
SOME ASPECTS OF MOLYBDENUM HALIDE CHEMISTRY 

A thesis presented for the degree ot 
Doctor of Philosophy in Chemistry 

in the University of Canterbury, 
Christchurch, New Zealand. 

by 

G.J. GAINSFORD 



aE.111 
J.oo 
I 9 \ 

,N7 
,Ci 1'4-3 

ABSTRACT 

Chemical and X-ray crystallographic studies of 

molybdenum(II) halides, which are based on the well­

known (Mo6c18)4+ cluster, have been carried out.

Contrary to previous reports, the reactions of 

2, 2 '-bipyridyl with the halides (Mo6c18)c14 and

(Mo6c18)14 yield, even under mild conditions,

bipyridylium salts of chloromolybdic(II) and iodo­

molybdic(II) acids respectively: (BipyH)
2

{(Mo6c18)x6)

where X = Cl, I and Bipy = 2, 2 '-bipyridyl. The 

reactions are complicated by the formation of mixtures 

of products, which are mainly various crystalline forms 

of the bipyridylium salts. An amorphous product may 

be a true mono-bipyridyl complex. 

An unusual oxidation occurs during the reactions 

of triphenylphosphine (Ph3P) and triphenylaraine (Ph3As)

with (Mo6c18)c14 and (Mo6c18)14. Infra-red spectral

and X-ray powder photographic studies show that the 

oxidized ligand complexes, (Mo6018)x4(Ph3zo)
2 

(X = Cl, I;

Z = As,P), are formed except under conditions 1n which 

both molecular and chemically-bound oxygen is rigorously 

excluded. 

The conditions required to coordinate more than 



two neutral unidentate ligands to the (Mo6c18)4+

cluster have been examined. It proved possible to 

obtain new ionic complexes under a range of conditions. 

The six-fold coordination of the (Mo6
c1

8)4+ cluster is 

maintained in these compounds (e.g. ((Mo6c18)13(tri­

phenylphosphine ox1de)
2
(pyrid1ne))+r-) by the ionization 

of one or more of the terminal halogen atoms in the 

molybdenum(II) halide starting material (e.g. 

(Mo
6

c1
8

)1
4

). 

The X-ray single crystal structures of two isomor­

phous salts, (BipyH)2((Mo6c18)x6) (X = Cl,I) , have been

solved using the difference Patterson method. To solve 

another crystalline modification of the chloro-salt, 

the (Mo6c18) cluster was constrained to its established

geometry with its centroid fixed at the origin of the 

unit cell. This rigid group of atoms was then rotated 

by the least-squares refinement of the three orientation­

defining angles. 

The three structures contain discrete ((Mo6c18)x6)2-

(X = Cl,I) and (c10H9N2)+ (bipyridyl1um) ions. The

anions consist of highly-syrmnetric (Mo6c18) clusters

(Mo-Mo = 2.606·, Mo-Cl = 2 .48 i), with six terminal 

halogen atoms (X) bound by single covalent bonds to the 

molybdenum atoms (Mo-Cl = 2.423, Mo-I = 2.737 i). The 

bipyridylium cations a.re twisted from perfect cis 



conformations in all three structures. The average 

dihedral angle between the two rings is 13 degrees. 

Further details of the geometries of the anion and 

cation are discussed. 

The ionic packing in the three crystals is 

dominated by the bulky anions. These are arranged 

in expanded "hexagonal close-packed" layers with the 

cations centred on approximately trigonal holes in this 

array. The two crystalline modifications of the 

chloro-salt differ in the orientation of the bipyridylium 

cations in these layers. 
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CHAPTER 1 

GENERAL INTRODUCTION 

A INTRODUCTORY SURVEY 

1.1 Historical Review 

THE LIBRARY 
UNIVERSITY OF CANTERBURY 

CHRISTCHURCH, N.Z. 1 

Investigations of the chemistry of molybdenum(II) 

dichloride were first reported in 1857 by Blomstrand 

(1). Lindner and other workers (2-9) studied further 

dichloride and related bromo- and iodo- derivatives 

through until the late 1920's but expressed their 

results in terms of the composition (Mo3c14)c12 for the

dichloride. This formulation resulted from the early 

ebullioscopic molecular weight determination (9) coupled 

with the reactivity found for only one-third of the 

chlorine present in the dichloride (1, 2, 3). Similarly 

3/7 of the chloride in the chloroacid (then formulated 

Mo3c16.Hc1.4H 2o)  could be removed by alkali (8).

Molybdenum(II) dihalides are involatile, resistant 

to oxidation to 200°0 in air, stable in dilute acids 

and soluble in donor solvents, such as acetone and 

pyridine. The preparative method used, involving the 

high temperature break-down of higher chlorides of 

molybdenum (10-13) reflects these properties: 







e.g. N2 2MoC13 --MoC12 + Moc1
4

,g
aoo0c 

(13) 

By 1945, when Brosset discovered the basic 

hexameric cluster, (Mo6c18)4+ in the first X-ray

structure analysis of ai(Mo6c18)c1
4 

derivative, many

adducts had been analysed and formulated on the above 

basis. Examples of such compounds are the two studied 

by Broeset (14,15) which he reformulated from their 

previously written compositions, (Mo3c14)(0H)2.7B20

and (Mo3014)c12.4H2o to {(Mo6c18)(0H)4(H2o)2).12H2o

and ((Mo6c18)cl4(H2o)2).6H2o.

1. 2 The StrMcture of the (Mo�)4+ Cluster

The structure of the (Mo6c18)4+ cluster is

illustrated in Figures I and II, which contain the 

The (Mo6c18) cluster consists of

a regular octahedron of strongly-bonded molybdenum 

atoms (Mo), represented by the heavy lines in both 

figures, surrounded by a slightly distorted cube of 

chlorine atoms (01), represented by the dotted lines 

in Figure I. Each molybdenum atom protrudes from the 

appropriate cube face. In an alternative description 

best shown in Figure II, the chlorine atoms can be 

considered above the eight faces of the Mo6 octahedron.

The cluster chlorine atoms (Cl) bridge three molybdenums 

2 



while each molybdenum is bonded to foUI' other moly­

bdenums and foUI' chlorines (Figure II). 

