalides are really mixed

oxidation state compounds of the type In(I)[ In(III)X.] they
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might give a mixture of halide complexes of indium(I) and
indium(III). In this context,and in order to compare the re-
sulting products,indium(III) halide complexes with the same

cation were also prepared.

2.2 The Trihalogenoindate(I) Anions

Anionic complexes of tin(II) of the type SnXs ( X =
Cl,Br or I) have been reported85. As indium(I) is isoelectro-
nic with tin(II),it seemed likely that the InXs2 species
could be also stabilized in some suitable lattice. Since the
obvious starting materials,the indium(I) halides,are insolu-
ble in all the solvents so far tested,their dissolution was
taken as a visual test for complexation, Since indium mono-

halides do not dissolve in moltenvtetraethylammonium halides,

~this route to the trihalogenoindate(I) anions was nct availa-

ble,

Indium(I) halides react smoothly with the appropriate
salt of the cation N,N'-dimethyl-4,4'-bipyridinium
( = Meosbipy) in dry methanol to yield solids of stoichiometry

[ Meobipyll InXs] where X = C1,Br or I.

2.3 Reactions Involving Indium Dihalides

The structure of the indium dihalides has been the sub-
Ject of considerable discussions, The compounds are not sim-
ple M2+ salts,as they are diamagnetic, Formulae involving

either a metal-metal bonded dimer of the type XsM-MXs,or a
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ionic dime nvolving a mixed oxidation state such as

(2, iM(TT3 )0 . have been proposed. Both spectroscopic and
chemical evidence have been advanced in support of each of
these formulations.

It was found that the indium dihalides react smoothly
with the appropriate salt of the MegbipyZ+ cation in methanol
to give compounds of the type Mesbipy.InX, ( X = Cl,Br or I).
As in the case of the reaction of the monohalides with the
same cation,the dissolution of the indium salt required sti-
rring of the reaction mixture for 2 to 3 hours under nitrogen

to prevent oxidation of the indium(I) species formed.

2,1 Reactions Involving Indium Trihalides

In order to elucidate the nature of the products of the
reaction of MeysbipyXs with the corresponding indium dihalide,
it was necessary to investigate the reaction of these organic
salts with the neutral indium(III) halides. The results are
interesting in terms of the comparison with earlier studies
of anionic indium(III) halide complexes86.

In each case the reaction product 1is a solid of stoichio-

metry Me.bipy.InXs ( X = C1,Br or I).

2.5 Reactions of Mepbipy-InXs with Indium Trihalides

The electron pair donor properties of the Sn(II)Xs
species are now well established., Since the trihalogenoinda-

te(I) anions are isoelectronic with their tin(II) analogs,
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it seemed worthwhile to investigate the donor properties of
the indium(I) species. For this purpose reactions of the tri-
halogenoindate(I) anions with the electrophilic InXs species
as well as boron trihalides ( see chapter four) were carried
out.

Mesbipy. InXs compounds react with the corresponding neu-
tral indium(III) halide on refluxing in methanol under nitro-
gen for several hours to yield compounds of the type
MeobipyeInoXe ( X = Cl,Br or I). The complexes are colourless

(C1,Br) or orange (I) solids.

2.6 Experimental

(a)  General

Indium(I) compounds are rather light-sensitive and rea-
dily disproportionate in the air (moisture) or in the presen-
ce of protic solvents. No extreme precautions were taken to
avoid photo-decomposition,except by avoiding unnecessary ex-
posure to light,

Since indium(I) compounds disproportionate on contact
with water,all solvents were dried over either activated mo-
lecular sieves or freshly pressed sodium wire to remove any
traces of water and then distilled,

In order to avoid the contact of indium(I) compounds
and their complexes with the atmosphere,all reactions and o-
perations were performed under a stream of dry nitrogen,or

in a nitrogen dry-box.
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(b)  Preparative Chemistry

Preparation of Indium(I) Halides

Indium(I) halides were prepared by reacting the corres-
ponding indium(III) halide with the calculated quantity of

indium metal,
InXs + 2In = 3InX ( X = Cl1l,Br or I)

Both reactants were placed in a sealed tube and heated to
250O C for 4 hours,after which the tube was opened under ni-
trogen and a small excess of indium metal added. The tube was
resealed and heated ( to 350°C for the chloride‘and bromide
and to 450°C for the iodide) for a further 24 hours. In each
case the resulting solid was finely ground,the nodule of ex-
cess of indium metal removed and'thé product washed with
ether,dried and stored in the dark under nitrogen. The yield
was better than 95% in all cases.

In view of the problems encountered by some authors in
the identification of the lower halides of indium,the compo-
sition of all these substances were confirmed analytically
( see table 3).

Preparation of Indium Dihalides

Indium dihalides were prepared by reacting the corres-
ponding indium trihalide with indium metal in the mole ratio
2:1 in a sealed tube. The tube was maintained at 400°C for

24 hours with occasional shaking;the dihalide was quenched
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by cooling the tube rapidly. The dihalides were crystalline
solids, The yield was quantitative in each case, Analyses
for the indium dihalides are given in table 3,

Preparation of Indium Trihalides

(a) Preparation of Indium(III) Chloride

Dry chlorine gas was slowly passed over molten indium
metal, The indium(III) chloride formed as a fine white solid,
sublimes on the cooler parts of the flaskj;excess of chlori-
ne was removed with a stream of nitrogen at reduced pressure.
The trichloride was stored under nitrogen.

(b) Preparation of Indium(III) Bromiae

Nitrogen,saturated with bromine was slowly passed over
molten indium metal. The white solid formed sublimes on the
cooler parts of the apparatus. The broduct was stored under
nitrogen. |

(c) Preparation of Indium(III) Iodide

Indium metal and resublimed iodine were heated in an
evacuated sealed tube to 180°C for 24 hours. The tube was
opened under nitrogen and the indium(III) iodide formed
purified by vacuum sublimation at 120-1%0°cC.

Preparation of N,N'-Dimethyl-4,4!'-Bipyridinium Halides

The N,N'-dimethyl-4,4!'-bipyridinium cation was prepared
by refluxing 4,4'-bipyridyl and dimethyl sulphate together
for 6 hours. The resulting solution was cooled,treated with

water and further stirred for 30 minutes. The agueous layer
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was extracted several times with 20 ml. portions of ether to
remove any dimethy.i sulph-ie,and then treated wilh an excess
of an aqueous solution of picric acid.

The yellow precipitate was filtered off and washed
with acetone until the filitrate was clear (viz,free of picric
acid). This solid was then suspended in acetone and treated
with an excess of the corresponding concentrated hydrohalic
acid,filtered,washed with acetone and dried., Recrystallization
from agueous solutions followed by drying at 8500 gave yilelds
better than 75%,calculated on the basis of the initial 4,4r-
bipyridyl.

Preparations of Tndium(I) Complexes

To prepare the indium(I) halide complexes,a methanolic
solution of MesbipyXs ( X = Cl,Br or I) was stirred with a
suspension of the indium monohalide under nitrogen. After &4
to 5 minutes the solution became blue,because of the indica-
tor properties of the cation., The mixture was stirred for 2
to 3 hours;removal of solvent in vacuo gave solids of stoi-
chiometry MesbipysInXs in quantitative yileld,

Unless a trace of halogen was added to the final reac-
tion mixture,the products were dark blue, The "bleached"
compounds were colourless (Cl),pale yellow(Br) or orange (I).
In all cases the product mélts at over 35000.

Analyses are shown in table 2,
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Reaction of MeobipyX. with Indium Dihalides

A solution of the corresponding halide salt of Mesbipy
cation in methanol was stirred with a suspension of the co-
rresponding indium dihalide under nitrogen. After 2 to 3 hours
with stirring,the solvent was removed, In all cases the resi-
dual product analysed as Me,bipy-InX. (see table 2),

Reaction of MesbipyX, with Tndium Trihalides

Indium trihalide and the corresponding salt of the
Meosbipy cation in a mole ratio l:1,were dissolved in methanol;
the resulting solution was left with stirring for one hour
and then the solvent partially taken off. The rzsulting solids
were filtered off,washed with ether and dried. The solids are
colourless (Cl),light yellow (Br) or orange (I) and analyse
as Megsblipye InXs. Analysgs are given in table 2,

Reaction of Mepbipy.InXs with Indium Trihalides

Indium(III) halides dissolved in dry methanol were
added to the corresponding Mesbipye InXs compound under nitro-
gen, The resulting solutions were refluxed for 10 hours.
Colourless (Cl,Br) or orange (I) solids were obtained,filte-
red off,washed with methanol and dried.

(c) Physical Measurements

Raman Spectra

The Raman emission. from powdered solids was recorded
at room temperature with a Cary 81 spectrometer,using He/Ne

laser excitation.



25

Melting Point Determination

Melting point determinations were carried out in sealed
tubes under nitrogen,using a Gallenkamp melting point appara-
tus.

Conductivity Measurements

Conductivity measurements were performed with 107 3M
solutions in nitrobenzene or acetonitrile as dictated by the
solubility of the compounds. A conductivity meter type CDM-
2d (Radiometer Itd.,Copenhagen) with a commercial platinum
black electrode were used;the cell constant was determined
as 0.1065.,

The solvent nitrobenzene was purified by fractional
distillation, Acetonitrile was pqrified by shaking it with a
cold saturated aqueous solutions of potassium hydroxide,follo-
wed of a preliminary drying over anhydrous NasCOs;two final
distillations at 81°¢ from phosphorus pentoxide gave the ne-
cessary purity.

The molar conductivity for the compounds reported in
this chapter are given in table 4,

Magnetic Susceptibility Measurements

Magnetic susceptibility measurements were carried out
by the Faraday method on powdered solids at room temperature,
A Cahn RG electrobalance attatched to a electromagnet from
Varian Associates was used. Hg[ Co(NCS).] was used as cali-

brant.
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Analytical Techniques

Micrcanalyses

Elemental analyses for carbon,hydrogen and nitrogen
were determined by M.K.Yang of Simon Fraser University.

Indium Analyses

Indium analyses were determined from atomic absorption
spectroscopy,using a Perkin Elmer atomic absorption spectro-
photometer, The apparatus was calibrated with indium standard
solutions containing 75, 50, 25 and 10 ug/ml.

Halogen Analyses

Halogen analyses were performed gravimetrically. The

halides were weighed as silver halides,
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TABLE 3

Analytical Results for Lower Indium Halides

Compound Found % Required %

In Halogen In Halogen
InCl T76.7 23.4 T76. 4 23.6
InBr 58.7 41,2 59.0 41,0
InI 47,3 52.5 47.5 52.5
InCl, 61.7 38.6 61.8 38.2
InBrs 42,2 58.3 41,8 58,2
InIs 31.3 68.9 31.1 68.9




29

TABIE &

Conductivity results for the Mezbipy~Ian
and Meybipy.Ins-Xeg complexes

(n=3,4,5; X= Cl,Br or I)

CompOund(a) Molar COnduCtivity(b) Solvent

C. InCls g7 acetonitrile
C+InBrs 85 acetonitrile
C.-InIs 25 nitrobenzene
C.InCl, (c)

C*InBr, (c)

C.InI, (c)

CeInCls 175 acetonitrile
C-InBrs 355 acetonitrile
C.InIs 188 nitromethane
C.In-Clg 148 acetonitrile
C- In-Brs 138 acetonitrile
C*Insls. 143 acetonitrile

(a) C = Mezbj.pyz+ cation

(b) Molar conductivities at room temperature; ohm™Lem?

(¢) Insoluble in most solvents
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2.7 Results and Discussion

(a) The Trihalogenoindate(I) Anions

Vibrational Spectroscopy

The Raman spectra of the solid indium monohalides sho-

wed the following bands (in cm_l)

InCl 86 sh, 102 w, 234 m
InBr 28 w , b7 s, 68 ms, 86 ms
InI 39 mw, 78 vs, 105 mw, 135 w , 211 s

No attempt to assign these bands was made;the important point
is that the InXsz2 ( X = C1,Br or I) anions have very diffe-
rent spectra in this region (see table 5),

By comparison with some isoelectronic species such as
the trihalogeno-tin(II) anions and the trihalides of antimo-
ny,the Raman spectra of the InXs2 species were assigned on a

C3V symmetry, The assignment of a C symmetry for SnBrs

v
and SnIs anions in the solid state has been questioned by
Wharf and Shriver87'who suggested CS symmetry. For a pyrami-
dal MX3; molecule with C}V symmetry,group theoretical methods
predict four,both Raman and infrared active bands: v; and vs
of A, symmetry and vz and v, of E symmetry (see table 6).

An ether extract of a solution of stannous chloride in hydro-
chloric acid gives a Raman spectrum which is attributed to

the pyramidal SnCls ion. Similarly the SnBrs ion extracted

from a solution of stannous bromide in agqueous hydrobromic
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TABLE 5

Raman spectra of the trihalogenoindate(I) anions(a)

in the solid state ( in cm_l)

C InCls C TnBras C Inls
252 m 177 w 136 m
185 m 149 w 110 w
102 mw T4 w 64 w

97 w 46 W 4o sh

(a) C = MegbipyzJr cation

Abreviations for this and subsequent tables: m = medium;
mw = medium weak; w = weak; sh = shoulder.
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acid gives a spectrum consistent with a C3V symmetry. The
SnIs speciles has not been obtained in solution,but its Raman
spectrum in the solid state was reported by Wharf and Shriver
and interpreted in terms of CS symmetry in which the degene-
racy of the C3V E modes 1s removed,so that a splitting of vs
and v4 would be observed.

The vibrational spectra of the InXs® anions ( X = CI,
Br or I) were assigned in CBV on the basis of the symmetry
rules outlined in table 6, Since no splitting of the E modes
was detected,it was concluded that unlike the SnBrs and SnIs~
anions in the solid s=tate no CS symmetry can be inferred for
the trihalogenoindate(I) anions.

The assignment of the observed bands to the vibrational
modes of the pyramidal CBV point group was made by comparison
with the reported vibrational spectra of the isocelectronic
tin(II) and antimony(III) analogues. Table 7 shows the assig-
nment of all three trihalogenoindate(I) anions,together with
the appropriate results for the isocelectronic SnXs 87’88
and SbXa89 speciles.

The assignment of the vibrational spectra of the tri-
halogenoindate(I) anions given in table 7 is in keeping with
the assignment of these ions to a C3V pyramidal symmetry.
The above assignment is also in agreement with the predicted
decrease in the frequencies with the decrease of ‘the oxi-

dation state of the central atom. The decreasing in the fre-
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TABLE 1

The assignment of the Raman spectra of InXs® ,and

the vibrational spectra of SnXs and SbXs

. . -1
species ( in cm )
Vo1 Vo Va Va
X =Cl
In(I) 252 102 185 . 95
Sn(II) 297 128 256 103
Sb(IIT) 345 176 3224316 154+1 45+
141
X = Br
n(I1) 177 Th 149 46
Sn(II) 211 83 181 65
Sb(III) 246 113 229 92
X =1
In(I) 136 78 110 40
Sn(II)<a) 152 60 128 50
Sb(III) 160 67 138 43

(a) Bands at 137 and 50 cm_1 are assigned to vs and veg in CS
symmetry by Wharf and Shriver87
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quencics one can expect with the increasing of the mass
the gubtstituents,i.e.,going from chlorine to iodine,was .
observed.

The correctness of these assignments for the InXs2~
speciles have been strengthened by force constant calculations
(see chapter III).

Conductivity Measurements

The conductivity measurements were carried out in diffe-
rent solvents as dictated by the solubility of the complexes,

For non-complex compounds in acetonitrile,l:1 electro-
lytes such as tetraalkylammonium salts give values of about
159 ohm™ ! ¢m® at 10°°® M solutions. In complex compounds
values as low as 82 and as high as 199 ohm 'cm® have been
used to characterize 1:1 electrolytesgo.

The rather low values found for Mesbipy-.InCls and
Meobipy.InBrs in acetonitrile may be explained by the large
size of the cation compared with the anion,leading to
incomplete dissociation. For Mesbipy.InIs the molar conduc-
tivity at room temperature is in keeping with the average
90,91

value for a 1:1 electrolyte type in nitrobenzene

(b) The Mezbipy-Inxg Cbmplexes

Vibrational Speétrdscbpy

The Raman spectra of the tetrahalogenoindate(III)

anions in solutions have been studied by Woodward et a19? 94,

Barrowcliffe et a195 reported the vibrational spectra of
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InCle®” and more recently Shriver and Wharf96’97 published
both solid and solution state infrared and Raman spectra of
[Et4N] o InCls]. Single crystal studies of this compound have
also been reported98’99 . The vibrational spectra of solids
C InX,, CoInXs, Cs3InXg and C,InX-, where X = Cl,Br or I and

C i1s a substituted ammonium cation have recently been publi-
shed86.

The Raman spectra of the solids Mesbipy. InXs are given
in table 8. For crystalline Mesbipy.InCls the Raman spectrum
correlates very well with the Raman spectrum reported99 for
the [[Et,N]f InCls] which has been shown to contain the square
based pyramidal qu,In0152_ anion71. Adams and Smardzewski
report nine Raman active bands between 300 and 100 em !,at
294 ,287,27%,19%,165,145,141 and io? cm ' assigned to v,(A,),
Va(B1),v7(E),vs(B1),ve(B2),ve(E),va(A;) and vo(E) modes
respectively.

From table 8 it is clear that the solid Raman spectrum
of Meobipy*InCls is similar to the vibrational spectrum of
[ Et4N] o[ InCls] and hence the former compound also contains
the Cy InCls®  anion.

This conclusion is of some importance in terms of the

71

earlier discussion on this anion'™ ,whose structure differs

from the isoelectronic species SnCls ~ and SbCls which have

100,101

Dy, symmetry . More recently the CdCls® anion has

been found to have a trigonal bipyramidal structure103
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TABLE 8

The Raman spectra of Meybipy-. InXs complexes

(X = C1,Br,I)

Mesbipy. InCls Me sbipy ¢ InBrs Meo-bipy. Inis
294 m 232 w 197 m
281 m 196 s 181 m
275 m 84 w 137 vs

194 w 78 w 56 w
142 w - 42 W
124 w
105 w

Abreviations for this and subsequent table: vs = very strong;
s = strong.
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emphasising once again the anomalous structure of InCls2".
The suggestion was made earlier71 that the CMv structure of
the pentachloroindate(III) anion might have been the result
of lattice effects associated with tetraethylammonium cation,
although this proposal was not supported by some incomplete
spectral studies86 on salts with the cations Me4N+,MePh3N+
and BugPh3P+,where the CMv symmetry also appears probable,
The present data show clearly that a severe change of cation
from Et4N+ to the large dipositive Megbipyz+ does not alter
the Chy symmetry of the InCls® anion,and lattice effects

can seemingly therefore be rejected in any discussion of this
problem;the explanation for the fact that InCls2  is not iso-
structural with its isoelectronic d!'© congeners is not appa-
rent at the present time.

The situation for the bromide and iodide compounds is
different, Salts of the InBr, ion have Raman bands at 200 s
(vi,A;1),237 mw(vs,Fs) and 79 m (v4,F5),whereas for InI, the
analogous modes are at 139 5,186 w and 58 w,em !. From a
comparison of these bands with those reported for
Meobipy- InBrs and Mesbipy.InIs ( table 8) one can infer that
the solid state lattice in these latter compounds are in fact
Mesbipy2t + X, + X~ ( X = Br or I),with the InX, anion
in some site symmetry lower than tetrahedral since some

splitting of vs occurs. This conclusion is in keeping with
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earlier work86 in which the compound [ Me,N], [ InBrs] was shown
to consist of 2Me4N+ + InBr, + Br by similar arguments.
This situation has also been found in solids of the type
CsInX; ( X = Cl or Br and C = MeNH, ,MesNH»') for which a
4ct 4+ InXe®™ + X~ structure has been proposed86.

The failure to obtain InIs® is not surprising since
it seems unlikely that iodo-complexes of indium(III) with
coordination number greater than four exist in the solid
state.

Conductivity Measurements

The conductivity results for the Mesbipy.InXs complexes
are given in table 14,

The molar conductivity of Megbipy.InCls in acetonitrile
is in keeping with the results obtained from the vibrational
spectroscopy which showed the compound contains InCls2
species. In fact the value of 175 ohm ! em® is in the upper
range for 1:1 electrolytes in this solvent,and therefore the
compound can be formulated as [ Mesbipyl[ InCls].

For Mesbipye+ InBrs the measured value of the molar con-
ductivity in acetonitrile agrees very well with the average
value for 2:1 electrolyte;this 1s also in keeping with the
conclusions inferred from the Raman spectra which showed this
solid is best formulated as Megbipyz+ + InBr, + Br .

A rather wide range of values for the molar conductivi-

-ty in nitromethane has been foundgr{ Values as low as 115 and
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as high as 250 ohm ! cm?® have been found for a 2:1 electrolyte
type,with an average value of 168 ohm 'cm®, For Mesbipy.Inis

a value of 188 ohm™ !cm? was found,in good agreement with its
formulation as 2:1 electrolyte and also in keeping with the
spectroscopic results.

(c) The Meybipy.InX, Complexes

Vibrational Spectroscopy

The reaction of indium dihalides with the appropriate
salt of the Megbipyz'+ cation,gave in each case a crystalline
material of stoichiometry MesbipyesInX,. Table 9 shows the
Raman spectra of these compounds.

Looking at the Raman spectra of the trihalogenoindate(I)
anions ( table 5) and of the indium(III) halide complexes
(table 8),it is clear that in thé éase of both Mesbipy.InBrg
and Mesbipy.InIs,the spectra can be interpréted on the assump-
tion that the solid is an equimolar mixture of 2vMe2bipyE'+ +
InXs2 + InX, + X ,taking into account the relative intensi-
ties of the emissions in question. For the chloride derivati-
ve,the spectrum is made up of the spectra of InClsz2 and
InC152” leaving only one band,that at 321 cm” !,unassigned.

Table 10 shows the assignment of the bands found for
the Megbipy.InXy, ( X = C1,Br or I) solids in terms of the
Raman bands reporﬁed previously for the InXsz2 anions and the

indium(III) halide complexes,
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TABLE

9

The Raman spectra of the Mesbipy.InX, solids

( X = Cl,Br or I)

Mesbipy. InCly Me>bipy- InBr, Mezsbipy. InIg
321 m 237 w 196 s
284 m 199 w 181 s
196 m 148 w 136 s
185 m 106 w 106 w
148 w T2 w 79 sh
128 w T4 w
104 w
102 mw

98 w
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These results zhow that the anionic halide complexes
derived from the di.~iides are,in each case,a diamagnetic
mixture of indium(I) and indium(III) species ( molar suscep-
tibilities at room temperature: -290(Cl), -120(Br), -445(1)
x 107% cgs units). These conclusions are in keeping with the
formulation of the indium dihalides as mixed oxidation state
compounds ,but beyond that can give no information as to their
detailed structure.

(d) The Raman Spectra of Indium Dibromide and Diiodide

It was pointed out before that Raman spectroscopy of

41,43 of the

molten InCls has shown the presenceuo or absence
InCl, anion, In the course of the present investigation it
was found that much less attention has been given to indium
dibromide and indium diodide than to the chloride and there-
fore there was no vibrational spectroscopy data available
for these compounds. Hence it seemed worthwhile to obtain the
Raman spectra of InBr, and InI, in order to see 1if the un-
settled situation found for the dichloride was the same in
these compounds.

The Raman spectrum of solid indium diiodide shows five
emissions,and is readily correlated with the spectrum of the
86,93

tetrahedral InI, anion

InI,  (Tg4) 139(v1) h2(vez) 185(vs) 58(v4)

i, 138 vs Y7 w 19im,177mw  72w,62mw
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It is clear that indium diiodide lattice is made up of
InI,  anions and can be formulated as In(I)[ In(III)I,.]. The
splitting of vs and v,,the F, fundamental modes,show that the
InI, anion is in a site symmetry lower than Tq. On descen-
ding in symmetry from Ty to CBv’it is seen that the F, vibra-
tional modes of Td are split in two modes, A, + E both infra-
red and Raman active . The tetrahedral A; and E modes remain
unchanged, From group theoretical methods,it can be inferred
that a further descend in symmetry from CBV to C2V a further

splitting of all the C v E vibrational modes would be expec-

5
ted, The Raman spectrum of InI, clearly shows that although
there is a splitting of the F, fundamental modes,the symme-
try is not as low as C2v since nq.splitting of the vo(E)
mode is observed. Therefore one can conclude that the InI,
anion is in a CBV site symmetry.

This conclusion is in agreement with previous results
which demonstrate that the high stability of the InI, anion,
which leads to ionic structures in such varying compounds as
[ InIo(dmso) ][ InI4]56 and [Me-In][ In14]27.

The Raman spectrum of InBr, again correlates well with
86

that of the InBr., anion >592 and demonstrates the presence

of this anion in a CBV site symmetry.
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InBr. (Td) 197(vy) 55(v2) 239(va) 79(va)
InBrs 196 vs 59 m 237Tw,227w 97,85 mw

In one experiment,the Raman spectrum showed doubling
of the very strong v; emission at 196 cm ! and broadening of
the other bands,suggesting the presence of two phases. Such
a phenomenon might explain some of the apparently contradicto-
ry results obtained in phase studies of indium-chloride sys-

103

tems, Recently Waterworth and Worrall have reported similar

spectra to those given above for InBr, in the range 190-250
-1

cm

(e) The Mesbipy.In-Xe Complexes

Vibrational Spectroscopy

Waterworth and Worrall'® have reported that the solid
phase of InyBrs has the structure In(I)J In(II)sBrsl. By ana-
logy with the work of Evans and Taylorloll on the dinuclear
halide complexes of gallium(II),which are of the type
[Me N] [ GasXs] ( X = C1,Br or I),Waterworth and wOrralloB
suggested the structure [X3In-InXs]2 for the presumed
indium(II) complex anion in InsBrs. Raman bands at 241 m,
201 m and 139 vs cm ' were reported for the anion,and of

these the one at 139 cm ! was assigned to the metal-metal

stretching mode,
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The Raman spectrum of the anion InsBrg2 in
Meobipy. InoBreg shows no such band ( see table 11),

Comparison of these results with those for other indium
species suggest strongly that these anions are in fact dihalo-

gen bridged complexes of the type

-

/X\ /X

In n ( X = C1,Br or I)
\X/ \X

This is specially true for the iodide compound,where compari-

son can be made with In216105—107 and the mono- and trimethyl

_X\\\\
e
L .
derivatives MeInI-InI- and MeInlglnM6227.

The ring breathing mode in these compounds lies between
135 ( in In,Ie) and 142 em™! ( in MeInIzInMep);v(In-I) fre-
quencies have been found in the range 216-136 cm™ !,depending
on the oxidation state of the central atom.

On this basis,the band at 138 ecm ! in Tn,Is® was assig-
ned to the ring vibration of InI,In moiety,and the higher

frequencies as the terminal v(In-I) modes. The frequency ra-

tio v(In—I)bridge/v(In—I)terminal is about 0.75,close to that
108

found in a wide range of dihalogeno bridged molecules
It is worth noting that if the above assignment is correct,
the In,Is2 anion cannot be planar with a Dy, Symmetry since
in this case two terminal (B2u + BBu) and two bridging

(B2u + B}u) indium-iodine stretching modes in the infrared,
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TABLE 11
The Raman spectra of Mesbipy.InsXe

complexes ( in cm™ !)

( X =Cl,Br or I)

Mesbipys InsCle Mesbipy. InsBrg Meobipy. InsTg
347 m 262 m 214 w
300 w 232 m 198 m
205 s 202 W 182 m

205 m 208 w 138 s
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but not in the Raman,would be observed,

The assignment of the bridging and terminal indium-
halogen vibrational modes for the bromide and chloride is
less straightforward and the most it can be said is that the
present evidence gives little support to any model requiring
significant indium-indium bonding.

At the present the exact nature of the Meybipy.InsXe
complexes is not very well understood and more structural
information is required.

Conductivity Measurements

The molar conductivities of the solids Meysbipy.InzXe
( X = C1,Br or I) in acetonitrile are listed in table 4,

The experimental values of the molar conductivity for
these compounds agree well with the average value of 140
ohm !cm? found for 1:1 electrolytego,and therefore they can

be formulated as [ Mesbipyl[ InsXsl.

2.8 Conclusions

From the results given above,it is clear that the com-
pounds of the type Mesbipy.InXs ( X = Cl1,Br or I) are 1:1
electrolytes and can be formulated as [ Megbipyl{ InXs]. On the
other hand the vibrational spectra of these compounds are in
keeping with the group theoretical rules for a C3v symmetry
since no further splitting of the E modes was observed, Ta-

king into account the experimental fact that an increase
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in the oxidation state of the central atom increases the metal-
halogen frequencies,the assignment of the observed bands for
these species is in keeping with the vibrational spectra re-
ported for the isoelectronic Sn(II)Xs and Sb(III)Xs species,.
Molar susceptibilities of the three salts were -246, - 287

and -132 x 10 € cgs units for the chloride,bromide and iodide
respectively,values which confirm the expected diamagnetism

of the compounds prepared.

The Meybipye InXs compounds are made up of the well
known tetracoordinate InX, species for X = Br or I,with the
fifth halide ion somewhere in the lattice balancing the dipo-
sitive charge of the cation, For Meybipy.InCls,a true penta-
coordinate species having C#v symmetry 1is present.

Raman spectroscopic results on the Mesbipy.InX, solids
( X = Cl1,Br or I) clearly show that the lattice is made up
of equimolar mixture of the InXs2 + InX, + X + 2Mé2bipy2+
for the bromide and iodide. In Megbipy-*InCl,,the lattice is
formed by the equimolar mixture of InClz® + InCls® +
oMe sbipy2'. These results point out the fact that the ionic
dimer structure involving mixed oxidation states,is more
likely to occur in the indium dihalides. This chemical evi-
dence 1is reinforced by the Raman spectra of guenched samples
of indium diiodide and dibromide for which the Raman spec-
troscopy showed the presence of InIl, and InBr, anions res-

pectively.
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The reaction of the potentially nucleophilic InXz2"
species with the neutral indium(IIT) halides yields solids
of the type Mesbipy+InsXes ( X = Cl,Br or I) containing the
complex anions InsXe? . From the Raman spectra,it is inferred
that these anions posses a halogen bridged structure rather
than a one involving metal-metal bond in the fashion suggested
for their gallium(II) analogues. It was found that the assign-
ment of the iodide derivative agrees with previous vibratio-
nal studies on compounds of similar type,but no attempt was
made to assign the Raman spectra of the bromide and chloride
species,

It is suggested that if the assignment for the iodide
is correct the molecule cannot be planar with a D2h symmetry.

The exact nature of these compounds is still unsettled.



CHAPTER III

FORCE CONSTANT CALCUILATIONS FOR ANIONIC

INDIUM(I) AND (III) HALIDE COMPLEXES

3.1 The Vibrational Problem

The vibrational frequencies of a molecule having a gi-
ven shape depend on: (a) the masses of the atoms in the mole-
culé and (b) the forces restoring the atoms to their equilib-
rium positions when the vibrations take place. The strength
of these restoring forces are measured by the force constants.

The importance of determining the force constants and
normal coordinates for molecular vibrations is well accepted,
as they provide the basic link between the electronic struc-
ture of the molecule and its observed vibrational frequencies
and give a picture of the forces acting within a molecule,
Therefore in the calculation of the vibrational frequencies,
since it may be assumed that the atomic masses are known,the
problem is reduced to finding the force constants for the
molecule under study.

In practice,the problem is reversed;from the experimen-
tally determined frequenciles,the unknown force constants are

calculated. There are,however,three main obstacles to their
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determination:
(a) for even a quadratic or harmonic potential function,the
number of force constants required for the complete function
is always larger than the number of frequencies available.
Thus,for a secular equation of order N there are N(N+1)/2
independent force constants to be calculated,but only N vi-
brational frequencies., The classical solution to this problem
is to use data on several isotopic substituted molecules and/
or to use values of Coriolis coefficients,centrifugal
stretching constants,mean amplitudes of vibration and vibra-
tional intensities,all of which are related to force con-
stants,
(b) the observed frequencies differ from the harmonic system
partially because of anharmonicity and partially because of
resonance perturbations. Corrections for anharmonicity and
resonance perturbations are of the order of few percent and in
practice these have been made successfully only for very few
simple molecules such as COs, HCN and CoHo>02,and
(c) the amount of computation involved is sufficient to pre-
vent in practice a detailed force constant calculation by
conventional means,although the availability of electronic
computers has obviously overcome this problem,

Despite most of the difficulties outlined above can
be overcome for most of the molecules,the first two problems

will always remain,and hence force constants can only be cal-
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culated under certain approximations. One of the most common
practices is to restrict the number of force constants used
in the potential function,so that they are less than or equal
to the number of observed frequencies,and to neglect the
effects of anharmonicity and resonance perturbations.

In the restriction of the number of force constants one
has to be able to provide a realistic potential function and
capable of meaningful comparison at least with similar mole-
cules,

A complete mechanical treatment would cover the rota-
tional-vibrational interaction as well as the motion of the
electrons arround the nuclei, Because of the very great dif-
ference between the masses of the electron and the nucleus,
it is permissible as a very good approximation to regard their
respective motions as mechanically separable, This is referred
to as the Born-Oppenheimer approximation, The rotational-vi-
brational interaction .1s generally quite weak and therefore
the purely vibrational problem is a good approximation for
free molecules,. |

The inclusion of the translational motion of the mole-
cule as a whole has been expressly neglected since it produces
no changes in the equilibrium positions of the atoms making
up the molecule,and therefore no change in the potential en-

ergy occurs,
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3,2 Potential Force Fields

It was pointed out above that in order to reduce the
number of parameters to calculate the vibrational frequencies
some restrictions in the potential function have to be ac-
cepted. For the sake of simplicity,the terms of third,fourth

and higher order in the potential energy expression are neglec-

ted and hence the potential energy V is written asllo
3N-6
2v = z F-t-tls-ts-tl (3-1)
t,t'=1

where F ., 1s a force constant and Sy and 5., are internal
coordinates., This is called the "general quadratic potential
function". Since this function ié farely derivable except for
molecules of high symmetry or linear triatomic molecules and
since the number of force constants is always greater than the
number of fundamental frequencies,many intermediate functions
have been used.

(a) The Central Force Field

In a central force field,the potential energy can be

written as

oV = z KAB'ARZAB (3-2)

where AR is the change in the bond distance between the

AB
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atoms A and B and KA is a force constant. Thé summatior

B
over all the atoms of the molecule.

This force field has not been used suscessfully beca:.
it does not account for bending and out-of-plane forces.

(b) - The Valence Force Field

Another approximation to express the potential energy
is that called valence force field. The valence force field
model takes into account the bending forces and therefore V

can be written as

_ . 2 R 2 W
2V—2KA' ARA+2KM baZ | (5-3)
where KA,ARA have the same meaning than those in the ceniral
force field and KM and Aa account for the bending force con-

stant and the correspdnding internal coordinate respectively.
The summation is extended over all bonds and angles., The
number of force constants is usually less than the number of
fundamental frequencies.

(c) The Generalized Valence Force Field

The generalized valence force field is one of the most
commonly force field used., It results as an extention of the
valence force field to which some interaction constants have

been added. The potential energy takes the form
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= . = . 2 . .
2V = z KA ARA + 2 KM AOLM + z KAB ARA ARB +

+ 2 KMN-AOLM.AOLN+ z KAM-ARA.AOLM (3-4)

The generalized valence force field uses stretching,bending
and interaction constants between them., It has the advantage
over the central and valence force fields that is more real-
istic in reproducing the frequencies,but it has the defect
that it is difficult to decide which and how many force con-
stants can be used if one wants to set some of them equal to
zero, Usually,one is required to calculate more force con-
stants than there are frequencies available.

(d) The Urey-Bradley Force Field

The Urey-Bradley force field111 is basicly a general-
ized valence force field which has superimposed on it some
repulsive force constants between non-bonded atoms. The re-
pulsive forces are such that their magnitudes diminish as
the distance between the atoms increases., Its introduction
is a clear attempt to account for the Van der Waals in-

teraction. The potential energy takes the form



57

oV = ) [Ky(r)% + Ky(r,) 1 4y [HrZ (8a,)? +

2 2
+ Hiria(Aai)] + E: [Fi(Aqi) + Fiinqu

(3-5)

where Ari,Aai and Aqi are the changes in bond length,bond
angle and distance between non-bonded atoms,respectively.
K,K',H,H',F and F' represent the stretching,bending and re-
pulsive force constants,respectively. The introduction of L
L and qi,the values of the equilibrium distances,account
to make the force constants dimensionally similar,

This field has the advantage over the others that
usually the number of force constants required is equal to
the observed freqguencies,but one cannot lose sight of the
fact that this field is only a fair approximation to the ac-

tual force field of the molecule,

(e) Other Force Fields

A small number of clearly defined force fields have
been used,although their application and validity have not
been extensively explored. They are: hybrid orbital force

fieldll2 and orbital valence force fieldllB’llu,
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3.5 The Internal Coordinates

In the treatment of the purely vibrational problem it
is advantageous to introduce a set of internal coordinates
which describe the relative positions of the atoms without
being concerned with the position of the molecule as a whole.
In general,for a molecule made up of N atoms there will be
3N-6 ( or 3N-5 for a linear molecule) internal coordinates.
Let B be a matrix which generates the internal coordinates
D from the rectangular coordinates x,y and z for each atom,

then
D = B.X | (3-6)

where D is a one column matrix whose elements are the in-
ternal coordinates and having BNrréws ( including those
concerned with translational and rotational displacements).
On the right hand side of equation (3-6), X is a one column
matrix also,containing 3N rows and B is a square matrix of
dimension 3N x 3N, From equation (3-6) it can be seen that
the cartesian coordinates can be expressed by the relation~
ship

X = A . D (3-7)

where A is the inverse matrix of B.
The total kinetic energy of the system,including trans-
lations and rotations as well as the vibrational kinetic

energy,expressed in terms of the time derivatives of the
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cartesian displacements ki,will be

o7 = ( mykZ + myZ + mes? ) + ( mak3 + moys + mo23) 4+
2 2 2 _
e mykg + mNyN + mNzN ) (3-8)

which iIn matrix notation becomes

L' L]

T = X M X (3-9)
where i is a single-column matrix whose elements are the time
derivatives of the 3N cartesian coordinates and M is a
squareA diagonal matrix containing the masses of the atoms
(three times each). The symbol * stands for the transposed
matrix,

Substituting (3-7) into (3-9) we have
- .* * .
T = D A MAD (3-10)

If the square matrix B in equation (3-6) is partitioned into
B and Bo,where B accounts for the purely vibrational problem
and Bo for the six coordinates involving translations and

rotations,equation (3-10) can be expanded into
T D A*MAD+D A MA D +D A MATI
2T = D + MOO+DOOM D +
p¥ AY M A T 11
Dy M A D (3-11)

From equation (3-11) it can be inferred that the first term

of the total kinetic energy is concerned with the vibratio-
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nal internal coordinates,whereas the other tefms contain DO
and Ao,which involve the translational and rotational cocr-
dinates. In the treatment of the vibrational problem,the first
term of the total kinetic energy will be used and therefore

equation (3-11) reduces to
.* * .
5K = D A MAD (%-12)

which represents the vibrational kinetic energy.
According to Wilson115,the total purely vibrational
kinetic energy given in equation (3—12) can be expressed by

the so called g matrix,defined by

g = BM !B (3-13)

where B is the matrix already considered in equation (3-6)
and M ! is the inverse matrix of M. The vibrational kinetic

energy becomes

5K = D g !'D (3-14)

where g !

is the inverse matrix of g.
In the same way the vibrational potential energy of the

molecule can be written as

5V = D £ D (3-15)

where £ 1s a square matrix whose elements are the force con-
stants fij' The construction of the G and F matrices from the

g and f matrices respectively will be outlined later, Oncc
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the G and F matrices have been obtained,the next step is to

solve the matrix secular equation
| aF-Ex | = 0 (3-16)

where E 1s the unitary matrix and A are the eigenvalues of

the secular equation,related with the frequencies by the re-

1ationship168

A = 0.58915.( v x 1072)2 (3-17)

3.4  The Symmetry Coordinates

In the preceding section,the internal coordinates,name-
ly changes in bond lengths and bond angles,were used to solve
the vibrational problem., From the set of internal coordi-
nates,it is now possible to generate a new set of coordinates,
each of which belongs to a particular symmetry species of the
molecular point group. The new coordinates,called internal
symmetry coordinates or simply symmetry coordinates S,are
symmetrized linear combinations of the internal coordinates
D,and likewise there will be a transformation from them to
the set of normal coordinates Qi,each of which will be ex-
pressed as a linear combination of the S coordinates.