The molybdenum-molybdenum bond distance found by 

Brosset was 2.63 .ingstroms (R), approximately that 

(2.59 j) predicted for a single Mo-Mo bond (16), but 

shorter than the 2.725 R found for the distance in 

molybdenum metal (17). Two interesting deviations 

from the strict equivalence of the Mo-Mo and Mo-Cl 

bond lengths were found by Brosset. The Mo-Mo bonds 

adjacent to the bonded water were 2.62 i, whereas those 

adjacent to the chloride were longer 2.69 i. Secondly, 

in (Mo6c18)c14.aH2o, the cluster chlorine-molybdenum

bond distances (Mo-Cl, 2.6 j) are longer than the 
0 

terminal chlorine-molybdenum distances (Mo-X, 2.4 A),

which are of the order expected for a single molybdenum-

chlorine bond (16). However the accuracy of Brosset's 

work did not justify further speculation based on these 

small differences. 

Vaughan (18) confirmed this structure in 195 0 by 

an X-ray radial distribution powder analysis of the 

Brosset (19) and 

Vaughan et al. (20) f'llI'ther showed that the X-ray radial 

distribution curves of solutions of the chloroacid 

((H3o)2(Mo6c18)c16.6H2o) and some related compounds are

3 



Figure III: Mo6 octahedra from (Mo6c181.2.¾.:(13); projectio� 

showing cross-linking of (Mo6Q18) clusters 
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consistent with the hexameric cluster. 

The dichloride (Mo6c18)c14, after purification

via solution in hydro-chloric acid, is amorphous to 

X-rays (21). Thus it was only recently (1967) that

single crystals of the dichloride were prepared by

Schafer et al (13) using a temperature-gradient vacuum

sublimation technique. These latter workers carried

out an X-ray structure analysis of the crystals which

showed that the dichloride (Mo6c112) composition is

attained by the bridging of four of the six chlorine 

atoms bound terminally to different (Mo6c18)4+ clusters

(see Figure III). The structure, as predicted by 

Brosset (19), could be described formally therefore as 

(Mo6c18)c12c1412, illustrating that six-fold

coordination of each cluster is maintained. 

All Mo-Mo distances are 2.61 ± 0.01 j in this 

structure; it is thus doubtful whether any significance 

can be placed on the different Mo-Mo lengths in 

Brosset's structure (p. 3 ). However, the molybdenum-

chlorine bond lengths do vary as observed by Brosset: 

Mo-X (bridging clusters)= 2.50 ± 0.03, Mo-X (not 

bridging) = 2.38 ± 0.03 and Mo-Cl= 2.47 ± 0.03 j, 

where X = Cl (Figures I. and Ill). 

4 



1. 3 The Chemical Nature of the Chloromolybdenum{II) Ion , 

{Mo601at:+

Research by Sheldon and others (21-32) published 

from 1959 onwards has shown that the chloromolybdenum(II) 

cluster acts as a pseudo single-atom ion, which 

invariably tends towards an octahedral configuration by 

coordination of six donor ligands. The cluster 

(Mo6018)4+ should not be considered as an independent,

highly-charged ion, however. This is well illustrated 

by the reaction in which the ion (Mo6018)c16
2- was

heated for 1½ hours with labelled hydrochloric acid, 

ac136 (21). Only six chlorine atoms underwent isotopic 

exchange and the slow exchange rate (k = 3.5 x 10-4 sec-1)

indicated that the terminal chlorines (therefore) 

involved in the exchange are covalentl�rather than 

1on1cally- bound. 

Hence it can be appreciated why previous workers 

(2-8) found that only one third of the chlorine in the 

dichloride, (Mo6018)c1
4

, is labile. The (Mo6c18)4+ iCll

is stable in most chemical reactions although strongly 

nucleophilic anions (OH-, F- or NCS-) cause partial or

complete disruption of the cluster (22) . 

The aix-fold coordination can be observed in two 

main ways: 

5 



(1) by the coordination of six univalent

negatively-charged ligands, giving rise to adducts 

based on the (Mo6c18)x6 
2- anion (Figures I, II),

which are 2: 1 electrolytes and crystalline to X-rays. 

Such compounds are easily prepared and useful because 

they decompose under heating (200°c) in high vacuum to 

give the related adducts (Mo6c18)x
4

. For example, the

chlorOECid (a
3
o)2((Mo6c18)c16).6H2o gives (Mo6c18)c1

4
;

this is the basis of the standard method of purification 

of the latter (23). 

(2) by the coordination of four univalent negatively­

charged ligands and two neutral unidentate ligands (L) 

to give the neutral complexes (Mo6c18)x
4
L2 , which are

non-electrolytes and usually amorphous to X-rays. 

Another class of compounds has recently been 

reported in which the six-fold coordination to the 

(Mo6c18)4+ cluster is maintained by ionization of the

terminal halogens in the starting material (Mo6c18)c1
4
•

The cluster plus the coordinated ligands, in these cases, 

can be considered to be carrying a positive charge 

(e. g. ((Mo6c1
8
)c12(triphenylphosphine)3)cl (33) and

((Mo6c18) c12(1: 10 o-phenanthroline)2)c12 (34) ).

Alkaline hydrolysis under vigorous conditions 

produces Mo(OH)3 and hydrogen (9). Adducts 

6 



(Mo6
c18_n(OH) n)(OH)

4
.nH20, n = 3-4 produced under

milder conditions are difficult to isolate ae pure 

compounds but have been converted to more stable 

crystalline compounds e. g. (Et4N) 2((Mo6c17oH)C16 ) (27).

Subsequent reports dealt with the kinetics of alkaline 

hydrolysis (25, 26) . 

At elevated temperatures, chloromolybdenum(II) 

derivatives are further hydrolysed by alkali to brown 

powders of unknown composition. Spectral studies 

(34, 35) combined with analytical work usually are 

sufficient to establish whether the original (Mo6c18)

cluster is intact. 

In moist air, nearly all chloromolybdenum(II) 

compounds have a strong tendency to form hydrates (e.g. 

(Mo6c18) c14.2a2o (23)h some of which, on further ex posure

decompose and lose weight through the evolution of 

gaseous hydrogen halides. The nature of hydrolysis 

products found in aqueous solutions of the dichloride 

has not been fully elucidated but the proportion of 

products like (Mo6c18) c1x(OH) 6_x·yH2o increases rapidly

with time and temperature (27). 

7 

Similarly, there is some evidence for «Mo6Br8) (H2o)6)4+

(36) and (Mo6Br8) (0H) 6 
2- (24) in aqueous solutions of

(Mo6Br8) Br4 depending on the solution pH (see section



Table 1: Magnetic Measurements of llo(II) Halides 

( 106

:x_ (room temperature) e.g. e. u.)

Compound Value Reference No. 

(Mo6c18)c14 -230 22 

-190 38 

H2 ((»06c18)c1
6 )8H20 -360 22 

(NH4) 2 ({1106
c18)c16 ).H20 -240 22 

(»o6Br8)Br4 -280 39 

- 60 40 



1. 5 below) .

alkali, pH> 8. 5, whereas (Mo6c18)(0H)4.nH
2
o precipitates

from solutions with pH lower than this (23). 

1.4 Magnetic Studies 

All compounds are diamagnetic; values measured for 

a range of compounds are sunmarised in Table 1 (36). 

In addition a number of compounds have been stated to 

be diamagnetic without quoting values for the magnetic 

susceptibility (22, 26,29). 

1. 5 Other (Mo
6
x.a)4+ Analogues

Both molybdenum(II) dibromide and diiodide can be 

conveniently prepared by thermal decomposition of the 

respective trihalides but at lower temperatures than the 

chloride (6, 32, 41). A novel preparative route due to 

Sheldon (24) involves the fusion ot molybdenum dichloride 

with the appropriate lithium halide; other alkali halides 

yield molybdenum metal and the Mox
6

3- ion.

While all molybdenum(II) compounds that have had 

structures determined are derivatives of the dichloride, 

there is ample chemical evidence (24) that chloro, bromo 

and iodomolybdenum(II) halides and their compounds 

contain the iso-structural cation (Mo
6
x

8
)4+. The 

isomorphism of the hydroxides ((Mo6x8)(0H)4 (a
2
o)

2
)12H

2
o,

8 



where X = Br, Cl, is particularly significant as the 

crystal structure of the chloro compound is known to 

be hexameric (14). 

Preparative studies of all these dihalides have 

been hindered by their low solubilities in unreactive 

solvents. Both the formation of the bis-un:lientate 

complexes (p. 6 ) and the possible solvolysis with 

suitable organic solvents such as ethanol, introduces 

other undesirable considerations into their reactions 

in solution. For example, the reactions of (Mo6Br8)Br
4

with bidentate oxy-anions, such as chromate, yield 

compounds that are rarely free of water (42). 

Recent studies (43) in which molybdenum(II) 

dichloride was vigorously treated with sodium111ethoxide 

in methanol under deoxygenated, anhydrous conditions 

yielded Na2 ((uo6(oca
3
)8)(0CH

3
)6), in which both terminal

and cluster chloride ions are replaced by methoxy groups. 

This pyrophoric compound also appears to contain the 

analogous cluster (Mo6(oca
3

)8)4+ on the basis or a range

of physical measurements (e.g. conductivity, proton 

magnetic resonance). 

1.6 Bonding Theories 

Each molybdenum can employ only nine orbitals in 

bonding (4d,5s,5p) unless the 5d orbitals are used, 

9 



which appears to be energetically unfavourable (44).

Since the effective coordination of each molybdenum 

is eight in the (Mo6c18) 4+ cluster, the bonding of

more than one ligand to a molybdenum would not be 

expected. The following theories have been presented 

to describe the stereochemistry and energies of the 

cluster bonding. 

Sheldon (22) proposed that each molybdenum is 

bonded to four chlorine atoms and one extra ligand by 

�2-y2 sp3 tetragonal pyramidal hybrid orbitals. or the

remaining orbitals, the �Y and d
yz 

possess lobes directed

exactly along the intermolybdenum axes. It is possible 

for each of the four coplanar molybdenum atoms to 

combine with one of these orbitals to give a molecular 

orbital system. Thus there would be three such sets 

of coplanar atoms each forming molecular orbitals to 

which each molybdenum contributes two electrons . 

The assumption must be made that coupling of the 

remaining two electrons in the non-bonding orbitals, dxy
and dz2 results in the observed diamagnetism of these

compounds. Also, weak molybdenum-molybdenum bonding 

is predicted because this theory allows only twelve 

electrons for twelve bonds. 

On the valence bond approach to bonding, each 

molybdenum atom is directly bonded to foUI' other 

10 



molybdenum atoms and four halogen atoms with a square 

anti-prismatic stereochemistry (45), with a dz2 or s­

orbital excluded from the hybridisation scheme. Such 

a bonding scheme does imply the use of bent bonds (46)

and considerable distortion from a normal square anti­

prism would be required (47).

Crossman et al (48) suggested the use of hybrid 

molecular orbitals built up from d,s and p type of 

valency orbitals, about each molybdenum atom as postula­

ted by Duffey (49). The two sets (metal-metal and metal­

halogen) of calculated molecular orbitals are just 

filled by the 24 electrons available, leaving the empty 

Pz orbital available for the terminal (or centrifugal 

(37)) ligand bonding. 

Cotton and Haas (50) used a similar but somewhat 

simplified molecular orbital treatment of the bonding, 

which did prove successful in accounting for the numbers 

of atoms and the net charge on this and other metal atom­

cluster compounds. The Pz orbital was again totally 

involved with the bonding of the terminal ligand and did 

not interact with the dz2 orbital. The other assumption 

ma:de was that ligand-metal n-bonding need not be 

considered. Both these treatments have been criticized 

by Kepert and Vrieze (37), on the basis of the distortion 

from this model observed and the expected shifts in the 

11 



energy levels calculated on the bonding of the terminal 

ligands. 

Kettle (51) has rationalized the bonding ot the 

Mo6c18
4+ group in terms of a forty electron model, which

he considers to be better (52) than the above theories 

because it is applicable to several other metal halogen 

clusters (e. g. Ta6c112
2+ (53) ). Thirty-six molybdenum

valence electrons and eight chlorine electrons less 

the four to give the cluster its charge (a total of 40) 

12 

are placed in molecular orbitals defined by the twelve 

edges and eight faces of the metal octahedra, all electrons 

being paired and in bonding orbitals. The electronic 

properties of molybdenum(II) dichloride and its compo\lllds 

therefore are typical ot a d0 rather than d4 configuration, 

as observed (section 1.4). 

A recent application of the electron-in-a�box theory 

to the bonding by Libby (54) seems useful only as a test 

of the stability ot any postulated metal cluster systems. 