Let %(Si) be the projector operator for the species S;

the equation defining such operator will be
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B(sh) = ) x'(®)E (3-18)

where Xi(R) is the character of the matrix representing the
symmetry operation R and R its operator, There will be one
%(Si) operator for each symmetry species of the molecular
point group116. For example,let ?(Si) operate on the inter-

nal coordinates Ar,; of a MXs C}v molecule

p(sh)ar, = in(R)%Am
R

Table 12 gives the details of the use of the operator %(Si)
on Ary. From table 12,it is clear that Z:xi(R)%Arl for the
A, vibrational species is 2Ar,; + 2Ars + 2Ars which after
normalizing becomes the normalized vector SAl,i.e.,the sym-
metry coordinate for the symmetry species A; of the C3v
molecular point group. The summation for the A, species is

of course zero as no fundamental vibration of that symmetry
exists., The summation for the E species after normalizing’
gives the normalized vector sha. J6(2Ar, - Ars - Ars). Since

Ay

the E species spans a 2-dimensional sub-space,the S and

SEa vectors can be used to generate the SEb vector. Bearing
in mind that the set of symmetry coordinates must be ortho-
normal,if b;,b> and bs are the coefficients of the linear

. . . . . Eb .
combination of the internal coordinates in S~ ,one can write
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b + b2+ b5 = 1
f}(b1 + b2 + ba ) = 0
f6(2b1+ b2 + b3 ) = O

Solving for b;,b, and bs and normalizing,SEb becomes
sEP _ /o(Ars - Ars).

In the same way and using other internal coordinates
such as Aa,the change in the X-M-X angle,it is possible to
generate all six symmetry coordinates;two for the A, symme-
try species and four for the E species. Therefore the trans-
formation of the internal coordinates to the symmetry coor-

dinates is obtained from
S = U D o (3-19)

where U is a square matrix whose elements are the coeffi-
clents of the linear combination of the internal coordi-

nates in the symmetry coordinates,

3.5 The G and F Matrices

It was pointed out before that the vibrational kinetic
and potential energies can be expressed in terms of the in-
ternal coordinates and the g and f matrices. The introduction

of the symmetry coordinates allows to express these energies

as
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and

*
2V = S F S (3-21)
respectively,where G and F are given by the transformations

G = Ugl (3-22)
and

F = UfU (3-23)

Equations (3-22) and (3-23) allow us to calculate the G
and F matrices required to solve the secular equation
| ¢ 7 -E | =o.

The introduction of the symmetry coordinates in the so-
lution of the vibrational problem causes the secular equation
to becomes factorised into a number of differents parts,each
of which corresponds to a given symmetry species of the mole-
cular point group. As a consequence the G and F matrices also
factorise., Thus,for the case of the MXs molecule with C3V
symmetry,the secular equation factorises into three blocks;
one containing the A; symmetry coordinates and two E blocks,
In fact,since the two blocks belonging to the E speciles must

be identical with one another,only one of them need be con-

sidered.
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The setting up of the f matrix required fo obtain th:«
F matrix is straightforward and it will be given for each
case worked out in this chapter. The setting of the G matrix
requires the setting of the g matrix;for not very large mole-
cules this can be done by hand. The relationship (3-13) is
specially suitable for computer calculation,which is the way
usually adopted when working with large molecules., In our
case the G matrices were calculated outside the program and

read in as input. The method used to set the g matrix was that

given by Deciusll7. Fach matrix element is given by
N
g3 = Zsiksjk“k
k=1

where gij is the g matrix element associated with the internal

coordinates i and Jj, Sik

bution of the kth atom to the coordinate 1, Hic is the recipro-

is a vector representing the contri-

cal mass of the kth atom,and the summation is extended over
all N atoms of the molecule, The gij matrix elements for both
the general and special cases in which all the valence angles
of the configuration are assumed to be 900, 109028' and 120°

respectively are given in references 117 and 118.

3.6 The Potential Energy Distribution and Band Assignment

It is well known that a given group of atoms absorbe
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over a narrow range of frequencies regardless of the rest of
the molecule to which is attached. In this sense '"group fre-
quency charts" are very useful in identifying atomic groups
in inorganic and organic compounds. The concept of group fre-
quency is based on the assumption that all nuclel perform
their harmonic oscillations in a normal vibration in a rela-
tively independent way. This is perfectly acceptable,and the
individualization of a given vibration 1s easily dcae,if both
atoms in the chemical bond have very different masses, If
both atoms have comparable masses the amplitudes‘of oscil-
lation are similar for each atom and therefore the character-
ization or "isolation" of the frequency is not easy,as the
motions might couple strongly.

If the coupling between various groups of frequencies
is expected,the theoretical analysis of each individual fre-
gquency is absolutely necessary108.

ILet L be a matrix conecting the internal coordinates with

the normal coordinaces,then

Dy ] P 11Nﬂ Q]

D> 12y lz2 . . o oy Q2

. = . . . . . . . (3—24)
=y B GO U
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where Q;,Q» ....QN are the normal coordinates changing with
the frequencies V1,V2.....VN respectively when the normal
vibrations take place. All the D internal coordinates change
with the same frequencies,but the amplitudes of the oscilla-
tion are different for each internal coordinate, The ratio
llN : 12N S eees? liN gives the relative ratio of the ampli-
tudes of the internal coordinates D associated with a given
normal coordinate QN.

For a given set of QN,the ratios of the different lij

elements can be obtained as a matrix from the relasionship

GFL = LA (3-25)

where the G,F and L matrices are those previously discussed
and A is a square diagonal matrix whose elements are the eigen-
values of the GF matrix. It is clear that if one considers the

L matrix as made up by succesive columns ILj,Ls ....LN,equation

(3-25) can be written as

GFL = ILi A,

GFL2= L2A2

O F Ly = Iy hy

where the columns LN are the eigenvectors of the GF matrix
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corresponding to the eigenvalues Ay,Az,..... ’AN,respectively

The eigenvectors derived in this way contain some un-
determined multiplicative factors which require to be deter-
mined. This process is called the normalization of the eigen-
vectors. The normalization process can be performed by nor-

malizing conditions such as

I'L = G (3-26)

An entirely equivalent way to normalize the eigenvectors is

by making use of the relationshipllg’120

From the normalized eigenvectors one would be able to
infer which internal coordinate predominates in the normal
vibration under study;if one of the lij values is relatively
large compared with the others,the normal vibration is said
to be mainly due to the vibration caused by the change of this
coordinate, However,sometimes the eigenvectors do not provide
a sure guide in the assignment of the bands. Morino and
Kuchitsu121 have proposed that the potential energy distri-

bution for each normal mode QN is given by the expresion

viqy) = %QﬁzFijliNle (3-28)
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In this way the Fiil? terms are greater than those where

iN
i # j and therefore contribute more strongly to the potential
energy distribution. If any FiiliN is large compared with the
others,the vibration is assigned to that particular mode asso-
ciated with that internal coordinate.

A more convenient way to express the potential energy
distribution is to calculate the percentage of contribution
of each mode to the vibration. The potential energy distribu-

. 7 . .
tion % is given by

x 100 (3-29)

2
Z Fistin

for each coordinate.

3.7 The Method of Calculation

The calculations were performed with programs written
at Simon Fraser University with the valuable cooperation of
the staff of the computer center,whose assistance is acknow-
ledged with thanks. The program was set up in symmetry coor-
dinates,therefore the basic input of the program were the U
and G matrix elements which were created separately.

In this way the F matrix was formed internally after the
set of force constants was read in. The secular equations

were separately solved according with the symmetry of the
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normal mode involved in the molecular point group to which
the molecule under study belonged. The unnormalized eigenvec-
tors were calculated with the same subroutine,

The normalization of the eingenvectors was made by using
the relationship (3-26) and checked with the relationship
(5—27). The potential energy distribution for each normal
mode was calculated by using relationships (3-28) and (3-29).

The fit of the calculated frequencies was made by an
iterative procedure; In a latter stage of these calculations

122 was available, The

the program devised by Schachtschneider
results for InI, obtained with this program agree well with

those obtained with the program used in this work,

3.8 The Indium Halide Complexes

In chapter II it was pointed out that one of the inter-
esting features of the chemistry of the coordination compounds
of indium is that three,four,five and six coordinate complexes
can be prepared even with the same ligand., Slight changes in
experimental conditions bring about changes in the coordination
number; for example both four and five coordinate chloride
species are stabilized by tetraethylammonium cation,depending
on the solvent from which the complex is recrystallized86.

A discussion of these phenomena is hampered both by the
lack of a reliable model of the bonding involved and by the

absence of appropriate energetic data,in particular bond
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strengths,

As part of this thesis,we carried out normal coordinate
analysis for all those anionic indium(III) halide complexes
for which complete vibrational spectra are available,as well
as for the indium(I) halide complexes prepared and reported
in chapter II.

The calculations were based on a simplified general
quadratic valence force field (SGQVFF) which has generally
accepted as a good approximation for expressing the potential
energy of small molecules, Force field models do not lead
to a unique expression of the potential energy,but this ap-
proximation does allow meaningful comparison to be made with
previous results on isostructural molecules. In all cases

Wilson's F and G matrix method was used.

%.9 Results

(a) The Trihalogenoindate(I) Anions

The vibrational spectra of InXsz2 anions ( X = C1,Br,I)
have been shown in chapter II to be consistent with a C3v
molecular symmetry., The Raman spectra of these anions are
given in table 7.

For a C3v molecule of the type MXs,group theoretical
methods predict six genuine vibrational modes: 2A,; + 2E, all

of which are infrared and Raman active . The A, modes cor-

respond to the symmetric M-X stretching mode and the symmet-
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i~ X-M-¥  Dending mode,whereas the E modes correspond to the
corvespona.ng antisymmetric modes,

The internal coordinates,shown in figure 1,were taken
as the changes in the bond lengths and bond angles. The sym-
metry coordinates were generated as described (see section

%.4). The symmetry coordinates are listed in table 13,

TABLE 13
Normalized symmetry coordinates for InXs2 anions

in C3V molecular symmetry

Sy(Ay) = V/3( Ary + Ars + Ars)
So(Ay) = V/3( Aoys + Daps + Aogy)
Sga(E) = J6( 2Ary - Ar, - Ars)
sgb(E) = J/2( Ar, - Ars)
S4,(E) = /6( 20015 - Mooz - Aog,)
Sap(E) = V2( Aogs - Adgy)

The potential function for the InXs2 anions has the form

2V = Bfr(Ar)z + 3r2q1(Aa)2 + 6frr(Ari)(Arj) +

+ 12rfra(Ar)(Aa) + 6r2faa(Aai)(Aaj)

(3-30}
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where the definitior of *he f interaction constants are as

follows:

T equilibrium In-X bond length

frr bond with a bornd at angle a to it

frOL ;angle with one bond forming its sides
fOLOL angle with an anglce adjacent

and fr and fOL are the main strefching and bending force con-
stants respectively.

From equation (3-30) it is clear that the number of
force constants to be calculated is greater than the number
of frequencies available. Following Donaldson et a1123,the ap-
proximation fra = fd was used, This reduces the number of
constants from five to four,i.e.,to the number of observed
frequencies,

Values of bond lengths and bond angles are not availa-
ble for these species,so that in constructing the G matrix
elements, the bond angles found for the iscelectronic SbXs

2l

species1 and bond lengths from reference 125 were taken,
Table 14 1lists the G-matrix elements for the trihalogeno-
indate(I) anions 227 ‘he structural parameters used in their
construction.

Table 15 lists the derived force constants,the observed

and calculated frequencies,



Figure 1. The internal coordinates for the InXs2~ species
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Analysis of the potential energy distribution (see table
16) leads to the conclusion that the vibrations are fairly
pure,although the coupling of the eigenvectors S; and S, in
v, becomes more important going from the chloride to the io-
dide. While in InCls2® v, is a 100 % S,,InBrs2  contains 3 %
S, and InIs2” 10 % S,. The reverse is observed in the other
A, mode;there is a decreasing of the coupling of the eigen-
vectors going from the chloride to iodide in which the vibra-
tion is almost 100 % S,.

The E modes are less coupled. In InIs2 ,vs contains only
3 % of S4 whereas for the chloride and bromide,vs is almost
100 % S3. For InCls2 ,v, contains about 17 % of Ss; compared
with a 5 % in InBrs2~ and 12 ¢ in InIs2".

The small coupling of the normal modes 1s also reflected
in the potential energy distribufion among force constants,
In InClz2 ,v; contains no important contribution of any bending
or bending-stretching interaction constant,whereas the same
vibration shows the presence of a 16 % of f o In InBrs2 and
a 20 ¥ in InIs2 . The vibration v, contains about 10 % of £,
in InCls2 and no contribution to +the same vibration in
InBrsz2~ and InIsz2  in keeping with the observation that the
coupling of the eigenvectors decreases going from the chlori-
de to the iodide.

On the other hand,vs is a pure stretching mode as no
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InBrs2

InIz2
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TABLE

16

Potential energy distribution for InXaz2

anions

Eigenvectors % S4

100%
23%
100%
17%

97%
hg
99%

5%

90%
99%
o7%
12%

Sq
Sy
Sa3

Sa

+ 77%

+ 95%

+ 10%

+ 88%

Sa

Porce Constant % f

65%f +355F

108f +328f  +HTEL
77%fr+21%fr
166 +55%1,

r

61%fr+26%frr+11%frOL
12%fr+58%fa+28%faa
78%fr+17%frr

70%fa+17%fda

47%fr+25%frr+2o%frOL

11%fm+81%fOL
7o%fr+19%frr

13%fra+57%fa+21%faa
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contr:hution of any force constant,but fr and frr appear in
all thrce cases. Again,the potential energy distribution for

v, seems to follow no simple relationship.

(b)  The Tetrahalogenoindate(III) Anions

" A number of salts containing the tetrahalogenoindate(III)
anions { X = Cl1,Br or I) have been prepared68’86. The infrared
and Raman results on the crystalline solids are in good a-
greement with the Raman spectra reported by Woodward and his
coworkersgg—94 for extract solutions of these species. The

solution spectra were assigned on the assumption of T, sym-

d

metry,with four fundamental vibrations (A; + E + 2F;);some

splitting of the F modes in the solid state has been observed.
The tetrahedral symmetry has been confirmed by X-ray

69

crystallographic methods for InCl, and more recently,for
Inl, 70.,both in simple salts and in the ionic dimer
[InIZ(dmso)4][InI4]56. The spectral data used in the calcula-
tion of the force constants for these species are those re-
ported by Woodward et a192_94,for the solution species.

The internal coordinates for the tetrahedral InX,
anions are shown in figure 2;they are the changes in bond
lengths and angles. The normalized symmetry coordinates are
listed in table 17.

The symmetry coordinate S1b(A1) was taken as redundant,

since all six angles cannot change simultaneously during the
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TABLE

17

Normalized symmetry coordinates for the

InX, species

Sy(A,) = £( Ar, +

Sip(B1) = /6( Bagp +
+ Adsy)

Sza(E) = J12( 28045 -
+200 5 4)

Szb(E) = 2( bogg -

Ssa(Fg) = J12( 20045 -
~2Aa 5 4)

Sap(Fz) = /6( Bayp +
-AG.34)

Sa,(Fz) = z( Bazs -

S, (F2) = J6( Ary, +

Sap(F2) = /12( bry +

Seo(F2) = V/2( Arz -

Arg

Ad o3

JaYo RPN

Aasy

Ad 55

Ac 53

Aa 5y
AI‘2
AI‘2

Arl)

Ars

AQS]_

Aagy

Ao 55

AQ31

ba gy

Aoy 4

2hrs)

Ars

Ar,)

Aoy 4 + Aoy

Aoy, - Bazg

‘Aa24)

AG.14 + AQ oy

Aoy, - BOoy

Aa5y)

BAr4)

* redundant coordinate
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Figure 2, Internal coordinates for the InX, species



83

the vibration.

Following the usual practice,the force constants asso-
ciated with stretching-bending interaction and bending-ben-
ding interaction were assumed to be zero when no common bond
is involved., The potential function for the InX, tetrahedral

species has the form

2V = L#fr(Ari)z + 6r2fa(Aa)2 + 12frr(Ari)(Arj) +
+ 24rfm(Ar)(Aa) + 12r2fqa(A0Li)(AqJ.)

The term frOL refers to the interaction involving one bond and
the angle;all the other terms have their usual meaning.

Examination of the potential function reveals that the
number of force constants to be calculated is again greater
than the number of frequencies available, As in the case of
the normal coordinate treatment for InXs2 species,the ap-
proximation frOL = fOL was used.

Table 18 gives the bond lengths and the G-matrix ele-
ments for the InX, ( X = Cl,Br or I) species.

Table 19 shows the derived force constants and the cal-
culated and observed frequencies for these tetrahedral anions.

Woodward et al 92-94 used an approximate method to ob-
tain values of 2.16, 1,83 and 1.44 x 10™° dynes cm ! for the
primary stretching force constants for InCl, , InBr, and

InI, respectively. These values differ considerably from those
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calculated in the present work,mainly because the authors
assumed that all other force constants would be neglected,
More recently,Muller and Krebs also calculated force constants
for these species,using a modified force field and assuming that
Fas = 0 which leads to the conclusion that fm is zer0126.
Their values for the primary stretching force constants are
about 0.1 - 0.2 units lower than those given in table 19,
but the agreement between the two calculations for the ben-
ding forces is reasonably good,with differences of less than
0.05 units,.