B SCOPE OF THIS THESIS 

1.7 Introduction 

It has been well established that neutral 

unidentate ligands {L) react with {Mo6c18)c1
4 

under a

variety of conditions to give the monomeric non­

electrolytes {uo6c18) c1
4

L
2

, thus fulfilling the six-fold

coordination of the {»06018)4+ cluster {p. 6 ). The

reactions of {Mo6c18) c1
4 

or the tetra-iodide {Mo6c18)I
4

with 2, 2'-bipyridyl, o-phenanthroline and o-phenylene­

bisdimethylarsine yield complexes of formulated 

composition ({uo6c18)x
2
L

2
)x

2 
{where X is Cl, I), all of

which are 2: 1  electrolytes. Similarly, 2, 2': 6', 2"-

terpyridyl gives derivatives {(Mo6c18)x3terpy)X in which

only one of the terminal halogens is ionized (33). 

While the constitution of the complexes formed by 

unidentate ligands poses no additional bonding problem, 

the mode of attachment of bidentate ligands is less 

certain. Studies of the reactions of potentially 

bidentate oxy-anions, such as the sulphate {so4
2-) ,

with{Mo6c1ab14 and {Mo
6
Br

8)Br
4 

(42, 55,56) did not con­

firm any of the four possibilities outlined in 1967 (33). 

The chemical and steric evidence for neutral bidentate 

ligand complexes favours one of these mechanisms in 

which coordination of the ligand is associated with a 

13 



displacement of a cluster halogen from its normal 

position. Since such a deformation might be expected 

to cause ionisation or labilisation of halogens it was 

relevant that when the complex ((Mo6c18)12(bipy)i12 (see

p.19) is titrated with silver nitrate six halogens

react (55).

One of the main aims of this research was to deter­

mine the mode of coordination of such bidentate ligands. 

Clearly, a single crystal X-ray structure analysis of 

one of the neutral bidentate complexes mentioned would 

yield the necessary information. Unfortunately, 

these complexes as normally prepared are in very fine 

crystalline form (i.e. powders). Considerable time 

was thus spent in preparation of suitable single crystals. 

1.8 The Reactions of Bipyridzl with (Mo6c1a,)_Q!4

14 

As some single crystals of ((Mo6c18)c12(Bipyridy1)�12
had been reported by Robinson (55), much preparative 

work centred on reactions of (Mo6c18)c14 with bipyridyl.

However, as demonstrated in this thesis the reactions 

of these two compounds are much more complex than 

previously recorded. 

Even under the relatively mild conditions of solvent 

reflux (65°) the reaction of (Mo6c18)C14 and bipyridyl

yields bipyridylium salts of chloromolybdic(II) acid, 



which are amorphous to X-rays. One of these latter 

products appears to be a 1:1 adduct of (»0
6
018)01

4

and bipyridyl, formulated as (Mo
6
c18)c1

4
(Bipyridyl)(H2o)n

2 > n) O as it is a non-electrolyte in dimethylformamide. 

In total, five different products have been identified 

in the ensuing study of this reaction. 

Analogous reactions between (Mo
6
c18) I

4 
and bipyridyl

have also been observed. The reported complex 

" ( (Mo6c18) I2(Bipy) 2) I2
11 mentioned above, for example,

contains the corresponding salt of iodomolybdic (II) 

acid, (BipyH) 2 ((Mo6c18)16) .

As a result of this complexity, the three crystal 

structure analyses carried out were of the bipyridyliurn 

Although the 

mode of coordination of bidentate ligands to the cluster 

(Mo
6
c18) 4+ was thus not elucidated by these structure

analyses, they provide precise dimensions of the 

(Mo6c18) 4+ cluster, which have not been previously

obtained. 

1. 9 Triphenylphosphine and Triphenylphosphine Oxide

Contrary to a previous report (22), Fergusson and 

others (33) found that molybdenwn (II) dichloride reacts 

with tr1phenylphosphine to form a normal bis-unidentate 

15 
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phosphine. Further work involving this complex yielded 

ionic compounds such as ((Mo6c18)c12(Ph
3

P)2(pyridine)2)c12,

in which more than two monodentate ligands coordinate 

to the cluster. In a similar way to the bidentate 

complexes, the monomeric cluster unit is envisaged as 

carrying an overall positive charge (e.g. as 

((Mo6c18)c12(Ph3P)2(pyridine)2) 2+ ). A further study of

triphenylphosphine reactions was thus undertaken since 

such ionic complexes effectively test the six-fold 

coordination of the (Mo6c18)4+ cluster. As these

complexes are normally powders crystalline to X-rays, 

suitable single crystals for an X-ray structural analysis 

were also anticipated. 

Again, the reactions are more complex than previously 

suspected. An early examination of the bis-complexes 

of triphenylphosphine � triphenylphoephine oxide with 

(Mo6c18)c1
4 

showed they were the same compound. Infr�

red studies and X-ray powder photo analysis established 

this compound as (Mo6c18)c14(triphenylphosph1ne oxide)2•

Oxidation also occurs in the analogous (Mo
6

c1
8

)1
4

reactions. 

Similarly, triphenylareine and triphenylarsine 

oxide combine with (»06018)014 and (Mo6c18)14 to give

the corresponding oxide complexes under normal reaction 



conditions. A study of the conditions of reaction 

implemented by this author was carried on by P.F. Snowden, 

in this department (42). He has verified that triphenyl-

arsine and triphenylphosphine complexes can only be 

prepared under conditions in which oxygen is rigorously 

excluded; because of this restriction on solvents, the 

compounds prepared were rarely pure bis-adducts. 

1.10 Some Problems with (Mo6c18�

Further work prompted by these observations has 

shown that the anhydrous dichloride ((Mo6c18)01
4

) is not

always obtained from chloromolybdic(II) acid 

(a3o) 2 ((Mo6c18) c16 ).6H2o, in the standard preparation (23).

Insufficient emphasis has been placed, apparently, on 

the strongly hygroscopic nature of the dichloride and 

tetraiodide (Mo6c18)1
4

• The inf'luence of such water on

17 

the physical and chemical properties of these basic starting 

materials in association with their previous history 

may explain some of the unusual properties observed (e. g. 

different solubilities in the same solvents). 

1. 11 Presentation

The reactions of bipyridyl with the (uo6c18)4+

cluster system are detailed in Chapter 2. In section 

2.3 of this chapter, a discussion of the problems 



associated with the composition of molybdenum(!!) 

chloride is presented. 

All studies of monodentate l igand reactions with 

(Mo6c18)c14 and (Mo6c18)14 including the triphenyl­

phosphine and triphenylphosphine oxide work are contained 

in Chapter 3. 

X-ray diffraction structure analyses of the two

isomorphous bipyridylium salts, (Bipyridy1H)2«uo601s)X6), 

X = Cl, I, which were solved by the difference Patterson 

method, are contained in Chapter 4- The X-ray struct\ll'e 

analysis of the other crystalline modification of 

(Bipyr1dylH)2((Mo6c18)016), which was solved by a novel

use of rigid group least-squares refinement procedures, 

is presented in Chapter 5. 

A review of the structural features of the three 

X-ray crystal structures studied is contained in 

Chapter 6 .  

Appendix A consists of a full description of the 

standard preparative methods, which are abbreviated in 

the text, followed by brief accounts of the analytical 

and physical techniques used. 

The University of Canterbury computer programming 

system designed for the IBM 360/44 computer is outlined 

in Appendix B. The numerous calculations referred to 

in Chapters 4, 5 and 6 were carried out using the programs 
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of this system. Those programs which were the particular 

concern of the author are noted. 

Appendix C briefly outlines the Canterbury University 

Supper equi-inclination Diffractometer system (CUSED). 

Implementation of the automation to the design of 

T. Zoltai (57) and consequent data handling was another

facet of the X-ray research carried out by the author.

All tables referred to in the X-ray diffraction 

structural analyses and discussion in Chapters 4, 5 and 

6 are collected in Appendix D, in order of reference in 

the .text. 

1.12 Abbreviations 

As some mention will be made in succeeding chapters 

to several compounds with lengthy I. U. P. A. C. (58) names, 

the following abbreviations have been adopted: -

2, 2 '-Bi pyridine bipyridyl 

1: 2 bisdiphenylphosphinoethane diphosphine 

1: 10 phenanthroline 

pyridine 

o-phenanthroline 

triphenylphosphine 

triphenylphosphine oxide 

triphenylarsine 

triphenylarsine oxide 

pyridine-N-oxide 

o-phenylenebisdimethylarsine diarsine

bipy 

diphos 

o-phen 

PY 

Ph3P

Ph3Po

Ph
3
Aa 

Ph
3
As0 

pyNO 

diars 



2,2':6',2"-terpyridyl 

ethanol 

tetrahydro:f'uran 

chloroform 

dimethylformamide 

dimethylsulphoxide 

ni trobenzene 

terpyridyl terpy 

EtOH 

T.H.F. 

D. M. F.

D. M. S. O.

Similarly it will be convenient :f'or brevity and 

uniformity to denote the polynuclear halides and their 

derivatives by their structural :f'ormulae(e.g. octa-�­

chlorohexamolybdenum(II) tetraiodide as (Mo6c18)1
4

).

It is noted that representation of the (Yo6c18) cluster 

as the charged species (Mo6c18)4+ , although a useful

abbreviation is strictly incorrect as pointed out on 

page 5. 

1 .13 Other Work 

During the course of this research, work was carried 

out on the final refinements of two trinuclear Re(III) 

structures, ca3Re3Br12 and CsRe3c13Br7(H20 )2.H2o.

Since these two structures are outside the intended scope 

of this work and have been described in detail elsewhere 

(59,60 ) they will not be referred to in this thesis. 
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CHAPTER 2 

THE REACTIONS OF BIPYRIDYL WITH THE {Mo6c18)4+

CL OSTER SYSTEM 

2.1 Introduction 

Investigations of the reactions of (»06018)014
and (Mo6c1�4 with bipyr1dyl initially followed the

preparative methods used by Robinson (55). With the 

asawnption that higher temperatures (130°0) and 

pressures would not adversely affect the formation of 

the bis-bipyridyl complexes he had tound, a series of 

experiments in sealed tubes were carried out. These 

were aimed at increasing crystallite size and thereby 

providing samples from which single crystals suitable 

for X-ray analyses could be selected. 

Though bulk analyses of the products or these 

reactions did not indicate pure bis-bipyr1dyl complexes, 

single crystals were isolated which gave the� X-ray 

powder photographs as those found for the complexes 

( (Mo6Cla)X2(Bipy)2>X2, X = Cl, I, by Robinson (55).

It came, therefore, as a surprise when the X-ray studies 

of these crystals showed that they were, in fact, bis-

bipyt'idylium ealta of chloromolybdic (II) and iodomoly-
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Table 2 : Analysis of X-ray Powder Patterns of the Reaction Products ot Bipyricb;l : 

(1) with (Mo6 c18} 014

React ion 
Number 

1 

2b 
3 

4 

5 (a )  

5 (b) 
6 
7 

Reaction Conditions 

Batch 1 ,  ( »06018) 014 heated under reflux• in EtOH
Batch 2 ,  ( Mo6c18) c14 sealed tube experiment• in T .H .F .
(Mo6c18)c14 prepared by Robinsonc , heated under reflux in T.H.F.
Batch 3 ,  (Mo6c18) c14 (H20) ; residue after heated under reflux 
in T�H .F .  
Residue obtained after filtrate of 4 concentrated on water bath 
and c ooled. 
Dry petroleum ether added in excess to filtrate of 4 
Single crystals grown in the filtrate of 5 ( a) 
Single crystals isolated by Robinson°

( 11 )  with (H��(Mo6Q!a} C16} . 6H2o, the chloroao id

8 
9

d 

1 0

1 1

1 2

1 3

KEY: 

Heated under reflux in EtOH 
Room temperature addition in EtOH 
ChlO!!O!Cid partially dried in vacuo, room temperature in EtOH 
Chl.Qr.oacid partially dried in va cuo, heated under reflux in EtOH 
Heated under reflux in T. H. F. for 5 minutes 
Heated under reflux in T .H .F .  for 2 hours 

8 See Sect ion A. 1 of Appendix A c Reference ( 55) 

Crystalline Products 
Ident1t1ed Caee Table 3}

1 l 2 � 

• 

• 

• 

• 

• 

• 

• 

• 

* 
* 
• 

•• •

• 

• 

• 

• 

• 

* 

• 

* 

•• 

* 

* 

• 

• 

• 

• 

b Amorphous material present (by separation
from crystals) 

d d = 1 2 . 6  i (weak) line not identified 
• Oni'y strongest l ines observed.



bdic(II) acids respectively: (BipyH)2((Mo6c18)x6) ,

X = Cl , I .  