In related work based on a general valence force field

model ,Krebs et all27

obtained the primary stretching force
constants for the InX, anions,but did not calculate any ben-
ding force constants, These calculations gave values close to,
but still different from those in table 19, It is worth noting

that Krebs et al only obtained the difference fa_fda for the

bending interaction,with values of 0.7, 0.6 and 0.5 x 10 °
dynes cm ! for the chloride,bromide and iodide respectively,
surprisingly similar to those which can be derived from the
present work,
Table 20 gives the potential energy distribution for the
nX, species,interms of the eigenvectors and force constants.
The calculated eigenvectors and potential energy dis-

tribution for the F, vibrational modes show that the eigen-
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TABILE 20
Potential energy distribution for the

normal vibrations of InX, species

Eigenvécywrs % S; Force Constant % f
- y y
InCl, V4 100% S, 87%fr + 13%f
Vo 100% S» 74%fa + 26%1"OLOL
Va 99% 83 89%f .,
Va4 4% S5 + G5% S, 9o%fOL
TuBr, v, 100% S, 89%fr + 1;%frr
4 a, A
? Vo 100% Sso 757fd + 25%fOLOL
§ Vs 96% S5 + W% S, 84%fr + 1o%frOL
Vg 2% Ss + 98% s, 91% fO.
’ InI,” v, 100% S, 83%fr + 17%frr
Vo 100% S, 81%fOL + 19%fOLOL
Vs 93% S5 + T Sa T8%f . + 12%f

Va4 100% S, 96%fd




88

vectors Ss and S4 undergo slight increased coﬁpling along the
series InCl, ,InBr, and InI, ; vs contains less than 0.5%

of S4 in InCl, ,4% in the bromide and 7% in the iodide. The
opposite situation is found for v,,where S; is present to
about 4% in the chloride and 2% in the bromide,whereas in
TInIs ,the vibration is 100% pure.

The increasing coupling in vs 1s also reflected in the
potential energy distribution among force constants., While in
InCl, ,vs is 89% fr and the other force constants contributing
very little,in InBr, there is an important contribution'of

the fra constant. InI, ,this force constant contributes 12%.

On the other hand,v, is increasingly more pure fa,the primary
bending force constant.

(c) The Pentachloroindate(III) Anion

Raman,polarized single-crystal Raman98’99

and polarized
far—infrared99 spectra of the InCls® anion have been repor-
ted. In the calculation carried out on this anion,the data
reported by Adams and Smardzewski99 were used.

The various internal coordinates are shown in figure 3
‘and are defined as follows: ry ( 1=1,2,3,4) = In-Cl . .15

rs = In-Cl is the angle between bonds in the basal

axial’ %1ij
plane and Bij the angle between the axial bond rs and any of
the bonds in the basal plane.

In the calculation of the force constants,the potertial
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Figure 3, Internal coordinates for InCls2~ anion
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function for the C) InCls2 anion was

_ 2 2 2 2
2V = fR(Ar5) + Mfr(Ari) + U4y fa(Aa) +

+ 8frr(Ari)(Arj) + 8f}r(Ari)(Arj) +
+ 8r2faa(Aai)(Aaj) + 8r2fBB(ABi)(ABj) +
+ Urfrg(ap)® (3-32)

where frr refers to the interaction force constant of two
bonds in the basal plane having a common angle,f}r,accounts
for the interaction between two bonds without a common angle.
The symmetry coordinates listed by Begun et al128 were used.
The potential function chosen 1leads to eight force con-
stants to be calculated from nine fundamental frequencies,
As the other force constants were assumed to be zero no cross
term in the F matrix exists,
Single-crystal X-ray structure determination of
[Et.N].[ InC1ls] shows that the anion has a Cy, symmetry in this
salt 71, The unique apical In-Cl bond is slightly shorter
(2.415 * 0.012 X) than the four basal bonds (2.456 * 0.007 K),
and an average bond length of 2,45 X was used in the calcu-
lation of the G-matrix elements. Table 21 shows the force

constants derived for this anion;the observed and calculated
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TABLE =21

Force constants (1075 dynes cm !) and calculated

and observed frequencies (in cm ') for InClsZ®"

anion

Force Constant Calc.Freq. Obs.Frean) G-Matrix Elements
frp = 1.378 293 294 ,v,(A,) Gyp = 0.03691
£. = 1.305 283 283,v2(A1)  Gge = 0.03020
.. = 0.335 140 140,vs(Ay)  Gss = 0,00544
£l = -0.039 286 287,v4(By) Gaq = 0.02820
£, = 0.016 183 183,vs(By) Gss = 0.07718
fuq = -0.010 164 165,ve(Bs) Gee = 0.07463
fg = 0.033 274 274 ,v-(E) G-7 = 0.04560
fog = 0.09 143 143,v¢(E) Ggg = 0.08247

108 108,vg(E) Ggg = 0,07281

(a) assignment from reference 99
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frequoncies and their assigoment., The G-matrix elements are
also given,

The potential energy distribution was not calculated on
the basis of the eigenvectors as no off-diagonal terms in the
GF matrix are present and therefore the vibrations are 100%
pure., The potential energy distribution among force constants
reveals that the assignment of Adams and Smardzewskl is cor-
rect. Table 22 gives the potential energy distribution among
force constants for InCls2 anion,

Examination of table 21 shows that f_,the force constant

R:

for the In—ClaX stretching mode is slightly greater than

ilal
the corresponding force constant for the basal chlorides. This
is in keeping with the fact that InCls2 is a very slightly
distorted CMV species 1in which the indium atom is slightly

above the basal plane of the four chlorides,

(d) The Hexachloroindate(III) Anion

The vibrational spectrum of the InClg® anion has been

95

recorded for salts with both organic86 and inorganic cations.
There is reasonable agreement between these two sets of re-
sults,leading to the assignment shown in table 23, No crystal
structure determination has been reported,but the number and
activity of the bands in the vibrational spectrum confirm the

expected octahedral symmetry. An octahedral MXg molecule

possesses three Raman-active vibrations (A1g + B, + Fgg),
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two infrared-active vibrations ( 2F1u) and one inactive (Fp,)
mode.

The symmetry coordinates were constructed from the in-
ternal coordinates shown in figure ¥,and are given in table
25.

The potential function has the form

2V = 6°f

2 2
I‘(Ar) + 12r2fa(Aa) + 24frr(Ari)(ArJ) +

+ 6f£r(Ari)(Arj) + 24rfra(Ar)(Aa) +
+ 2href  (bay)(bay) (3-33)

where ffr refers to the interaction force constant of two
mutually perpendicular bonds,and the other terms have the
usual meaning. Like in the calculations performed for the tri-
halogenoindate(I) and tetrahalogenoindate(III) anions,the ap-

proximation f = fOL was used in order to reduce the number of

ra
force constants to be calculated.

Table 24 shows the derived force constants for InCle3™,
the calculated and observed frequencies,and the G-matrix
elements constructed with an In-Cl bond length of 2.61 K,ba—
sed on the data for [ InCls(H20)]2" 125.

Taking into account the change in the mass of the cen-

tral atom and the oxidation state,the fr force constant for
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Figure 4, Internal coordinates for InCle3  anion
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25

+ Ars

+ AQsg
+ Al sg
+ Ao ,s
+ Aras

+ Arg

- Ary)
- Ary)
- Ars)
+ Adcsg
- bogp
+ AQygs
- bogp
+ Ad o4
- Ao,

anion
+ Ars + AI‘4 + AI‘5 +
+ Aays + AQag)
+ Aoge + Aayy)
+ Adsg + Adog)
- 2bdr, - 20r, + Ars +
- Arp - Ary)
+ Adges + Adse + A0y, -
- lo,g)
+ Ay, + AQus - A0og -
- Ao gg)
+ Axys 4+ Adg, - Adgg -
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table 23 ( continued)

Ssa(Feg) =  B( Aagy + A5 - Alus - Ad,g)

Ssb(Fzg) =  %( Lbage + Aays - buse - Aayg)

‘Ssc(Fzg) = 3( Doy + Base - Adps - Aoyy)

Se,(Fo,) = V8( Bage + dase + A0y, + By, - A0,g -
- Bazs - Boyg - Aoy s)

Seb(qu) = /8( Aboase + 8a;5 + Adpg + Bag, - bagg -
- bayg - Aops - AGys)

Ssc(qu) = /8( Acps + Adps + Adgg + Aoy, - Adg, -

- baygs - Aags - ba, )

*  Redundant coordinates
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InCle®  is in reasonable agreement with that reported by Wharf
and Shriver87 for the SnCleg® anion (1.435 x 10™° dynes cm ).

The eigenvectors and potential energy distribution for
the Flu vibrations show that vi; is quite pure,whereas v,
contains about 10% of Ss. For the other vibrational modes each
eigenvector contributes 100%,since no off-diagonal element in
the GF matrix exists.

The potential energy distribution among force constants
for the InClg3® species is shown in table 25. The calculated
eigenvectors for the Flu modes are also given.

The assignment of the bands given in table 24 agrees
well with the approximate description obtained from the po-
tential energy distribution among force constants, The coupling
of S3 and S, eigenvectors in v, is also reflected in the poten-
tial energy distribution among force constants since fr con-
tributes 9% to va,but the vibration is still a fairly pure
bending motion.

No salts of the corresponding InIg® anion have been
prepared,but the InBrs® complex anion has been identified
in the crystalline lattice of [ MeNHs],InBr, and [ MepNH:]4InBr-,
which have been shown to be the equimolar mixture of 4R4N+ +
InBre> + Br_ 86. The vs and v, absorption of this complex
anion are at 179 and 170 cm ! respectively,but unfortunately
these results do not constitute a sufficient basis for cal-

culation of the force constants for this species.
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TABLE 24

Force constants (10 ° dynes cm !) and calculated

and observed frequencies (in cm” ) for InClg3

Force Constant Calc,Freq. Observ.Freq. G—MafriXHEieméhf
£, = 0.949 275 275,v1(A1g) Gy, = 0.02820
£ = 0,154 245 245,v3(F1u) Goo = 0.02820
£l = 0.010 176 175,v2(Eg) Gas = 0,04561
fo = 0.089 151 150,v4(F1 ) Gzq = -0.01334
£, = 0.089 130 130,v5(F2g) Gss = 0.01850
foq = 0.028 Gss = 0.01655

10.00827
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TABLE

25

Potential energy distribution among force constants %

for InClg3"
s \
Frequency Descrlptlon fr frr frr fra fﬁ f‘OLOL
Vg v(In-Cl) 60 39
Vo v(In-Cl) 75 24
Va v(In-C1) 89 7
Vg 8 (Cl-In-C1) 9 48 30
Vs 8 (Cl-In-C1) 61 38
Eigenvectors for the Flu modes
Vs 97% Sz + 3% S,
Vg 10% Ss + 90% S,
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3,10 Discussion

The results of the forcé constants reveal some inter-
esting relationships betw:2en these constants for the various
indium complexes,and in some cases between the values for the
complexes of indium and related compounds.

As noted in section 3.6,direct evidence on the type of
bonding in anionic halide complexes of indium is lacking,but
two nuclear quadrupole resonance (nqr) studies strongly
imply that the bonding is in fact ionic in character. The
ngr spectra (1'5In and ®'Cl) of InCl=(H»-0)2 species have been

129

interpreted in terms of“ionic In-Cl bonds

130

,and similar stu-
dies on Sn¥Xe? anions ( X = Cl,Br.and I) lead to the con-
clusion that the percentage of ionic character varies from
60% in SnCle2” to 55% in SnIe® ,with a linear dependence on
the difference in the electronegativities ( Xhal - XSn)'
Finally,and of more immediate relevance,Wharf and Shriver

87
showed that calculations based on ionic models gave the cor-
rect ratio of stretching force constants for SnCl, and
SnCle® . It therefore seems a reasonable working hypothesis
that the bonding in the isocelectronic indium(III) halide is
significantly ionic.

Consilderirig the primary stretching force constants

<fr) for the tetrahalogenoindate(III) anions,it is seen that

fr decreases smoothly from InCl, to InI, . It seems likely
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that these changes in fr arise from concomitant ( but not
necessarily proportional) changes in bond strength and,in the
light of the above discussion,changes in fr might be related
to changes in the electronegativity difference AX ( = Xhal_

X

In)'

In fact,if one takes the Pauling electronegativities
used in establishing the relationship between percentage of
ionic character and AX in the nqgr studieslgg,fr is linearly
dependent on AX ( = 1.38, 1,18 and 0,88 for Cl1,Br and I,
respectively). In order to put such a relationship in its
proper context,it must be pointed out that with either
Sanderson or Allred-Rochow values for AX,a plot of fr against
AX is markedly curved (and presumably this also applies to
the ngr results).

The general conclusion,however,seems valid,namely,that
with such ionic-bonded species the stretching force constant,
and hence presumably the bond strength,depends on the electro-
negativity of the ligand.

Recent work131

has shown that a similar relationship
exists for the stretching modes of MCl, and MBr, molecules
( M= (C,Si,Ge and Sn). For these species,v, and vs are found
to be dependent upon the ionic character of the M-X bond,but

again the nature of the relationship depends on the set of

electronegativity values used. There seems to be little profit
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in discussing the detailed nature of such dependences at
this point.

Wharf and Shriver87 noted an interesting effect of oxi-
dation state in their work,which covered both tin(II) and
tin(IV) halide complexes. They defined a parameter Q =
oxidation state/coordination number,and showed that Q is pro-
portional to fr in tin-chloride complexes,in which the ratio
of the stretching force constants for SnXs to SnX, species
varies from 0.48 to 0.59 with an average value of 0.54 which
is in good agreement with the ratio Q(SnXs )/Q(SnXs) = 0.67.
This relationship was tested for the compounds worked out in
this thesis find that the ratio of the stretching force
constants for pairs of InXs? and InX, anions varies from
0.41 to 0.52 with an average value of 0.46,which is somewhat
closer to the ratio Q{InXs2 )/Q(InX, ) = 0.44 that in the
case for the analogous ratios for the tin complexes. Unfor-
tunately the dependence of fr on @ does not hold within
the indium(III) halide complexes in which the coordination

number varies from four to six. The relevant values are

9) £.x 10" dynes cm !
TnCl, 0.75 1.865
InCle® 0.60 1.378 and 1.305

InCle™" 0.50 0.949
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Despite the absence of proportionality between Q and £
for these three species,a relative simple relationship does
exist,as is shown by the plot of fr against the coordination
number ( figure 5). Again it is difficult to place any
detailed interpretation on these relationships,except that an
ionic model would require a gradual weakening of bond with
the increasing of the coordination number.

Figure 6 shows another relationship between the log of
the primary stretching force constants for the isoelectronic
species InXs® , SnXs and SbX3132’133 and the oxidation state
of the central element.

There 1s some uncertainty in the point for the SbBrs;,

arising from the range of values reported132

for f_ ( 1.338 -
1.686 x 10™° dynes cm” '), Relationships between stretching
frequencies and oxidation state are well knownlju,but figure
6 implies the existence of a more precise dependence than is
usually acknowledged, |

In summary,the primary stretching frequencies on the
indium(I) and indium(III) anionic halide complexes depend on
ligand electronegativity,coordination number and oxidation
state of the metal in a manner which is qualitatively in
keeping with a model of significantly ionic indium-halide

bond,the details of which remain to be elucidated.
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f, (107 dynes cm')
o
l

I l l
4 5 6

COORDINATION NUMBER

—

Figure 5. The dependence of the primary stretching force
constant (fr) on the coordination number in some

halide complexes of indium(III)
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Figure ©, The dependence of log fr on the oxidation state of

the metal for MXs; halides of some main group metals
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CHAPTER IV

SOME REACTIONS OF CYCLOPENTADIENYLINDIUM(I)

4.1 Introduction

The chemistry of indium(I) has been less studied than
of the more easily accessible (III) state and the number of
compounds presently known is small (see chapter I),and
little structural information is available,

Cyclopentadienylindium(I) was first  prepared by
Fischer and Hofmann17. This cyclopentadienyl compound is the
only reasonable stable organo-indium(I) compound presently

available,the corresponding methylcyclopentadienyl species

18

being much more difficult to handle™ .,

135

The bonding in this unusual "half sandwich" structure

has been the subject of a number of discussion5136-158,

Some authors have favoured ionic bonding136’137

covalent138’139. Cotton and Reynolds137

,others

,who were the first
to provide experimental evidence for the half sandwich
structure of cyclopentadienylindium(I),critized the Fischer-
Hofmann model because 1t would lack the symmetry demanded
by the C

5v molecular symmetry and secondly because the cal-

culated overlap integrals showed that the molecule must be
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ionic. Shibata et a1l > found that Cotton's first objection
fails when the Fischer representation is viewed in terms of
the resonance theory,whereas the second objection vanishes
with the discovery that Cotton and Reynolds miscalculated
both fhe sign and magnitude of the overlap integrals. In
fact the molecule seems to be quite covalent,with the metal-
ring bonding made up by the overlap of the m a, molecular
orbital of the CsHs ring and pure p metal orbitals.

Shibata et a1139 have also pointed out that although the
overlap of the m orbital with the indium sp hybrid orbitals
is very large,the energy required for promotion of the 5s
lone pair of electrons in bonding would be too large to pay
for extensive hybridization. The éentrally bonded ring

135 139

structure has been confirmed in both solid and gas
phases.

The trihalogenoindate(I) anionic complexes reported in
chapters II and III are isoelectronic with the trigonal
pyramidal SnXs ~ species. The donor interactions of these
latter complexes with transition metal ions are well esta-

blishedluo;adduct formation with boron trifluoride is

apparently followed by ligand rearrangement reactionlul’lug.

More recently it was found that dicyclopentadienyltin(II)
143

also forms a 1:1 adduct with boron trifluoride .

Following the close analogy between indium(I) and
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tin(II) species it secmcd worthwhile to study the donor
properties of the indium(I) species reported in chapter II

and the easily available cyclopentadienylindium(T).

4,2  Adducts of Cyclopentadienylindium(I) with Boron

Trihalides and Trimethyl Boron

Cyclopentadienylindium(I) ( CpIn) in chloroform reacts
with gaseous BXz ( X = F,Cl,Br or CHs) to yield solids of
stoichiometry CpIn.BXs,whose structures have been investiga-
ted by means of vibrational spectroscopy. Vibrational
spectroscopy shows that the BXs group has the expected tri-
gonal pyramidal structure similar to that found for some

141,1k2 and dicyclopentadienyltin(IT) addUCtsluj-

acetonitrile
On the other hand,the spectra also show that the cyclopenta-
dienyl ring is in the monohapto ( o-bonded diene) form,in
marked contrast to the stereochemistry of the parent CplIn.
In an attempt to obtain more information about the
structure of the cyclopentadienyl ring the reaction of both
CpIn and CpIn-BCls with maleic anhydride were carried out;
Diels-Alder addition occurs in both casés,suggesting that
an equilibrium between the pentahapto and monohapto forms
of CpIn may exist in solution. |
The interaction between cyclopentadienylindium(I) and

the two Lewis acids chloroform and trifluoroiodomethane was

also investigated,with the aim of determining the basicity
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of CpTn relative to other donors. Significantly,there appears
to be no evidence of any such interaction,a point relevant

to the energetics of the formation of the Cpln.BXs; adducts.

4.3 Some TIodide Complexes of Cyclopentadienylindium(IIT)

In previous section i1t was found that the cyclopenta-
dienyl ligand changes its bonding mode from the pentahapto
form in CpIn to the monohapto form upon adduct formation
with boron trihalides and boron trimethyl. It was also found
that the pentahapto CpIn undergoes Diels-Alder addition with
maleic anhydride. On the other hand,CpIn does not interact
appreciably with weak Lewls acids such as chloroform and
trifluoroiodomethane previously used to measure the basicity
of other donor moleculesluu”lu?, The above results suggested
that an equilibrium between the pentahapto and monohapto
forms would exist in solution,which is readily displaced to
the monohapto form as a function of the strength of the
acceptor molecule, In an attempt to obtain more information
about the suggested equilibrium and the mechanism by méans
the change in the bonding mode of the cyclopentadienyl
ligand occurs,the interaction between CpIn and a moderate
Iewis acid,namely,iodine was studied.

Cyclopentadienylindium(I) in chloroform reacts with
iodine to yield the polymeric yellow solid CpInIs,which is

partially soluble in ether and light sensitive. The compound
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is stable for 3-4% days.