Further reactions under various c onditions ,

summarised for (Mo6c18)c14 in Table 2 (1} , soon established

that these salts are formed even under milder conditions 

as was the case in Robinson ' s  work (heating under reflux 

in tetrahydrofuran , experiment 3 ,  Table 2) . As a 

consequence of this study, no fewer than five different 

products have been found (Table 3} . Only two of these 

have been given a definite formula because the reactions 

usually yield mixtures of the five products . 

2. 2 Identification of the Products of the Reaction of

(Mo6Cl8� with BipzridYl

Examination of the bulk products prepared in these 

reactions has been carried out principally using X-ray 

powder photography . Single crystal X-ray diffraction 

studies of three of the products (numbers 1 ,  2 and 3) 

verified the distinctive X-ray powder lines indicated 

in Table 3 .  

Sin ce the X-ray powder photographs revealed that 

mixtures of products were often present in what appeared 

to be homogeneous samples , chemical analyses are of 

little use for purposes of identification. Correspond-

ing to the experiment numbers in Table 2,  these analyses 
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Table 3 :

Product
Number 

1 

2 

3 

4 

5 

Distinctive X-ray Powder Lines and Connenta ot Products identitied 

trom the Reactions ot (Mo6c18} c14 with B1pyr1dzl

d-spacinge ot Distiictive X-ray
Powder lines { )  

9 .57, 8 . 1 6 , 8 . 07, 7. 04 ,  6 . 53 , 6 . 20 ,  

5 . 93 ,  5 . 51 

5. 81 (medium)line to distinguish
from product 1 .

1 3 . 8 , 1 1 . 8 , 9 . 2

10 .0 (bi,oad, strong) , 7.4 - 6 . 9 
(strong ,  broad) • 

amorphous product (s) 

CoD111ents / Compos! tion 

(BipyH) 2( (Mo
6
c18)c16

) from single
crystal structure analysis 
(Cl(B) , Chapter 5) .

Also (BipyH) 2 { (Mo6 c18)c16 ) from
single crystal structure analysis 
(Cl(A) , Chapter 4) .

Single crystals isolated give 
distorted ditfraction pattern; 
probably a Bipyridylium salt of
the chlcftlacid. 

Isolated by X-ray powder photography 
only; high carbon analysis ( see
Expt . 1 2). 

Some evidence to a formulation of 
(Mo6 Cl8) 014 (Bipy) (H20) n , O <  n < 2 .



are presented in Table 4.

Also , infra-red spectral analyses (4000- 230 cm-1 ) 

are uninformative of the nature of the produ cts in 

these reacti ons . Schilt and Taylor ( 61 )  have reported 

approximately the same characteristi c shifts are observed 

for the infra-red spectra of bipyridyl coordinated to 

protons or to metals . Many absorption spectra of these 

products and related complexes , such as those with 

pyridine, were collected. Even the expected molybdenum-

nitrogen ( stretching mode) absorption could not be 

recognized from these. Thi s latter observation was 

predicted by Cotton, Wing and Zinnerman ( 35) from their 

recent stu dy of the complex infra-red spectra of the 

(Mo6x8) Y6 system. 

It should be pointed out at this stage that the 

presence of amorphou s material in any bulk products cannot 

easily be confirmed by X-ray powder photography. For 

this reason, the fifth product in Table 3 ( amorphous 

material) has ,!!2!. been included in the X-ray powder 

analyses contained in Table 2. In the following repor� 

the formulations of the five distinctive products will 

be discussed. 

Produ cts 1 and 2 These two products are grouped 

together because they are tw o different crystalline 

modifications of the bipyridylium salt of chloromolybdic 
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Tabl-e !l: Analnts ot Produsts of React ions ,Table 2li B1J2l.£1 dil w i th ,Mo6c18) c14 and

E�J2�riment Addit ional 
Number Information 

1 
2 Single crystal Preparation 
3 X-ray Powder Photo ( 55)
4 Amorphous to X-rays
5 ( a ) Densi ty 2 . 1 - 2.4 g cm-3

7 Product 3 ( 55) 
8 Immediate precipita te 

1 2 Product 4 (Table 3) 
1 4 Product 1 (from Expt . 2) 

Theoretical Analzses 

( ( Mo6c18) 014(Bipy) (H20) ) . H20
(Mo6Cla) Cl4 (Bipy)
( (Mo6018) c12 (Bipy) 2) c12
(BipyH) 2 ( ( Mo6c18 ) Cl6)
(BipH) 2 ( ( Mo6Cla) Cl6) . (BipyH. Cl) o . 5

KEY: a =  see Appendix A 

li!�2.l{J!Q6Ql8)Cl6) . 6H2Q

Bulk Chemica l Analzses ,�l 
.Q !! Cl Mo 

1 4 . 6 1 . 4  33. 0  
1 2 . 2 1 . 2 32 . 2aa 47.4 

1 1 . 9 1 . 5 34. 5
21 . 3 2 .4  (31 + 2 )  b

1 8 . 3 1 . 9 , 32 . 7
1 8 . 0 1 . 5 35 . saa 40 . 8
20 . 5 2 . 0
1 7. 1  1 . 5

1 0 . 0  1 . 0 35 . 7  48 . 3
1 0 .4 0 . 7 36 . 8 49 . 6  
1 8 . 3 1 . 2 32 . 4  43. 9
1 7. 3  1 . 4 35 . 9 41 . 7
20. 2 1 . 8 34 . 7  38 . 8

Conductivitz 

./l.m,sf1 • cm2)

44. 7°

7. 5 - 1 5 . 3  d

1 09d

1 1 2� 1 1 8d

1 31 d

94d, f 

0-50d, < 1 5 °

" " 
d C 1 1  0-1 30 , 35-50 

" " 
" " 

aa = average two measurements 
b = Estimated value ( incomplete decompos i tinn) 

c = in PhNO 
d = in D. M. §. 
e = in D. M. s. o. 
f = based on molecular weight of 1 387. 



( I I )  acid as mentioned above: (BipyH) 2( (Mo6c18) 016) .

Single crystals ot both of these forms sui table tor 

X-ray ditfraction analyses were isolated from experiment

2 ,  a sealed tube preparation ( see Section A . 1  of 

Appendix A) . The unusual occurrence of these two 

modifications , a nd their structural features as determin­

ed by the single crystal X-ray diffraction analyses 

(Chapters 4 and 5) are dealt w ith in Chapter 6 .  