A number of rections of CpInI, with some nitrogen-
donor ligands,triscylopentadienylindium(IIT) and tetra-
propylammonium iodide,have been carried out,

| The reaction of CpInI, in ether with 2,2'-bipyridyl
and 1,10-phenanthroline yielded complexes of the type
CpInIzL ( L = bipy or phen),whereas with CpsIn and
PryNI ( Pr = propyl),the unstable CpoInI and the anionic
species [ Pr,N][ CpInIs] were obtained.

Vibrational spectra show that the cyclopentadienyl
ring adopts the monohapto form in all these species.

The reaction of CpIn with methyliodide and trifluoro-
iodomethane yielded indium monoiodide,as did the reaction
of CpIn with iodine in the presence of ethanol, A possible

mechanism for these reactions is discussed,

4,4  Experimental

(a)  Physical Measurements

Physical measurements were carried out using the pro-
cedures described in the previous chapters,with the following
exceptions:

Nuclear Magnetic Resonance

'H and '®°F nuclear magnetic resonance (nmr) spectra
were recorded with a Varian A56/60 spectrometer,operating

at frequencies of 60 and 56.4 MHz respectively.
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Mass Spectra

Mass spectra were obtained with a Hitachi-Perkin Elmer
RMU-6E operating in the single-focusing mode at an excitation
potential of 80 eV,

Infrared Spectra

Infrared spectra were recorded with a Perkin Elmer
457 or a Beckman IR 12 spectrophotometers., Spectra were
obtained with nujol and hexachlorobutadiene mulls using
caesium iodide windows.

(b)  Analytical Determinations

Analytical determinations were performed as described
in chapter II. Boron analyses were carried out by a slight
modification of the method described by Taylor148.

(c) Seclvents

The solvents were purified from moisture and impurities
as described in chapter II.

Spectroscopic grade chloroform was washed twice with
concentrate sulphuric acid and then washed twice with
distilled water to remove any ethanol stabilizer. The chloro-
form was then allowed to stand overnight over anhydrous

calcium sulphate and distilled prior to use from a fresh

sample of calcium sulphate.

(d) Preparative Chemistry

The indium(I) compounds readily disproportionate in
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the air,and therefore all reactions and operations were
performed under dry nitrogen using conventional dry-box
techniques.

Cyclopentadienylindium(I) and cyclopentadienylindium
(IIIj diodide are light sensitive and although their mani-
pulations were carried out in normal light,over -exposure

was avoided.

Preparation of Cyclopentadienylindium(I)

Freshly distilled cyclopentadiene was added to finely
cut sodium ( ~ 3 g.) in dry ether and the mixture stirred
at 0°C until all the sodium had reacted. The mixture was
refluxed for one hour and then anhydrous indium trichloride
( 7.25 g.) in the ratio CpNa:InCis = b:1,was added to the
resultant heavy white precipitate of CpNa. The reaction
mixture turned yellow and reflux continued for four hours
after which the ether was removed under vacuum and the
cyclopentadienylindium(I) collected by sublimation at 15000
from the mixture. It was stored in the dark in a nitrogen-
filled dry-box.

Preparation of Cyclopentadienylindium(I)-BXs Adducts

( X = F,C1,Br or CHa)

Cyclopentadienylindium(I) was dissolved in freshly
distilled dry chloroform,and a small excess of boron tri-

halide condensed into the vessel in vacuo. The mixture was
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then allowed to warm up to room temperature,and stirred for
approximately 30 minutes,after which the solvent and unreac-
ted boron trihalide were removed by evaporation. The solid
products,which were identified as the appropriate cyclopenta-
dienyiindium(l)—boron trihalide (or trimethylboron) adducts,
were insoluble in all the common organic solvents,and sensi-
tive to moisture;the ease of hydrolysis Jjudged gualitatively,
as CpIn-BBrs > CpIn.BCls > CpIn-BMes > CpIn.BFs . Analytical
and other results for these adducts are given in table 26,

Reaction of Me,bipyInXs with Boron Trihalides

MesbipyInXs ( X = Cl,Br or I) were treated in a similar
manner with an excess of BFs or BCls, After removal of the
excess of the boron trihalide by pumping,the initial indium(I)
compound was recovered unchanged.

Reaction of Cyclopentadienylindium(I) with Maleic Anhydride

One mmole of maleic anhydride in freshly distilled
chloroform was reacted with an equimolar gquantity of CpIn
in chloroform. The solution was stirred for 24 hours at room
temperature in dry atmosphere. The yellow-brown solid was
filtered off,washed with chloroform and dried.

The presence of chloroform in the solid was confirmed
by infrared absorptions at 2400 m, 2260 s, 1485 s and 391 vw
cm !, The stoichiometry CgH,0sIn is that expected from a

1:1 Diels~-Alder addition of CpIn and maleic anhydride.
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The comr:.nd is insoluble in all the common organic solve:r:

Reaction of CpIn-BCls with Maleic Anhydride

A suspension of CpIn-BCls in a chloroform solution of
the anhydride ( 1mmole of each reactant) was stirred at
room temperature for 24 hours. The orange-red solid was fil-
tered off,washed with chloroform and dried. The solid
analyses for CgH-03InBCls,corresponding to the boron tri-
chloride adduct of 7-indium(I)-bicyclo [2.,2.1] hept-5-ene-
1,2-dicarboxylic acid anhydride. The compound is insoluble
in all common organic solvents,except ether,

Preparation of Cyclopentadienylindium(III) Diodide

Todine ( 1mmole) in freshly distilled chloroform was
added dropwise to a solution containing 1 mmole of CpIn in
chloroform, A yellow precipitate inmediately formed;this
was filtered off,washed with chloroform and dried. The solid
is insoluble in all common organic solvents,but is partially
soluble in ether., Analyses are shown in table 27.

Preparation of Cyclopentadienyl-2,2'-bipyridylindium(III)

Diodide

1 mmole of 2,2'-bipyridyl dissolved in dry ether was
added to a suspension of 1 mmole of CpInI,. A yellow solid
which precipitated was filtered off,washed with ether and
dried., The solid is soluble in acetone,acetonitrile and

nitromethane,
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Preparation of Cyclopentadienyl-1,10-phenanthrolineindium(III)

Diodide

1 mmole of 1,10-phenanthroline dissolved in dichloro-
methane was added to a suspension of 1 mmole of cyclopenta-
dienylindium(III) diodide. The yellow precipitate was fil-
terea off,washed with ether and dried. The solid is soluble
in acetonitrile and nitromethane,and partially soluble in
dichloromethane,

Preparation of Biscyclopentadienylindium(III) Iodide

Cyclopentadienylindium(III) diodide (1 mmole) was
suspended in a solution prepared by dissolving triscyclo-
pentadienylindium(III) in hot benzene. The suspension was
refluxed for 10 hours. The brown soiid was filtered off,
washed with benzene and dried. Carbon and hydrogen analyses
yielded constantly low values as the compound is rather
unstable. However,indium and iodine analyses could be
obtained with good results on sample weighed 1inmediately
after preparation.

Preparation of Tetrapropylammonium Cyclopentadienylindiun(III)

Triodide

1 mmole of tetrapropyl ammonium iodide dissolved in
anhydrous methanol was added to a suspension of cyclopenta-
dienylindium(III) diodide in ether. The resulting solution

was stirred for 24 hours,and the solvent then removed. The
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yellow solid is insoluble in most common solvents excepnt
nitrobenzene in which is partially soluble. This solvent

was used in measuring the molar conductivity.

4,5 Results and Discussion

(a) Adducts of Cyclopentadienylindium(I) with Boron

Trihalides and Trimethylboron

Vibrational Spectroscopy

The infrared spectra of the boron trihalides and tri-
methylboron adducts of CpIn were recorded in nujol and hexa-
chlorobutadiene mulls. The assignment of the bands involved

comparison with the bands reported for the boron trihalide

149,150 151

adducts of acetonitrile ,and for free trimethylboron .
Table 28 1ist the infrared bands of the boron trihalide and
trimethylboron adducts of CplIn.

(i) The Boron Trihalide Moiety

The changes which take place in the vibrational
spectra of BXs ( X = F,C1,Br or CHs) species on complex
formation,i.e., as the local molecular symmetry of BXs

changes from DBh to CBV,have been discussed in detail by a

number of authors. Swanson and Shriver149’15o

have assigned
the spectra of the boron trihalide adducts of acetonitrile
and confirmed the assignment of the adducts by normal
coordinate analysis. Such calculations are of considerable

importance,in‘that the potential energy distribution allows
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the identification of those vibrations which are suffi-
ciently pure for meaningful comparison to be made between
different adducts., Table 29 lists the boron-halide vibra-
tions in the CpIn-.-BXs adducts,assigned by analogy with the
work on the corresponding acetonitrile adducts. Because of
the mixing which occurs in the B-X skeletal vibrations,no
simple relationships relate the B-X frequencies to the
strength of the B-N coordinate bond in a series of BFs
adducts involving nitrogen donorslAg. Swanson and Shriver
do however suggest that the frequency separation between
Vas and Vo in such series decreases with the increasing
basicity of the donor molecule., On this basis,the separation
of approximately 310 cm ! for the CpIn.-BFs adduct implies
that CpIn is about as strong a donor to BFs as is acetoni-
trile. It does not seem possible to test this canclusion
with the results for BCls and BBrs because of the lack of
suitable results for other donors;the difference Vas~ Vg
in fact increases only slightly from CpIn-BFsz to CpIn.BCls.
The spectrum of CpIn.BMes presents a more difficult
problem,due to the lack of comparable information on the
vibrational spectra of adducts of trimethylboron. Comparing
the infrared spectra of CpIn-BXs ( X = F,C1,Br) with that of
CpIn-BMes one should be able to substract the cyclopentadie-
nyl bands. After substraction of the cyclopentadienyl bands,

those left were 1605 m, 1419 ms, 742 s, 410 w, 391 w, 307 mw
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TABIE 28

Infrared spectra of the boron trihalide and

trimethylboron adducts of CpIn (in cm !)

CpIn-BFs CpIn.BCls CpIn-BBrs CpIn-BMes
3042 w 3040 w 3035 w 3060 m
2958 m 2930 s 2925 m
2855 mw 2880 m,br 2870 s 2855 m
1605 m
1578 vw 1565 m 1545 ms 1555 s
1419 ms
1305 vw 1305 mw 1298 w 1305 w
1275 m 1263 mw 1252 s 1255 m
1212 vw 1198 mw 1135 s 1215 w
1101 s
1065 s
1009 s 1005 mw 1018 s 1005 s
940 ms 935 m
911 ms
860 ms 888 m
808 m 807 ms 802 ms
776 mw
758 w 760 mw 786 s,br 758 m
742 s
721 ms 718 s 715 m 725 s
692 m
675 m

620

mw
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Table 28 ( continued)

580 m
521 ms
515 ms 515 m 515 m
478 m,br 4os m 480 w
431 s
Jiow
3291 w
275 w
255 s
307 mw
285 w 285 m 285 w 282 ms

260 s



123

TABLE 29

Boron-halide vibrations in solid CpIn.BXs

adducts (in cm 1!)

Vibration ®) X = F X = C1 X = Br

va(B—X) 1101 692 580
1065 675

v (B-X) 776 375 431

8, (BX3) 521 260 355

(a) Approximate description
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and 282 =s, Following Woodward et a1151

,the bands at Th42,
410,391 and 307 cm ! have been assigned to the antisymmetric
and symmetric B-Me stretching modes and symmetric and anti-
symmetric BCs deformation modes,respectively. The frequency
shifts with respect to the free BMes,are similar to those
between BXs; and CpIn.BXs.

In an attempt to obtain a better way to assign the
bands due to the BMes group in CpIn-BMes,adducts with pyridine
and its deutero derivative were prepared. Unfortunately their
Raman and infrared spectra are too complicated to allow a

sure assignment of the BMes; bands.

(ii) The B-In and In-C Vibrations

Each of the three boron trihalide adducts prepared
has an infrared band at 515 cm !;in CpIn.BMes,this appears
at 505 cm !, Since atomic mass of boron is not very different
than that of the carbon atom,it is believed that this band
is the stretching mode of the In-B coordinate bond;v(In-C)
for indium-carbon bonds involving simple alkyls groups have
been found in the region of 500 cm ! 27’81,

In CpsIn and its adducts,v(In-C) is at about 300 cm™’®
and therefore the bands at 285 cm ! in the CpIn:BXs ( X =
F,Cl,Br) and at 282 cm ! for CpIn:BMes adduct were assigned

to this vibrational mode,
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(iii) The Cyclopentadienyl-Indium Moiety

The identification of the bonding mode of the cyclo-
pentadienyl ligand by means of vibrational spectroscopy has

152—154. Three types

been the subject of a number of papers
of bonding modes of the cyclopentadienyl ring have been
observed 10°; (a) ionic,(b) centrally bonded or pentahapto
form and (c) the diene or monohapto form. The centrally

bonded form possesses C symmetry and the 27 fundamental

bv
vibrations are grouped in 4A, + A, + 5E; + 6E, . Due to the
aromatic character of the Cs ring,all the C-H stretching
frequencies should lie above 3000 cm !,whereas one of the
two C-H out-of-plane deformation vibrations is expected to
lie at 700 to 800 em !, On the other hand, a monohapto form
having a CS symmetry (see figure 7),the vibrational modes
are grouped in 15A' + 12A" and the aliphatic carbon frequen-
cy should lie between 2800 to 3000 cm !. The C,-H out-of-
plane deformation frequency should lie arround 700 cm™ !,
This same vibration for Cs~H and Cs-H modeé will also show
up between 700-800 cm™ !,

27

The infrared spectrum of CpIn shows bands at 3070 vw,

1430 w,br, 998 m, 765 s, 737 m and 720 ms cm !. This spectrum
is that expected for a pentahapto (centrally bonded) structu-

152

re,according to Fritz ,and thus 1n agreement with the

known structure 135,139 of CpIn, These results imply that
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In

SN

2

Figure 7. The monohapto form of cyclopentadienylindium(I)

153,154

the conclusion of Samuel and Bigorne with respect to
the ability of the out-of-plane deformation modes to infer
the bonding mode of the cyclopentadienyl ring,vanishes,as
CpIn shows three bands in the range 700-800 cm !,

More recently Mink et a1155'have shown that for CpsHg
a band at 2970 ecm ! is the fundamental C-H stretching of the
”aliphatic” carbon in the monohapto form of this compound.
Tsotopic substitution showed that this band shifts to 2218
cm” ! and therefore cannot be a conbination band,since in
that case it should be observed at 1518 + 1380 = 2898 cm™ !,

The spectrum of CpsIn,on the other hand,is more complex,
and in agreement with the o-bonded diene (monohapto) structu-
re for the ligand subsequently demonstrated by X-ray structu-
re analysis8o.

Those bands in the infrared spectra of the CpIn-BXas
( X = F,C1,Br or Me) adducts attributed to the vibrations

of the cyclopentadienyl ligand are listed in table 30.
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27

These spectra are cimilar to those reported earlier for

CpaIn and to the spectrum of Cngg155’156

,for which a

o-bonded diene structure is favoured, It is,therefore

reasonable to conclude that the cyclopentadienyl group
in CpIn-BX3 i1s in the monohapto form.

(iv) The Maleic Anhydride Adducts

Mink et a1155 have shown that biscyclopentadienylmer-
cury undergoes Diels-Alder addition with both maleic anhy-
dride and benzoquinone. In each case,the reaction involves
addition of the dione across the diene system of each of the
cyclopentadienyl rings,and it has been suggested that this
reaction constitutes evidence for the diene structure of the
ring. |

Accordingly the reaction of maleic anhydride with
CpIn-BCls was carried out. It was found that the reaction
occurs easily to give product I identified analytically as

the 1:1 Diels-Alder adduct presumably with the structure

ClaB
In H

2



128

TABLE 30

Vibrations cof the cyclopentadienyl group in

solid CpIn:BXs adducts (frequencies in cm ')

X = F X = C1 X = Br X = CHs
2042 w 3040 w 3035 w 3060 m
2958 m 2930 s 2925 m
2855 mw 2880 m,br 2870 s 2855 m
1578 vw 1565 m 1545 ms 1555 s
1305 vw 1305 mw 1297 w 1305 w
1275 m 1263 mw 1252 s 1255 m
1212 vw 1198 mw 1135 s 1215 w
1009 s 1005 mw 1018 S 1005 s

G40 ms 935 m

311 ms

860 m 888 m
808 m 807 ms 802 ms
758 w 760 mw 786 s,br 758 m
721 ms 718 s 715 m 725 s
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The infrared spectrum (see table 31) has absorptions
at 1775 and 1855 cm ! due to the C=0 stretching modes,
v(In-B) at 475,and bands at 762 + 425 and 325 cm ! presu-
mably due to the B-Cl stretching modes. It is interesting
that ﬁhe CpIn.BCls species is significantly stable,since
the In-B bond is preserved throughout the Diels-Alder
reactioh of the ligand.

The diagnostic reliability of this reaction 1is however
considerable lessened by the finding that maleic anhy-
dride also reacts with cyclopentadienylindium(I) itself,
again yielding a 1:1 adduct. The infrared spectrum of this
substance (see table 31) is almost identical with that
obtained from I as far as the vibfations of the organic
groups are concerned.

The structure of this reaction product must remain a
matter for speculation at present. Unfortunately,solubility
problems prevented an investigation of the nuclear magnetic
resonance spectra of either this substance or of the adduct
I.

Irrespective of the details of the structure,it seems
clear that in the iIndium case at least,reaction with maleic
anhydride is not a satisfactory test of the presence of the
diene form of cyclopentadienyl ligand. Since the activation

energy for the Diels-Alder reaction of maleic anhydride and
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TABLE 31

Infrared bands (in cm ') of the maleic anhydride

adducts of CpIn and CpIn.BCls

CpIn.C4H-05 CpInBCls-C4H-045
2060 w 3045 mw
2965 mw 2930 ms
2880 w 2880 ms
2400 m
2260 s
1855 ms 1855 ms
1778 s 1775 s
1660 ms - 1662 ms
1631 ms 1631 s
1485 s
1360 mw 1375 s,br
1305 mw
1262 m
1005 w 1002 w
970 ms 970 mw
940 s 930 ms
915 s 912 s
847 w 835 w
762 s
722 mw 721 mw
675 w 675 w
665 mw 665 w
623 m 622 mw
475 mw
ho2 m
301 vw

325 w
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cyclopentadiene is small,it is possible that the reaction
with CpIn is evidence of an equilibrium in solution which
normally lies strongly to the left. Such equilibrium would

be

h®-cpIn 2 h'-CpIn

Mass Spectrometric Studies

The mass spectra of CpIn.BXs ( X = F,Cl,Br or Me)
showed no molecular ion. In each case,an intense peak was
detected at m/e 115 due to indium, The mass spectra of these
adducts are shown in tables %2 to 35.

The high temperature required to achieve sufficient
vapor pressure for the halide speéiés clearly causes profound
molecular decomposition and ligand redistribution before
lonization,since only in the case of the trimethylboron
adduct is CpIn+ detected in an appreciable intensity,whereas
this ion is the principal mass peak in the spectrum of
cyclopentadienylindium(1)27.

The CpIn-BMes compound apparently undergoes simple

dissociation into its parent moleculies on heating.

Discussion

The vibrational spectra of the CpIn:BXs ( X = F,Cl,Br
or Me) adducts leads to the formulation of these compounds

on the basis of a monomer.
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TABLE 32

The mass spectrum of CpIn-BFa

(Spectrum normalized to base peak m/e 115 = 100%)

Excitation Voltage : 80 ev
Source Temperature : 160°C
m/e Intensity % Assignment
180 3% CpIn’
159 15 ?
136 41 InFo'
126 o1 InB'
115 100 In'
82 2U } oort
Y4 11 p
68 15 BFg
65 25 Cp'

49 22 ) .\
48 27
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TABLE 33

The mass spectrum of CpIn-+BCls

(Spectrum normalized to base peak m/e 115 = 100%)

Excitation Voltage : 80 ev
Source Temperature : 200°¢
m/e Intensity % Assignment
180 10 CpIn”
150 13 nc1”
118 2dL
117 01 BCl, "
116 25J |
115 100 "t
112 98 ?
82 17
+
+

65 22 Cp
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TABLE 34

The macs spectrum of CpIn.BBrs

(Spactrum normalized to base peak m/e 275 = 100%)

Excitation Voltage : 80 ev

Source Temperature : QSOOC
n/e Intensity ¢ Assignment
277 ' 48{ .
275 100y InBra
273 56J

205 27

20% 58 InBBr "
201 2&

194 11 InBr '
173 16 4
139 48

137 i ?

115 19 el

80 3

} Br+

79 22
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TABLE 35

The mass spectrum of CpIn:BMes

(Spectrum normalized to base peak m/e 115 = 100%)

Excitation Voltage : 80 eV
Source Temperature : 25°¢
m/e Intensity % Assignment
180 99 cpInt
115 102} In+
113 1
66 21 oot
65 2 P

L|>1 20 BMe 5
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One obvious uncertainty is the magnitude of the C-In-B angle.
It seems probable from the solubility behaviour of these
substances that there are appreciable intermolecular interac-
tion between the monomeric unit in the solid phase,probably
due to dipole-dipole interaction. An alternative posibility
is bonding from the cyclopentadienyl ring of one molecule

to the indium of another;such a ring-metal interaction has
been shown to play an important part in the structure of the
benzene-Al1Cls adduct and similar compound5157.

The change in the mode of CpIn bonding on adduct
formation is specially interesting .qulopentadienylindium(I)
does not undergo an acid-base interaction with weak Lewis
acids such as chloroform and trifluoroiodomethane,but does
with stronger Lewis acids such as BXs ( X = F,Cl,Br or Me).

Abel et al 1hh

have shown that the interaction between
chloroform and electron pair donor molecules leads to
significant changes in both,the !H-n.m.r. resonance and the

145,146

C-H (or C-D) stretching frequency A solution of
CpIn in chloroform had the solvent 'H resonance at 436 Hz

from T™MS (c.f. 434 Hz for the pure solvent). Similarly,
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the C-D stretching frequency of a solution of CpIn in CDCls
was at 2262 cm !,virtually unchanged from the frequency of
pure CDCls., From these results,it can be concluded that
CpIn is too weak a Lewils base to interact significantly with
CHCIS; Similar studies were carried out with solutions of
CpIn and trifluoroiodomethane,which has also been used as a
standdard Lewis acid in comparison of relative basicities of
donor moleculeslu7. An important complication in this work
was the possible insertion reaction which eventually gives
rise to indium monoiodide,but the use of freshly distilled
CFaI prevented this reaction from becoming significant
within the time of the measurement. As in the work discussed
above,it was found that the !°F réédnance of the pure CFsI
( -0.2421 KHz from external CFCls) and of the mixture
( -0.2425 KHz) are the same within experimental error. In
both cases then,CpIn is apparently too weak an electron pair
donor to disturb significantly the electron density of the
ground state of the acceptor molecules at the concentrations
accessible,

Calculations on the energy levels in cyclopentadienyl
have shown that the diene form is significantly higher in

158

energy than the symmetrical ground state ,and it is clear
that h!-CpIn must also lie some way above the h°-CpIn ground
state. At the same time,the structural evidence demonstrates

that only in this higher energy structure can sufficient
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ele. Loun Cwnaoon ol place to yicld stable adductse with
BXs. The total stabilization achieved in forming CpIn.BXs
compensates from the energy required to promote the cyclo-
pentadienyl group into the diene form (and the BXs group
into trigonal pyramidal symmetry). On the present evidence,
CpIn can only act as an electron pair donor if the interac-
tion is sufficiently strong to give access to the diene
structure of the ligand., With weaker acids such as chloro-
form,this is energetically impossible and no acid-base
interaction is observed.

One final point is that the cyclopentadienyl ligand
apparently favours the monohapto configuration with elecfro—
positive main group elements,and adopts this structure in

27,80, 159

indium(III) complexes Donation from indium{I) to
boron trihalides presumably has the effect of raising the
effective positive charge on the metal atom,thus caﬁsing
the ligand to reorganise into the diene form.

143 have prepared the adduct

Harrison and Zuckerman
Cp=Sn-BF; analogous to CpIn-BF;. The infrared evidence again
demonstrates that the BFs group has C3V symmetry in this
adduct,but these authors conclude that the cyclopentadienyl
group is in the pentahapto form in both CpsSn and the adduct.

Mossbauer studies of the tin nucleus show very little change

in the tin c-orbital hybridisation on donation,and further
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indicate that the tin lone pair and the cyclopentadienyl
ring are at the same relative distance from the tin nucleus
in both species, There are therefore significant differen-
ces between the CpoSn and CpIn adducts with BFs,but the
reasons for these differences are not inmediately clear at

present,

(b) Some Todide Derivatives of Cyclopentadienylindium(TI)

Vibrational Spectroscopy

The reaction of CpIn with iodine in freshly distilled
chloroform yields the compound CpInl,. The physical proper-
ties of this compound,namely insolubility in most common
solvents,suggest a polymeric nature of this solid. The
Raman spectrum (see table 36) of this solid shows two peaks
at 139 and 155 cm ! probably due to the bridging and terminal

/

is 0.89 in good agreement with that found

indium-iodide stretching modes. The ratio v(In—I)bridge

V(In_I)terminal
in some iodide bridges containing compounds of indium (see
section 2.7 @ ,chapter II). Adduct formation occurs with
2,2'-bipyridyl and 1,10-phenanthroline, The molar conducti-
vities of these adducts shown that they are non-electrolytes
probably involving five-coordinate indium(III).

The reaction of CpInI, with CpsIn in hot benzene

yielded a not very stable compound of stoichiometry CpoInI.

On the other hand,reaction of CpInIs with tetrapropylammonium
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iodide yielded the anionic [ Pr,N1[ CpInIs] in keeping with
the preparation of the anions of the type MeInXs ( X =
Cl,Br or I) in this laboratory16o. The molar conductivity
of this compound in nitrobenzene shows that it can be
formulated as a 1:1 electrolyte,.

Inspection of the vibrational spectra of these solids
shows that the cyclopentadienyl ring is o-bonded since a
band between 2900-2960 em 'due to the C1~-H stretching mode
(see figure 7) is present in all cases. All five compounds
show three bands between 800-620 cm ! which would be due to
the out-of-plane C-H deformation modes.

The bipyridyl and phenanthrqline bands in CpInIs*bipy
and CpInIs-phen respectively,showéd'the expected changes
with respect to the free ligands,upon complexation and there-
fore they have been substracted from those bands listed in
table 36. In the bipyridyl and phenanthroline adducts of
CpInIs,the In-N stretching vibrations are at 305 and 299
em ! in good agreement with those found for some complexes
of the type In(acac)lLX, where L = bipy or phen and X = C1,
Br or T (see chapter V). The In-I stretching frequencies
for the bipyridyl adduct were found to lie at 176 cm !
for the antisymmetric stretching mode and at 143 and 138
em ! for the symmetric stretching vibration. The latter mode
appears split probably for some solid state effect. In the

phenanthroline adduct,both antisymmetric and symmetric
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stretching modes appear to be split;va(ln—l) and vS(In—I)
were found at 192+186 and 13%9+130 cm !,respectively. No
splitting of these bands was observed in CpoInI neither in
CpInIs species. For this latter anionic species the In-I
stretching modes are at 190 and 140 cm™ ! in good agreement
with those reported for InIs (185 and 139 cm_l)93 and in
MeInTs~ (186 and 139 cm~t) 160,

Nuclear Magnetic Resonance

The rather low solubility of most of the compounds
prevented to obtain the 'H-n.m.r. spectra of them. However,
the spectrum of CpInlIs-bipy in acetone shows the typical
resonances of the bipyridyl protons and a single peak
at 349 cps due to the cyclopentadienyl moiety. A similar
situation was found in the n.m.r. spectrum of the phenan-
throline adduct in dichloromethane in which the cyclopenta-
dienyl resonance comes out at 350 cps.

The conclusions one can draw from the vibrational
spectra would contradict those one can infer from the n.m.r.
spectra, However,the ring whizzing process seems to be a
very important process in the cyclopentadienylindium(IIT)

27

derivatives™ ' ,since the n.m.r. spectrum of CpsIn shows a

single peak at 356 cps even at low temperatures and the
X-ray molecular structure determination has shown the cyclo-

80

rentadienyl rings are o-bonded .
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Mass Spectral Studies

The mass spectra of all the compounds except
[ Pr.,NI[ CpInIs] are given in tables 37 to 40

From tables 38 and 39 it can be inferred that the mass
spectra of the bipyridyl and phenanthroline adducts of
CpInIs are guite similar. The main feature of the spectra
is that no peak due to InI+ ions was observed,the peak due
to In+ion is rather low in intensity and that the main peak
is due to the nitrogen-~donor ligand. No peaks due to the
InL+ ( L = bipy or phen) ions or to the molecular ion
were detected.

The mass spectra of CpInI, and CpoInI (tables 37 and
40) show some interesting differehcés. In the former,a peak
of low intensity located at 496 (m/e) due to the InI3+ ions
was detected,besides the peak of the InI. at 369. These
peaks were not observed in the spectrum of CpyInI. As was
suggested before,both solids could involve polymeric struc-
tures in view of their low sblubilitieé. The Raman spectra
of these solids clearly show the difference in the in—I
stretching modes. Whereas CpInI, shows only two‘bands,ife.,
155 and 139 cm ! yhich have been assigned tb the terminal
and bridging In-I stretching modes,these vibrations are |
observed at 178 and 145 em ! in CpoInI. Taking into account
that an increase in the mass of the substitutuent would

produce a decrease of these frequencies,the In-I stretching
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TABLE 37

The mass spectrum of CpInl,

(Spcetrum normalized to base peak m/e 63 = 100%)

Excitation Voltage : 80 ev

Source Temperature : 100°¢
m/e Intensity ¢ Assignment
$96 7 InTa’
369 15 InIs"
olip 18 | InT'
130 10 Cps'
129 135

128 1% "
127 13

115 36 n'
83 12 ?

78 11 ?

7 17 ?

66 29L

65 29 cp'

63 100;
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TABLE 38

The mass spectrum of CpInIs-bipy

(Spectrum normalized to base peak m/e 156 = 100%)

Excitation Voltage : 80 ev

Source Temperature : 220°¢

m/e Intensity % Assignment
.+

156 100 bipy

128 12 I+

127 18

115 10 "t

78 24 ?

66 00 cp'
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TABLE 39

The mass spectrum of CpInls-phen

(Spectrum normalized to base peak m/e 180 = 100%)

!

Excitation Voltage : 80 eV

Source Temperature : 220°¢

m/e TIntensity % Assignment
+

180 100 phen

154 19 ?

115 10 ™t

90 13 ?

66 40 cpt
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TABLE 140

The mass spectrum of Cp.InI

(Spectrum normalized to base peak m/e 66 = 100%)

Excitation Voltage : 80 eV
Source Temperature . 280°C
m/e Intensity % Assignment
ol 16 InT®
130 16 CP2+
127 17 T
115 17 Int
91 17 ?

66 100 cpt
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stretching frequencies for Cp-InI would be expected to lie
at higher frequencies,as in fact it is observed. In this
sense 1t seems likely that the polymeric nature of CpInl,

is different than the polymerization occurring in CpoInI.
This éuggestion is supported by the mass spectrum of CpsInI
which shows no peak due to In12+ and In13+ ions, The halogen
bridging structure proposed for CpInlI, certainly allows the
pos sibility that the molecule can be broken up in such way
as to give rise to InIs' and InIs' ions. This possibility
would be precluded for CpsInlI,where the polymerization may
be similar to that in the solid triscyclopentadienylindium
(111)80.

Discussion

The reaction of cyclopentadienylindium(I) with iodine
in chloroform to yield CpInI, involves the oxidation of
indium(I) to indium(III). The present work served to clarify
the mechanism by which the reaction takes place,and also the
way in which the cyclopentadienyl ligand changes its bonding
mode from a pentahapto to'a monohapto form. It was observed
that if the above reaction is carried out in the presence of
a small amount of ethanol the resulting product is not the
desired CpInI,,but indium monoiodide. Indium(I) iodide was
obtained in quantitative yield (99%) and identified by its

Raman and mass spectra.
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Similar reaction were carried out using either methyl-
iodide or trifluoroiodomethane instead of iodine., In all
cases,indium(I) iodide was obtained in 1004 yield in both
the presence or absence of ethanol.

The important bonding orbitals in CpIn,following the
work of Shibata et 21159 are those involving indium P, (or
sp hybrid) overlaping with the ring carbon orbitals (a,),and
the o and py (e,) overlaping the appropriate Cp m-orbitals.
It seems reasonable to assume that the formation of CpInls-
occurs via the interaction of the e, molecular orbital of
the CpIn and the m* orbital of iodine., The formation of a
transition state in which electrons can flow from the CpIn
into an iodine antibonding molecular orbital,allows the
formation of In-I bond as a result of the weakening of the
I-T bond.

The effect of ethanol on the reaction is explicable
in terms of the formation of a charge transfer complex

between ethanol and iodine,of the type R\\‘ 6+ &6- in
R,,,o-e I-1I

which the iodine molecule is already polarized,and hence it
would alter the orbital levels of the iodine. More impor-
tantly,the presence of a dipole in I, would encourage the
formation of a linear transition state Cp-In-I-I,from which
indium(I) iodide could be eliminated, The polarization of

the C-I bond is a permanent feature of the CHzI and CFsI
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molecules and the linear transition state is again favoured
needing no ethanol to eliminate InI.

In the reaction of cyclopentadienylindium(I) with
iodine in the presence of ethanol or with methyl iodide,the
indium(I) iodide formed was filtered off and the filtrate
evaporated to dryness. In both cases a brown pasty solid
was obtained which could not be characterized. Dissolving
the solids in CDCls,the 'H-n.m.r. spectra were recorded,

The spectra showed no resonance due to the diene protons,
but a number of peaks due to the CH3-CH5-0 group,and to
C-CH--C cyclic protons. No infrared absorptions due to the

C = C stretching modes,were observed. In both cases a strong
and broad band at about 3380 cm_1 was observed which may be
evidence of association via intermolecular hydrogen bonding.
At the present the Qay in which the ring would become satu-
rated as well as the naturé of these products are not well
understood.

The mass spectra of these solids taken at BOOOC yielded
very little information. The brown pasty solid obtained from
the reaction of CpIn with iodine yielded only one peak at
m/e 45 assignable to the CH3—CH20+ ions,whereas the product
of the reaction with methyl iodide shows an intense peak at
m/e 31 due to the CH30+ ions,45 due to CH3CH20+ and 46 due
to CH3CH20H+ ions., Very weak peaks (relative intensities 4-

5%) were detected at 113,127 and 128 m/e.
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Attempts to 1solate the product of the reaction of
cyclopentadienylindium(I) with bromine in chloroform were
unsuccesful. The reaction of stoichiometric ammounts of
CpIn with bromine in the presence of bipyridyl in dilute
solution of chloroform yielded a solid with the ratio
Br/In = 5,suggesting bromination of either the Cp ring or

the bipyridyl,or both,
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CHAPTER V

SOME MONOACETYLACETONATOINDIUM(III) COMPLEXES

5.1 General

There are not many complexes of indium(III) involving

chelate oxygen-donor ligands reported in the literature,
The nuclear magnetic resonance and vibrational spectra of
indium(III) complexes of tropolonate and 3-hydroxy-2-methyl-
4_pyronate have been studied72 . Tﬁe complex In(oxine)s161
( oxine = 8-hydroxyquinolato ion) has also been prepared.

Complexes formed by transition and non-transition
metal lons with acetylacetone have been known for a long
time., A common feature of these complexes is that the number
of molecules of acetylacetone bonded to the metal is equal
to the oxidation state of the central atom;when the ratio
ligand to metal is increased or decreased,anionic or catio-
nic species are obtained.

Gallium(ITI),indium(IIT) like aluminium(III) forms
)162

neutral MLs chelates with acetylacetone (acac
72,163

. Polaro-

graphic studies on In(acac)s in polar organic media
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have shown that the reduction occurs in one-electron steps,
giving evidence for formally indium(II) species. Investiga-

tion of the indium(III)/acetylacetonate system in aqueous

163

media showed that the reduction of indium(III) species is

dependent upon pH. X-ray powder techniques have shown that

In(acac)s is isostructural with the iron(III) analog63.

The infrared and Raman spectra164,and force constant calqu—

lations on In(acac)3165 have also beén reported. |
Although a number of complexes of the type M(aLcc':Lc)_I'l];.m

. - 16
where M = Co,Pt,Sn or Ga , L = NHs,en,bipy,py166,phen1'Z,

011685169 4ng prl70

and n =1 or 2 and m = 2 or 4,have been
reported,there is no indium(III) complex where the number
of acetylacetonato ligand is less than three,except the
organometallic Me,In(acac) derivative obtained by Clark and
Pickard75 by reacting MeszIn with the B-diketone.

As part of this thesis,complexes of the type
In(acac)LX, where L = bipy,phen,py or ds-py and X = Cl,Br or

I have been prepared,characterized and their infrared and

Raman spectra in the region 600 - 100 cm ! studied.

5.2 The Monoacetylacetonatoindium(III) Complexes

The reaction of indium(l) halides with an excess of
acetylacetone yielded a brown pasty solid soluble in ethanol,
and treating this solution with the corresponding nitrogen-

donor ligand,a series of crystalline solids were obtained.
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Extraction of the brown pasty solid with chloroform lead to
the identification of In(acac)s species in solution. The
undissolved solid was found to be In(acac)Xs-2H20.

‘In the process of dissolution of the indium(I) halides
in acetylacetone some disproportionation leading to indium
metal was observed for the chloride but not for the bromide
and iodide, After one hour refluxing,this indium metal was
completely dissolved. It is believed that the oxidative

process occurs in three steps

i) InX + Hacac H In(I)(acac)Xx]

ii) H In(I)(acac)X] + InX

It

[ In(III)(acac)Xs) + In + 3Ho

iii) In + 3Hacac = In(aéac)s + 3/2H,

From semiquantitative experiments it was found that
the species giving rise to the In(acac)LX, complexes is
In(acac)X, species and not In(acac)s.

The study of the infrared and Raman spectra of these
complexes in the region 600-100 cm™ ! permitted the assign-
ment of the indium-oxygen,indium-nitrogen and indium-halide
stretching vibrations. The vibrational spectra of the ds-py
derivative was useful in unequivocally assigning some bands
due to the nitrogen-donor ligands and acetylacetone in the
low frequency region of the spectra.

Vibrational spectroscopy does not,in this case,allow
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a clear distinction between cis or trans arrangement of the
halide ligands. In the trans InO-NsX, chromophore the sym-

metry is C,_ ,and the indium-halide stretching modes

2v
(a, + by) are infrared and Raman actives. For a cis struc-
ture (C, symmetry) all vibrational modes are also infrared

and Raman actives.

5.5 Experimental

(a) Physical Measurements

Physical measurements were performed as déscribed
previously in chapters II and IV.

The infrared spectra were recorded on a Beckman IR-12
spectrophotometer on vaseline mulls using polyethylene
windows.

Conductivity measurements were carried out with mM
acetonitrile solutions.