Products 3 a nd 4 Both products 3 and 4 were identified 

by their X-ray powder photographs (Table 3) before 

single crystals of the latter were grown and studied 

(experiment 6 ,  Table 2) . Since these products are also 

formed during the reactions of the chloroactd, 

(H
3
o) 2 ( (Mo6c18) c16) . 6H2o and bipyridyl (Table 2 ( 11) ) ,

they are most probably bipyridylium salts of the chloro-

acid. This is  further borne out by their conductivities 

in dimethyltormami de (experiments 5 (a)  and 1 2 , Table 4) , 

whi ch have the expected values tor 2 : 1 electrolytes . 

HoweTer , in both cases , the analytical f igures for 

carbon are significantly higher than required for the 

pure bis-b1pyr1dyl1um salt formulation ( see experiments 

5 (a) and 1 2 , Table 4) . Since the tw o products were 

prepared from the chloroacid and bipyridyl in both 

ethanol � tetrahydroturan ( exper iments 9 and 1 2 , Table 

2) , the possibility that these products are solTa ted
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bipyridyl ium salts can be excluded. Also the infra-

red spe ctra of these tw o compounds show only bands 

corresponding to those expected for the bipyridylium 

ca tion. 

These high carbon analyses may be due to the 

pre sence of amorphous material , which cannot be 

distinguished from the crystalline product (s) in the 

bulk yields ( e . g. in experiment 1 2 , Tables 2 and 4) . 

However, some evidence suggests that the readily identi­

fiable amorphous material formed in the reactions of 

bipyridyl and ( 1106018) 01
4 

has lower carbon ana lyses than

the bip7ridylium salt formation corresponding to a 1 : 1 

(1106018) 01
4

: bipyridyl adduct ( see Product 5 below) .

All the products of the reactions summarised in 

Table 2 were washed free of l igand and dried under 

vacuum (Appendix A) . Also , it is  now apparent tha t 

hydrogen chloride is present and involved in � the 

reactions of (1106c1
8

) c1
4 

and the chloroacid with bipyridyl .

Thus , 1n the light of the X-ray powder photographic 

( Table 2)  and infra-red evidence ,  the presence of sma ll 

amounts of bip7ridylium h7drochloride ( s) canno t be ruled 

out as an explanation of these high carbon analyses . 

In fact, the preliminary single crystal study 

carried out on product 3 ,  the details of which are pre­

sented in Section 2 . 6  of this chapter, indicates a 
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formulation of higher molecular weight than the bia­

bipyridylium salt composition, (BipyH\((Mo6 018)016) .

These crystals of product 3 give X-ray patterns typical 

of one-dimensionally-dis ordered compounds (62); thus, 

it seems at least possible that bipyridyl (and hydrogen 

chloride) may be enclosed in s ome  random fashion within 

the crystal lattice of the single crystals of product 

3 . Because of their most probable c omposition 

(b1pyridyl1wn salts) and the disorder problem, further 

X-ray study of these single crystals was not undertaken .

From its association with product 3 in the 
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identified mixtures (see Table 2) , the crystalline material 

designated as product 4 is most likely to be of similar 

type. 

Product 5 - Amorphous Material In addition to the 

crystalline products described, material amorphous to 

X-rays (section A . 4  (iv) , Appendix A) was obtained.

As indicated on p. 23 ,  it is not easy, in general, to

establish whether amorphous compounds are present in the

mixtures f ound. However, after careful separation of

visibly cry stalline material from the yield of experiment

2 (Tables 2 and 4), it was confirmed that the residual

powder was amorphous . The X-ray photograph of the

latter showed only very faint traces of powder lines.

In only one experiment (number 4) was an amorphous 



product obtained free from all crystalline material . 

The infra-red spectrum of this product showed that it  

definitely conta ined water . However, moisture was 

not found in all samples of amorphous material which 

have been isolated. The bands used in this identifies-

tion were the stretching (�(0-H) ) and bending (& (H-0-H))  

absorptions for water (63) . A further broad absorption 

at 520 cm-1 was also observed in these spectra. This

latter band has recently been tentatively assigned to 

the (Mo-OH2) stretching frequency in these systems (42) .

As a result of the difficulty of interpreting 

analytical data of mixtures , it is not possible to give 

a confident formulation for the amorphous products but 
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one analysis did approximate to a 1 : 1  complex ,  ((Mo6c1a)C14
(Bipy) (H2o) n) 2 > n > 0 ( experiment 4, Table 4) . In

view of the hydration that may also be affecting these 

reactions , a note on the susceptibility of (Mo6c18)c14
to moisture is  appropriate before proceeding with a 

closer examination of the reactions studied. 

2. 3 The Association of Water with Uolybdenum(II) Halides

It has been established (23 ,  42) and further 

confirmed in this work that molybdenum(!! )  halides, which 

are amorphous to X-rays , rapidly absorb moisture from the 

air (up to 1 0� by weight in a 24 hour period) . They 



then lose weight slowly, as if decomposing to give off 

some volatile material, presumably hydrogen chloride 

All the products of this 

exposure show some X-ray powder lines. 

Recent preparations of (Mo6c18)c14, under standard

experimental conditions involving purification via the 

thermal decomposition of the chloroacid in vacuo (23), 

however, showed that product can be seriously 

"contaminated" with water, even after repeated heating 

(in vacuo) up to 350°c .  Further heating above this

tem perature causes degradation to greenish products, 

presumably Mo(III) or Mo(IV) oxides. This has not been 

reported previously. This behaviour contrasts with 

the stability of pure, anhydrous (Mo
6

c1
8
)01

4 
which has 

been shown to be stable up to 800° in vacuo (22).

The water contained in these yields (Batch 3) is 

apparently coordinated to the cluster ( p. 2 7 ) • Such 

coordination seems reasonable since any water of 

crystallization (as in the chloroacid starting material, 

(H3o) 2( (Mo
6

c1
8

) 016) .  6H20) bound by only "long-range"

forces (Van der Waale ., hydrogen-bonding) would most 

probably be driven off under these extreme conditions. 