(b) Preparative Chemistry

Preparation of In(acac)LX, Complexes

L = bipy,phen,py or ds-py

il

X

Il

Cl,Br or I

ommole of indium(I) halide were refluxed with an
excess (~10 ml.,) of acetylacetone for 24 hours. A brown
solution was obtained. The excess of acetylacetone was re-
moved by pumping and then the pasty brown solid dissolved

in ethanol., The corresponding nitrogen-donor ligand
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dissolved in ether (bipyridyl),dichloromethane (phenanthro-
line) or neat ( pyridine or ds-pyridine) was added.

After few minutes with stirring a crystalline solid
precipitated,filtered off,washed with ether and dried at
vacuum at 80°C. The solids are partially soluble in aceto-
nitrile and in the mixture acetonitrile/methanol and
complete soluble in the mixture acetonitrile/acetylacetone.

The presence of ethanol in the crystalline lattice of
these complexes was confirmed by infrared absorptions at
3356 s, 2985 s, 1098 ms, 880 m and 802 ms cm !. The reasons
why ethanol stays so firmely bonded in the crystalline
lattice of these complexes is not well understood at
present. |

Attempts to prepare complexes with ligands other than
nitrogen-donor,such as dmso,phosphines,diphosphines and
halides were unsuccessful,

Table 41 shows the analytical,melting point and

conductivity data for the compounds reported in this chapter,

5.4 Results

The reaction of the brown pasty solid,obtained from the
dissolution of indium(I) halides in acetylacetone,in ethanol
with 2,2'-bipyridyl,1,10-phenanthroline,pyridine and ds-py-
ridine gave complexes of the type In(acac)IX,-CoHsOH where

X = Cl,Br or I. All the complexes are air stable,light
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yvellow and crystallinc solids. In(acac)phenIz-CzHsOH is a
green-yellow solid. The conductivity measurements confirm
the formulation of these compounds as non-electrolytes. All
the complexes appear to have a molecule of ethanol in the
crystalline lattice which could not be removed by vacuum
evaporation and heating. The mass spectrum of a sample taken
at different temperatures showed the presence of peak at

m/e 43 to 47 that could be due to the C2H50H+ ions.

Vibrational Spectroscopy

The vibrational spectra of these compounds have been
studied in the region of 2000 to 100 cm ! by infrared and
Raman spectroscopy. The infrared spectra of the trischelate
complexes of bipyridyl and phenanfhfoline with first-row
transition metal ions have been reported by several inves-

171

tigators., Schilt and Taylor studied the infrared spectra

of these complexes in the region of 2000-600 cm !,whereas

72
173

Inskeep1 studied the region 2000-250 cm !. Clark and

Williams extended the infrared measurements down to 60
em 1,

Much less attention have received the bipyridyl and
phenanthroline complexes of the group III elements. Cartyl74
has studied the far infrared spectra of the complexes of
gallium(III) halides with bipyridyl of the type GaXa(bipy)
(X = ¢1,I), GaBr(bipy)- and GaXs(bipy)s-A where A = BF, or

PFs . The infrared absorption spectra of some complexes of
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the type GaXsLs where X = Cl,Br and Cl0, and L = bipy or

175

phen have been discussed by Kul'ba et al .

Walton58 has measured the Raman spectra of complexes
of indium(III) chloride with bipy,phen,py and pyrazine. He
found that the complexes of the type InC12L2+ have a cis
configuration.

Since the bands observed in the high-frequency region
are mainly due to the ligands vibrations slightly perturbed
by coordination and cannot be correlated with the stereo-
chemistry,attention will be paid to the region of 600-100
1

cm !,except in the pyridine complexes where according to

Gill et a1176

sthe splitting of some vibrational modes can
be correlated with the stereochemisfry of the compound.

Table 42 lists the infrared and Raman bands of the
complexes In(acac)bipyXs+CzHsOH ( X = C1,Br or I) and their
assignments,

The bands at 309 and 283 cm™! in the far-infrared
spectrum of the chloride must arise from the v(In-Cl)
stretching mode since they do not appear in the bromide and
iodide spectra. The Raman spectrum of the bromide shows a
band of medium intensity at 182 cm !,which can be assigned
to the symmetric In-Br stretching mode since is absent in
the other two complexes. The antisymmetric In-Br stretching
mode comes out at 216 cm ! in the infrared,but was not

detected in the Raman. The two bands at 141 and 173 cm™ ! in
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TABLE 42

Infrared and Raman spectra (600-100 cm !) of

In(acac)bipyX> ( X = C1,Br or I) complexes

X =Cl X = Br X=1I
Ir Raman Ir Raman Ir Raman Assignment
102 w
116 w
141 s VS(In—I)
173 m va(In—I)
182 m vS(In-Br)
205 m 203 m 209 s 202 m vS(In—O)
216 s _ va(In—Br)
2472 m 244 vy oh1 g 238 w 238 ms 234 mw va(In—O)
258 mw 258 m 256 ms 259 ms v (In-N)
283 vs 284 ms vS(In—Cl)
309 vs 304 ms va(In—Cl)
365 vw 363 s 365 vw 363 m 365 ms bipy vibr.
408 m 4os w ?
417 s 416 s 416 mw 417 s 415 mw acac vibr.
434 m 430 s 432 ms U431 s 430 ms U430 s acac vibr.
528 m 528 vw bipy vibr.
575 s 573 s 562 s 560 ms 558 s 560 ms acac vibr.
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the iodide can be undoubtly be assigned to the symmetric
and antisymmetric In-I stretching modes.

Because the low symmetry of these complexes the selec-
tion . rules for the vibrational spectra cannot be used to
infer the stereochemistry of the complexes. A trans confi-

guration(C requires the appearance of the two indium-~

2V)
halide stretching modes in the infrared and the Raman. On
the other hand,for a cis configuration (C;),no selection
rules can be worked out as all the vibrations are both
infrared and Raman actives.

A similar situation was found in the complexes with
phenanthroline., Table 43 shows the vibrational spectra of
the In(acac)phenX, ( X = Cl,Br orVI> complexes.,

In the chloride the antisymmetric In-Cl stretching
mode is at 302 em ! in the infrared. The symmetric mode was
not observed,but it is probably covered by the strong and
broad band at 284 cm ! due to the va(In—N) vibration. In
the Raman these vibrational modes are also probably covered
by the strong absorption at 295 cm !, In good agreement with
the previously quoted assignment for the symmetric and anti-
symmetric indium-bromilde and indium-iodide stretching modes
in the bipyridyl complexes,in the phenanthroline derivatives
these vibrations are at 187 and 207 em ! (212 cm™ ! in the

infrared) for the bromide and at 141 and 164 cm™ ! for the

iodide,respectively.
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TABLE 43

Infrared and Raman spectra (600-100 cm ') of

Tn(acac)phenX, ( X = Cl,Br or I) complexes.

X = Cl X = Br X=1
Ir Raman Ir Raman Ir Raman Assignment
121 w
141 w VS(In—I)
164 w va(In-I)
187 w vS(In—Br)
212 s 207 s va(In-Br)
2%2 w 252 W 238 w 248 mw 248 m 246 mw v_(In-0)
284 s,br282 vw 279 m 271 mw VS(In—N)
295 vs 293 m 293 s - 296 s 298 s va(In—N)
302 s va(In—Cl)
411 ms 1416 s 410 s 412 mw 413 mw acac vibr,
hor s 433 ys 429 s 430 vs 426 s 428 vg acac vibr,
482 mw 481 m 481 mw phen vibr,
502 w 502 mw 502 mw phen vibr.
513 mw 512 mw 515mw 512 vw phen vibr,

566 s 562 m 562 s 558 ms 562 mw 562 m acac vibr.
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In the pyridine and d.-pyridine complexes the In-Cl
stretching modes were found at higher frequencies than in
the bipyridyl and phenanthroline analogs . Thus, in the
In(acac)(py)2Cls,the antisymmetric In-Cl stretching mode was
found at 328 cm ! in the Raman,whereas the symmetric mode
appears at 288 cm !, The far-infrared spectrum shows a broad
band at 291 cm ! which probably covers the band due to the
antisymmetric stretching mode (see table 44), In the deute-
rated pyridine adduct these modes show up at 286 and 334
cm ! in the Raman and as a rather broad band at 297 cm ! in
the infrared.

The assignment of the In-Br stretching modes is more
difficult since the symmetric strétéhing mdde should appear
at about 190 cm ! according to the frequencies found in the
other complexes reported here. In that region all three
complexes show a strong band probably due to the symmetric
In-0 stretching mode, The antisymmetric In-Br stretching
was observed at 236 cm ! in the Raman and at 227 cm ! in the
infrared.

The indium-iodine stretchings in the pyridine and
ds-pyridine adducts were observed in the Raman,The pyridine
adduct shows three bands located at 132,152 and 161 cm™ ! assig-
nable to these vibrations.However the band at 161 cm ! is also
present in the bromide (159 cm ') and the chloride (158 cm ')

and therefore can be ruled out. In the deuterated analogs
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TABLE 44

Infrared and Raman spectra (1000-100 cm !) of

(a)

In(acac)(py)=X2 ( X = Cl,Br or I) complexes

X =2Cl X = Br X=1I
Ir Raman Ir Raman Ir Raman Assignment

1322 w v_(In-1I)
152 ms v_(In-1)

158 mw 159 s 161 ms *
189 mw 188 vs 188 s vS(In—O)
217 m 211 mw 224 5 214 s 214 s 214 s va(In-O)
236 mw 233 mw VS(In—Br)
256 mw 246 w 256 w vS(In-N)
272 mw 267w 274 w va(In—N)
291 s 288 s vS(In—Cl)
328 mw va(In—Cl)
398 w 395 s 388 w 394 g 380 m 389 g 9 .
417 s W12 w By g 411 s  acac vibr.
430 s 4ol g 430 s 4ot g 4o7 ms 427 s acac vibr.
436 s 436 s 436 s acac vibr.
567 s 562 s 565 s acac vibr,
635 g 638 s 632 s 638 mw 632 s 638 mw py vib,ba
652 m 655 s 650 ms 657 mw 652 ms 656 mw acac vibr.
670 m 673 ms 678 ms acac vibr.
697 s 697 s 695 s py vib,11
762 s 756 s 757 s py vib,4
813 s 807 s 800 s acac vibr,
882 mw 878 w 875 m acac vibr.

033 s 938 m 925 s 938 mw 927 s 940 mw acac vibr.

(a) Notation for the pyridine bands is that given by Kline177
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a band between 157 and 146 cm ! was observed which is
probably due to some ring vibration of the deuterated
pyridine. In the pyridine adducts this band was observed
between 161 and 158 cm™ !,

The In-0 stretching modes lie between 220-190 cm !,
whereas the In-N modes are observed between 300-240 cm lin
good agreement with the metal-nitrogen stretching frequencies

178

found in complexes with bipyridyl and phenanthroline

164

Hester and Plane assigned as In-0 stretching mode
a band at 444 cm™! in the complex In(acac)s. That band
probably contains some contribution of the In-0 stretching
mode,but it is too high in energy to be a pure stretching.
In fact that band has been obserQed‘(with small variations)
in most acetylacetonato complexesl79.

The assignment of a cis or trans configuration from
the vibrational spectra it is not possible., The similarity
of the vibrational spectra of all the complexes reported
in this chapter,suggests a similar structure for all of

them. According to Gill et a1l7®

since no splitting of the
4,5,11 and 16b vibrational modes in the pyridine and
deuterated pyridine derivatives were observed a trans formu-
lation seems to be likely,however the X-ray crystal and
molecular structure determination of the non-solvated

complex In(acac)bipyCl, (see chapter VI) shows that the

chlorine atoms are cis in this complex. Probably this also
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TABLE 45

Infrared and Raman spectra (1000-100 cm ') of
In(acac)(dspy) =Xz (X = Cl,Br or I) complexes

X:Cl X:BI‘ X—_—I

Ir Raman Ir Raman Ir Raman Assignment

133 s vS(In—I)

151 s 146 m 157 s
176 ms va(In—I)
188 s 188 s 198 ms vS(In—O)
217 m 209 s 227 s 214 m 214 s va(In—O)
246 s va(In—Br)
268 m 267 m 264 w vS(In—N)
275 w 274 m 279 w va(In—N)
297s,br 286 s vS(In-Cl)
334 mw va(In-Cl)
395 s 389 mw 394 s 394 y 389 s 386 ms 2
419 s 416 s 410 s acac vibr,
435 o 432 5 4373 mg 429 s 426 ms U424 s acac vibr.
509 ms 508 ms 508 ms dspy ,11
538 s 534 s 535 s dspy 4
565 s 565 s 563 s acac vibr,
608 s 614 m 603 s 618 w 604 ms 612 w dspy ,b0Db
626 s 625 ms 626 w dspy ,b6a
652 ms 650 s 652 ms acac vibr,.
667 ms 667 ms 667 ms acac vibr,
782 ms 780 s 780 s dspy ,5
812 s 805 s 795 s acac vibr
825 s 824 m 828 s 831 ms 825 s 831 s dspy ,9a
831 s 848 m 8Lh2 s 842 w 840 s 843 ms dspy ,3
886 s 890 s 885 s 889 ms 886 s 891 s acac vibr.
931 s 938 ms 930 s 936 mw 925 s 934 w acac vibr.
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apply to the other complexes prepared here,

Mass Spectral Studies

The main feature of the mass spectra of these complexes
is a strong peak due to the nitrogen-donor ligand with a
relative intensity of 100% and a number of peaks in the range
m/e 4% - 47 probably due to the CHaCO' and CoH5OH' ions.

A1l spectra show a peak at m/e 115 due to In+ ions. No peak
due to the InL+ ions were detected in any case,whereas in
all spéctra peaks from In(acac)+ and In(a.cac)X+ were found,
although their relative intensities are rather low., In the
bipyridyl and phenanthroline complexes peaks due to the
In(acac)2+ ions were detected. Table 46 shows a typical
spectrum for these complexes.

The peak due to the acac’ ions show up at m/e 100 with
very low intensity ( <10%) implying that the acetylacetonato
ligand remains bonded to the indium whereas the nitrogen-
donor ligand comes out easily. For one of the pyridine
complexes, In(acac)(py)sCls,the mass spectra were obtained
at different temperatures starting at 7OOC and up to 160°cC.
No changes in the spectrum were observed and the peak due
to the pyridine ( m/e = 79 ) was the main one all the times.
This result implies that in fact the appearance of the
nitrogen-donor ligand in the spectrum is not the result of
thermal decomposition of the compound,but a simple ionizing

process.
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TABLE 46
The mass spectrum of In{acac)bipyCls-CsHsOH

(Spectrum normalized to base peak m/e 156 = 100%)

l+

Exciting Voltage : 80 eV
Source Temperature : 19OOC
m/e Intensity % Assignment
1o 11 Tn(acac)s’
314 86 (acac),’
249 38 In{acac)C
214 10 In(acac)+
156 100 blpy
115 56 - '
100 9 acac+
78 24 ?
47 29
46 35 C2HsOH'
45 39

43 21 CH5COT
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A1l the compounds show an intense peak due to the
C2H5OH+ ions and a number of other peaks in this same region.
Mass spectra obtained at 100°C showed those peaks as well as
after heating the sample up to 25OOC. Mass spectra of
In(acac)s showed a single peak at m/e = 43 of rather low
intensity,whereas in In(acac)Cl,-2Ho,0 this peak comes out
at m/e = 42, The spectrum of crystalline sample of
In(acac)bipyCl, similar to that used in the X-ray crystal
structure determination,which does not contain ethanol,
showed also a single peak at 43 m/e assignable to the
CH3C0+ ions. The presence of ethanol is therefore confirmed

once again,

5.5 Discussion

Complexes of the type In(acac)IlX,.-CsHsOH where L =
bipyridyl,phenanthroline,pyridine and ds-pyridine and X =
Cl,Br or I were prepared. From the vibrational spectra it
can be inferred that the In-Cl vibrational frequencies lie
about 300 and 288 cm ! for the antisymmetric and symmetric
stretching modes,respectively. In In(acac)Cls.2H-0 the in-
frared spectrum obtained in vaseline showed a strong band
at about 300 cm ! split by ca.1l em !. On the other hand
these modes lie at about 220 and 185 cm ! for the In-Br
vibrations and at about 140 and 175 cm ! for the In-I

vibrations,respectively. These frequencies agree well with
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the stretching frequencies found for other indium halide
complexes (see chapter I and II).

The indium-oxygen stretching modes lie at about 200
and 215 cm !,although these vibrations were found somewhat
at higher frequencies for the bipyridyl complexes. In
In(acac)316M and In(tropolonate)a,this vibration are found
at about 230 and 246 cm !,respectively. In all cases a band
at about 410 cm ! which probably involves an indium-oxygen
stretching mode coupled with other vibration ( probably a
C-CHs stretching mode) was observed,

Indium-nitrogen stretching modes were detected at about
270 and 250 cm ! in keeping with previous work on bipyridyl
and phenanthroline complexes of indiumg’B.

In section 5,2 it was suggested that the oxidative
reaction of the indium(I) halide with acetylacetone would
involve the formation of H [ In(I)(acac)Xx],l In(acac)Xs],

[ In(acac)s] and Ho, The species H [ In(I)(acac)X] must be
very reactive and probably is consumed completely as no in-
dication of its presence was found. The second and third
species were readily identified by melting point determina-
tion,Raman and mass spectra. If the brown pasty solid,
obtained from the dissolution of the indium(I) halides in
acetylacetone,is dissolved in chloroform and the resulting

solution filtered off,a white hygroscopic solid is left.
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This solid was identified analytically as In(acac)Clz.2H,

&

( analysis.Requiredb: ¢ 18,7, H 3.4, In 35.8, C1 22.1;
Found%: ¢ 18,7, H 3.3, In 35.6, C1 22,2; melting point
132°¢). The 'H.n.m.r. spectrum of this solid in D0 is quite
similar to that of In(acac)s for which in ¢DC15180 resonan-
ces at 8,00 and 4.50 1 with respect to T.M.S. were found.
In In(acac)Cl,-2H-0 these resonances are at 7.97 and 4.37 7,
respectivély. It is believed that this speciles 1s an inter-
mediate in the formation of the complexes of the type
reported in this chapter since:
(a) attempts to prepare complexes from In(acac)s were
unsuccessful.
(b) attempts to prepare complexeé‘ffom the chloroform
extract of the brown solid which contains In(acac)s ( 'H-
n.m,r. spectrum of this solution showed resonances at
8.01 and 4,50 1) were also unsuccessful. |
(¢) reactions of In(acac)Cls*2H,0 in ethanol with the corres-
ponding nitrogen-donor ligand yilelde the desired compounds.
It is also believed that ethanol,which appears
strongly bonded in the crystalline lattice of these com-
plexes,plays an important role since attempts to prepare
the complexes by reacting In(acac)Cls.2H-0 as well as the
brown pasty solid,dissolved in water,acetonitrile,nitrome—
thane and methanol,with the nitrogen-donor ligands did not

yield the desired compounds and the reactants were recove-
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red unchanged in each case.

Finally,because of the dissolution of indium(I) hali-
des in acetylacetone requires refluxing the mixture for
several hours,1t was not possible to detect the presence
of hydrogen in order to confirm completely the proposed

mechanism,
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CHAPTER VI

THE CRYSTAL AND MOLECULAR STRUCTURE OF ACETYL-

ACETONATO-2,2t -BIPYRIDYLDICHLOROINDIUM( III)

6.1 Introduction

In the preceding chapter,the preparation,characteri-
zation and vibrational spectra of several complexes of
indium(ITII) of the type In(acac)IXs-C2HsOH where L = bipy,
phen,py or ds-py and X = Cl,Br or I,were reported. By means
of vibrational and mass spectra it was shown that the mole-
cule of ethanol remains firmely bonded in the crystalline
lattice of these complexes,even after drying under vacuum.
Recrystallization of In(acac)bipyCl,-CoHsOH in a mixture
of acetylacetone/acetonitrile allowed to obtain the non-
solvated species whose crystal and molecular structure is
reported in this chapter. It was also pointed out that
because the low symmetry of the molecule,vibrational
spectroscopy does not give a clear distinction between a
cis or trans arrangement of the halide ligands and hence
it seemed worthwhile to carry out the X-ray crystal and

molecular structure determination of the In(acac)bipyCls,.
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6.2 Determination of the Structure

(a) Crystal Growing

Crystals of acetylacetonato-2,2'-bipyridyldichloro-
indiﬁm(III) were obtained in several different mixtures of
solvents as dictated by its solubility, Crystals grown
from acetonitrile/methanol and acetonitrile/nitromethane
could not be used for Weissenberg and precession photographs.
The appropriate single crystals were obtained from a 1:1
mixture of acetylacetone/acetonitrile,

(b) Crystal Mounting

A colourless crystal,parallelepiped in shape with
dimensions of 0.55 x 0.26 x 0.30 mm. was used for
Weissenberg,precession photographs and data collection.

(c) Photographs

Frecession photographs of the h 0 1, h 14, h24,
1 k 2h, 2 k 2h and h k -2h layers about the b axis and
Weissenberg photographs indicated the Laue symmetry 2/m
and the systematic absences h 04, 2 =2n+ 1 and O k O
when k = 2n + 1. This allowed the space group to be
unambiguously assigned as the monoclinic group P2,/c.
The approximate unit cell dimensions were a = 11,37,

b = 12.21, ¢ = 14.30 A and 8 = 120°, V = 1720 A%,
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(d) Data Collection

The crystal was mounted on a Picker FACS-1 computer
controled four circle diffractometer,and optically aligned
to position the crystal precisely at the point of inter-
section of the ®,x and 26 ( w is coincident with 26 and
therefore the crystal was also centered in w),

Two reflections were carefully identified to deter-
mine the setting of the crystal. This was achieved by setting
the 26 value for one reflection with x = 0° and ®» was driven
until the reflection was located, A second reflection,with
0 ~ 900 away from the first was then aligned by setting the
20 angle and driving x. The orientation matrix was then
obtained from the two reflections and the approximate unit
cell dimensions.

Accurate cell dimensions and their standard errors
were determined from a least square fit to twenty strong
reflections selected from the photographs and whose 26
values were accurately measured on the diffractometer,

Reflection intensities for the unique set of data
(one quarter of the limiting sphere of reflection with

© > 28 < 60° ) were collected using the 8 - 26 scan

25
method using niobium filtered Mo - Ka radiation,and a
scintillation counter equipped with a pulse high discrimina-

tor.



178

For data collection the take-off angle was 1.0° and
each reflection was scanned for 1.05O in 26,this extended
for the a; - oy dispersion. The background was counted for
10 sec. at each end of the scan range. Two standard reflec-
tions were measured every 70 reflections and there was a
systematic decreasing variation. The variation was % 5%
over the entire data.

(e) Solution of the Structure

The computer programs used in the solutions of the
structure have been described elsewhere181_183. The raw
intensity data was converted into unscaled structure
factors |F|. The net intensities were corrected for Lorentz
and polarization effects;absorption corrections were neglec-
ted., A reflection was considered unobserved if the net
count was less than 30 where
o = [total count-10 + 4,5 + (tg/ty,)Z(10(B, + Bo) + 9)]%
where tg and ty are the total scanning time and the total
time for the background respectively and B; and B, are the
counts for the backgrounds. 4988 reflections were measured
of which 3524 were considered as observed.

Examination of the three dimensional Patterson function
allowed to determine the position of the indium since in

the space group P2,/c the four equivalent positions x,y,z;

X, ¥, z; X, -y, 3+z and X, 5+y, -z are related in the
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section of the unit cell by three vectors 2x, 2y, 2z;

2x, %, -2z and 0, -2y, -3. There were only three vectors
meeting these requirements which indicated that the indium
position to be approximately x = 0.1926, y = 0.2143 and

z = -0,1906, Two other peaks were located within 2.5 K

from indium. Structure factors,|FC|,were calculated from the
atomic coordinates of indium and chlorine atoms. A full
matrix least square refinement was done on the set of data
in the range 25° = 28 < 60°,varying the scale and the posi-
tional parameters, The residual index R ( = 2A|Fb|—|FC|)/
Zl Foll was 27.5% and the weighted residual index WR

(= Q7| -17 )%/ Lz 1) was 35,28,

An electron density Fourier s&nthesis yielded 29 peaks
which were used to calculate bond distances and bond angles
between them, This allowed to locate the approximate coor-
dinates of all non-hydrogen atoms. After a number of cycles
of least square refinement with the indium and chlorine
atoms assigned anisotropic thermal parameters of the form
expl -U;; a¥2h2 + Uss b 2k2 + Uss 42 + 2U;» a* b* hk +
2Uys a¥c*ht + 2Uss b ¢ kt] and the other atoms isotropic,
lead to a discrepancy index R = 5.7% and WR = 7..4%,.

An electron density difference Fourier synthesis,
computed at this stage,allowed to locate all hydrogen atoms,
except those bonded to the ¢(12) and C(15),i.e.,the methyl

hydrogens. Two further least square refinement with all
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toms anisotropic except C(12) and ¢(15) and the hydrogen
atoms,gave a residual index ﬁ = 4.7% and WR = 5.7%. A new
difference Fourier function allowed to locate two methyl
hydrogen atoms,whereas the other four were calculated from
the coordinate position of the carbon atoms to which they
have to be bonded and the previously found methyl hydrogen
atoms. An examination of bond lengths and bond angles
indicated that the calculated hydrogens were reasonable,

Further full matrix least square refinement with all
non-hydrogen atoms anisotropic gave a final residual index
R = 4.3% and WR = 5.0%. At no time the position or tempera-
ture factors of the hydrogen atoms were refined directly,
although their positions were pefiddically redetermined as
the carbon atom positions were refined,

An electron density difference map computed after
refinement showed no positive or negative peak greater than
0.4 e/za.

The final atomic coordinates and temperature factors
are listed in table 47 and the structure factors are given

in table 48,
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TABLE 47

Final factional coordinates and thermal parameters(a’b’c)

Atom X Y z U
In 0.19230(3) 0.28606(2) 0.3%0890(2)

c1(1) 0.4060(1) 0.1977(1) 0.4%98(1)

c1(2) 0.1328(2) 0.1594(1) 0.1643(1)

N(1) 0.2398(4) 0.4389(3) 0.4130(3)

N(2) 0.3035(4) 0.4091(3) 0.2583(3)

0(1) 0.0918(3) 0.2130(3) 0.3845(%)

0(2) 0.0025(3) 0.3731(3) 0.2116(3)

c(1) 0.1925(5) 0.4530(%) 0.4806(4)

c(2) 0.2121(6) 0.5489(4) 0.5370(4)

c(3) 0.2850(6) 0.6306(14). 0.5256(14)

c(4) 0.3347(6) 0.6162(4) 0. 4554 (%)

c(5) 0.3099(4) 0.5194(3) 0.3996(3)

c(6) 0.3548(4) 0. 4994 (4) 0.3210(3)

c(7) 0.L4426(5) 0.5683(4) 0.3096(4)

c(8) 0.4747(5) 0.5466(5) 0.2300(5)

c(9) 0.4202(6) 0.4570(5) 0.1659(5)

c(10) 0.3359(5) 0.3900(4) 0.1829(%4)

c(11) -0.0339(5) 0.2166(4) 0.3548(%4)

c(12) -0.0761(6) 0.1402(5) 0.4136(5)

c(13) -0.1%01(5) 0.2839(%4) 0.2738(4)

C(14) ~0.1090(5) 0.3578(4) 0.2087(4)

c(15) -0.2260(6) 0.4240(5) 0.1267(5)

H(1) 0.144 0.395 0. 491 53
H(2) 0.174 0.557 0.582 61
H(3) 0.299 0.697 0.564 6%
H(Y4) 0.387 0.673 0.447 58



H(7)
H(8)
H(9)
H(10)
H(12a)
H(12b)
H(12c)
H(13)
H(15a)
H(15Db)
H(15c)

480
. 534
L441
.299
.018
.169
. 064
.221
.188
.279
.288

O O O O O O O O O O O

.630
.593
440
.327
.157
.151
. 065
. 279
. 188
.386
445

182

O O O O O O O O O O o

355
.220
.111
.140
-489
595
4ol
. 261
.115
. 060
.151

57
71
67
55
68
68
68
53
70
70
70
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Table 47 (continued)

Atom Uqy Usz Uas Uio Uis Uzs

In he2(2) 374(2) 398(2)  -14(1)  235(1) -7(1)
c1(1) 439(6) 495(7) 666(8) 23(5)  183(6) 67(6)
c1(2) 980(11)  643(8) 549(8) -101(8)  405(8)-203(7)
N(1) 48(2) 38(2) 45(2) -6(2) 28(2) -2(2)
N(2) 45(2) 47(2) 46(2) 3(2) 28(2) 5(2)
0(1) 54(2) 54(2) 58(2) 0(2) 33(3)  8(2)
0(2) 53(2) 53(2) 60(2) 7(2) 27(2) 11(2)
c(1) 69(3) 48(3) 58(3) -5(2) 43(3) -5(2)
c(2) 80(4) 59(3) 64(3) 2(3) 45(3) -7(3)
c(3) Ok (4) 45(3) 67(3) 4(3) 44(3) -9(3)
C(4) 69(3) 42(2) 65(3) -6(2) 32(3) -1(2)
c(5) 41(2) 38(2) 43(2) 2(2) 19(2)  5(2)
c(6) 43(2) 4o(2) 43(2) 3(2) 21(2)  7(2)
c(7) 54(3) 59(3) 61(3) -5(2) 28(3) 11(3)
c(8) 66(4) 8h (%) T9(4) -2(3) 51(3) 20(%4)
c(9) TO(4) 81(4) 75(4) 6(3) 58(3) 13(3)
c(10) 67(3) 61(3) 62(3) 3(2) 45(3)  6(2)
c(11) 53(3) 50(3) 52(3)  -13(2) 32(2) -12(2)
c(12) 63(3) 78(3) 73(3)  -23(3) 4o(3) -3(3)
c(13) 45(3) 57(3) 63(3) -6(2) 31(2) -9(3)
c(14) 4 (3) h2(2) 56(3) 2(2) 19(2) -12(2)
c(15) 56(4) 65(4) T6(4) 13(3) 23(3)  4(3)

(a) The estimated standard deviations in the last significant
figures are given in parentheses in this subsequent tables

(b) U are in 102 A2

(c) Uij for In,Cl(1) and C1(2) are in 10% A2,and in 103 A2 for
the subsequent atoms.
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TABLE 48

Table of observed and calculated structure

factors for In(acac)bipyCls
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6.3 Results

(a) In(acac)bipyCl, Crystal Data

In(acac)bipyCls, M = 440,82, Monoclinic, P2,/c,
14.330(3) A,
120.25(2)°, v = 1712 A3, p, = 1.69(5) g.cm 2(flotation),

o
I

11.340(3), b = 12,198(3), c

I

Il

B

p. = 1.70 g.cm 2, Z =4, y(Mo - Ka) = 16,80 em !,

0]

o
MO—Ka = 0,70926 A , T = 20 C.
1

(b) Description and Discussion of the Structure

Acetylacetonato-2,2'-bipyridyldichloroindium(IIT) is
a molecular monomeric indium(III) complex where the indium
atom is surrounded by two cis chlorine atoms,a bidentate
Eipyridyl and a bidentate acetylacetonato anion (figure 8).
fhe InCl;0-N, group possesses a distorted octahedral con-
figuration as can be expected for a complex having three
different ligands., Table 49 lists the interatomic distances
and angles along with the estimated standard deviations.
Mean planes through appropriate groups of atoms are given
in table 50,

In In(acac)bipyCls, all ligand pairs are cis located.
As a consequence,one chlorine atom is trans located to 0(2)
of the acetylacetonato anion and the other is trans to N(1)
of the bipyridyl group. The reasons why the chlorine atoms
are cis are not clear at present,but probably either kinetic,

mechanistic,packing force effects or requirements in the
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TABLE 49

(o]
Interatomic distances ( A ) and angles ( deg )

Interatomic Bonded Contacts

(a)

A~~~ P e

N N et et e N S N

1.258(5)
1.490(7)
1.%02(7)

—_ —~ o~ o~

—~ N~ O N N N N~ = W0\ N\
[QUBQVENQV — O O O I~ \O —

e e e’ e N N N N e’ N N
m o = O UL L L LU D o U D
1 1 1 [ 1 1

In
N(2)

A~ N P U P ——~ N

— N S e et N N N S S — N

M = \O N>~ O0 M WO O A
= N> MKy O 0 Oy
= = « M M M M MY N & (VAR ol
[QUENQVERNQV} D R e TR e TR o B o B o B o | L I e B |

~~ N
N TN TN TN N N AN AN N — NN
— — NN N NN T N \O — o

— N S e Nt s N’ N S S — e’ N

In
N
C
C
C
C
C
0
C



Table

49 (continued)

Interatomic angles

-In - C1(2) 96,
-In - 0(2) 85.
-In - N(2) 71.
-In - 0(1) 90.
-In - 0(1) 91.
-In - N(1) 92.
-N(1)- c¢(1) 122,

- ¢(5) 118,

-N(1)- ¢(5) 119,
-c(1)- c¢(2) 122,
) - ¢(3) 118,

)-  c(¥) 119,
-c(¥)- c¢(5) 1109.
-c(5)- c(6) 1e2.
-0(1)- c(11) 128,
-c(11)- c(12) 11k,
- c(13) 125,
-c(11)- ¢(13) 120.

195

N = v 3 &
TN TN TN TN TN N TN TN
N T g O Y

N(1) -In - 0(2)
N(2) -In -Cc1(1)
Cc1(2) -In - 0(1)
N(2) -In - 0(2)
N(2) -In -Cc1(2)
0(2) -In -ci(2)
In -N(2)-c(10)

-C(6)
c(6) .-N(2)-c(10)

N(2)  -c(10)-c(9)
~c(10) -c(9) -c(8)

c(9) -c(8) -c(7)
c(8) -c(7) -c(6)
c(7) -c(6) -c(5)
In -0(2) -c(1%)
o(2) -c(14)-c(15)
-C(13)

c(15) -c(14)-c(13)

81.

92.
100.

90.

o96.

90.
124,
116.
118.
123.
118.
119.
119.
122.
127
115.
125.
119.
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Table 49 (continued)

(c) Selected Intramolecular Non-bonded Contacts

n - ¢(13) 3.4%0(5)
- ¢(5) 3,134 (%)
- ¢(6) 3.143(4)
c1(1) - c1(2) 3.616(2) N(1) - o0o(2) 2.897(5)
- N(1) 3.409(4) c1(2) - 0(2) 3.23%(4)
- N(2) 3. 400(4) o(1) - o(2) 2.907(4)
- 0(1) 3.242(%) N(2) - 0(2) 3.161(5)
c1(2) - N(2) 3.494(4) N(1) - o0o(1) %.144(5)
- 0o(1) 3. 476(4) - N(2) 2.739(6)
(d) Intermolecular Contacts Shorter than 4.0 A
c1(1) -8 3.80(H)()(®) cre) - c(n)  3.35(5)(3)
-C(9) 3.68(2)(3) - C¢(2) 3.49(8)(3)
-c(15)  3.77(6)(2) - c(12)  3.99(1)(3)
- Cc(14)  3.94(2)(1)
- ¢(15)  3.89(1)(3)

(a) Figures in this column refer to the following symmetry

transformations with respect to atoms in column
(1) x, v, z; (2) x, 8ty, 3-z; (3) x, 8-y, z-%&;
()4) 1"X: y'%: %"Z

one
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Figure 8, The molecular configuration of In(acac)bipyCls
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bond lengths and anglec needed to accomodate two bulky
chelate ligands,are involved.

The observed indium-chlorine bond lengths are
2.443(1) and 2.394(1) K for In-C1(1) and In-C1l(2) respec-
tively,in keeping with previously reported indium-chlorine
bond distances in some halide complexes of indium(III),

Indium-chlorine bond lengths in In(acac)bipyCl, are
larger than in InCl,” 69(2,36(3) R). In fact,the determined
In-Cl bond distances resemble closer those found in penta-
coordinate indium(III) species71 than in the hexaccordinate
complex184. Direct comparison however cannot be made since
in InCl, ,InCls® and InCle® one is dealing with charged
anionic species and all ligands afe'equivalent in contrast
with the present neutral mixed ligands complex. The
difference in In-Cl bond lengths is in agreement with the
difference in trans power effect of the nitrogen and oxygen
donor ligands; In-Cl(1) is longer than In-Cl(2) as result
of being trans to 0(2). Thermal motion corrections on the
indium-chlorine bond lengths bring these bond distances
closer to the InCls®” values ( In-C1(1) = 2.455(1) and
In-C1l(2) = 2.414(1) for In(acac)bipyCly and In-Cl

apical”

2.415(12) and In-Cl = 2.456(7) for InCls® ),but again

basal
direct comparison cannot be made as for the pentacoordinate
indium(III) species no thermal motion corrections on the

In-C1 bond distances were made.
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Analysis for planarity of the bipyridyl rings showed
that one of the heterocyclic rings is planar,whereas the
other,that containing N(2) presents a large departure from
planarity. The heterocyclic rings make an angle of 10.9O
between each other,

Similarly the acetylacetonato group presents a large
departure from statistical planarity. However this deviation
can be explained in terms of the very small estimated
standard deviations of the coordinate position of the atoms
as calculated from the least square refinement compared with
that one can calculate for the supposed chemically equiva-
lent bonds.

Comparison of the determiﬁed indium-oxygen and
indium-nitrogen bond lengths is rather difficult. At present
there is no X-ray crystal structure determination reported
on any indium-nitrogen donor ligand system,and very few on
indium-oxygen donor systems.

The complexed bipyridyl presents bond lengths which
are essentially those observed in the free ligand,although
in the crystalline state the molecule has a trans configu-

185

ration ,whereas in the complex it 1is cis.

A detailed analysis of the indium-oxygen bond lengths
is not possible,at least from the point of view of comparing
with other indium(III) species. At present no crystal struc-

ture data on other acetylacetonato complexes of indium(IIT)
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are available and the most it can be said is that the indium-
oxygen bond distances in In(acac)bipyCl, resemble closely
those found in InIg(dmso)256 ( 2.15 and 2.20 Z).

In the acetylacetonato ligand the value of 1,397 Z
(averaged value) for the C-C (bridge) bond length in
In(acac)bipyCl, lies between a single bond (1.5% K) and a
double bond (1.33 Z) values and hence the ring in this
ligand may be considered to involve delocalized m-bonding
(or resonance) entirely comparable with other acetylaceto-
nato complexes.

Analysis of the data reporfed in the literature shows
that the angles within the chelate ring vary rather more
than the C-0 and C-C distances ffom one compound to another.
The angles found in In(acac)bipyCl, are in the same general
range as those in other complexes. Cotton and WOOd186 have
suggested that the greater variability of the angles can
be attributed to: |
i) the need for some sort of adjustment in the chelate ring
shape in order to allow for the various sizes of the metal
atoms,and
ii) the fact that the angle deformation force constants are
typically much smaller than those for bond stretching and
compression,

The 0-M-0 angle can be assumed to be dependent on the

size of the central atom, Thus,the 0(1)-In-0(2) angle in



203

In(acac)bipyCls is comparable with that found in

187

Zr(acac) 4 ;both metals having comparable sizes, However,
in In(acac)bipy012 where other two ligands are present,one
of which is producing a large distortion,simple relation-
ships do not hold. Although indium is larger than platinum,
the 0-M-0 in MesPt(acac)enl88 is 85° and the M-0 bond length

is 2.16 A
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