When water is associated with (Ko6c18)c14 , two

strong characteristic X-ray powder lines are observed 

(d values 7.4 and 7. 0 i) provided the preparation is 
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carrie d out below 300 °0. Above this temperature, 

further dist inct lines appear. Irrespect ive of the 

temperature of preparat ion, these compoun ds are non­

electr olytes in dimethylformam ide. On the bas is of 

one chlor ine analysis of a yiel d prepare d at 300 °0 

these compounds are empir ically formulate d as 

(Mo6c18)c14 (a2o) .

As yet, the exper imental differences between this, 

an d previous preparations in which water wa s not found, 

(Batches 1 and 2) have not been eluc idated. Use of 

chloroacid suppl ied by an independent worker, Kepert 

(64) , also y ielded  the water-coordinated product. It

is conclude d that any difference must ar ise during the

heat ing of the acid  and mi ght therefore re late to the

speed at which the maximum temperature is attained.

Certa in other anoma lous pr opert ies have been 

observed (65) . These can a lso be re lated to the history 

of the (Mo6c18 )c14 or (Mo6c18)I4 used.  For example,

whereas one yield (Batch 1) of (Mo6c18)I4 was of very

low solub ility in both dry (Appen dix A) and wet (solvent 

grade) chloroform, another preparation (Batch 2) of 

apparently the same compoun d was qu ite soluble in both 

these solvents. Another str ik ing example was observed 

when two different samples of the hydrate d dichlor ide 

( " (1106018) 014 (H2o) "), prepare d, it is be lieved, un der
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identical conditions, showed markedly different 

solub 1l ities in the same dry te trahydrofuran. 

the cause of such behav iour has no t been found . 

Aga in , 

Al though attempts were made to unders tand these 

anomal ies, it appears tha t (Mo6c18)c14 and (»06c18) I4
of slightly d ifferent composi tions can result fr om 

very similar exper imental conditions. 

The follow ing br ief examina tion or the reactions 

of bipyr idyl with the (»0
6
018)4+ sys tem, summar ised

in Tables 2, 4 and 5, is presen ted w ith some reference 

to the par t icular prepara tion of (Mo
6
c18 )c1

4 
or

The tables are summar ies and should 

be used in con junc tion with the comple te de tails or 

the s tandard me thods described in Sec tion A.1 of 

Appendix A. 

2 .4 The Reactions of B ipzyidYl with (Mo6c1� and 

il!%Cl8�

Depend ing on the previous history of the (Mo
6
c18 )c14

used , different rea ctions of bipyr idyl an d the d ichlori de

can be distinguished. 

(Batches 1 and 2) was hea ted under reflux with b ipyridyl 

in dry e thanol or dry tetrahydrofuran (exper iments 1 - 3) , 

the bulk produc t ob tained was a mixture of b ipyridylium 

sal ts (products 1 and 2) and some amorphous mater ial 
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(p . 26  ) .

By contrast, the initial precipitate on heating 

the hydrated dichloride (" (Mo6c18)c14(H20)" ) with

bipyridyl in 1etrahydrof'uran , consisted of amorphous 

compound a lone (experiment 4,  Tables 2 and 4) . This 

adduct was filtered off and the filtrate c oncentrated 

on a water bath in anticipation of bipyridylium salt 

formation . Orange-red crystalline plates separated 

on cooling this concentrate . These contained a mixture 

of products 3 and 4 with small amounts of product 2 

(experiment S ( a) ) .  This is surprising since these 

products are water-free bipyridylium salts of the chloro-

acid (pp.  23 ). Large crystals of product 3 were grown 

by further concentration of the mother liquor and seeding 

with a few of the orange plates above. 

The comparative behaviour of some impure molybdenum 

(II)  chloride is also of interest. This "crude" 

dichloride , obtained directly from the initial reaction 

of molybdenum and chlorine in the combustion tube {23) , 

is always amorphous and , necessarily, anhydrous . It 

showed no reaction with bipyridyl dissolved in tetra­

hydrofuran until the reaction solution was heated under 

reflux. A yellow product amorphous to X-rays was 

deposited a long with the crys talline impurities {viz. 

Mo and Moc13) originally contained in the " crude"
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Table 5: Analyses of Products of Experiments of Bipyridyl with (Mo60181!4

!,!p!. 
No. 

1 5

1 6  

1 7

1 8

Reactants + 
Bipyr1dy18 Conditions of Reaction 

Batch 2f Sealed Tube under ni trogen in 
(Mo

6
C1

8
, r

4
T. H. F. , 1 30°0 ,  4 houra8 

Filtrate or Addi tion pet. ether and
20 standing 

Batch 2 Sealed tube under nitrogen,  
(Mo60183 r4 in EtOH , 1 30°c ,  4 hoursA 

Filtrate �f Pet . ether and standing 
1 7

C 

Bulk Chemical Anal.Yseil (%) 
H Cl Mo I- - -

1. 1 o. 8 37.6

1 4. 8  1 .2 32. 6

1 3.2 1 .2 1 6. 7

1 0.6  1 . 0

Theoretical Analyses 

(Mo
6
c1

8
) I4 (bipy)

((Mo
6

c1
8

) I
2

(bipyridyl)
2

) 2I 

(BipyH)2((Mo6Cla) I6 )

7. 88 0. 53 1 8 . ,  37. 8 33.2

1 4 . 3 0 . 95 1 6 . 9 34. 3 30. 3

12.4  0. 9 1 4 .  7 29. 8 39. 4

(BipyH)2((Mo6Cl8)I6 ).2 (T. H. F. ) 1 6.2 1 . 5 1 3. 6 27. 7 36. 7

(llo6C1
8

) I
4

(bipy). 2 (EtOH) 1 0 .4  1 .2 1 7. 6 35. 7 31 .4

� The KEY to  this Table is  the same as that used in Table 4 .
I somorphous d-spacings (Experiment 1 6) ;

0 
1 0 . 6  - 9. 6 (strong) , 

8 . 6 ,  7 . 5 - 7.2 ( strong) , 6. 3 ,  5. 9 A .  

' I

Conductivity 
�c �-1 cm2) 

31 . 7d

0 -50d, <1 1

1 1 0-1 30d, 35-50°

II 

II 

? 

To X-rays 

Amorphous 

Isomorphous to Table 3
product ? ; spectra 

Product 5 ;  800 cm-1
band in infra-red spectrun 

Crystalline Products 3 , 4  

Crystalline 

Crystalline 

d-spa cin� see KEY below

Isomorphous single erystals 
studied (Product 2) isolated 
from thi s expt. 



dichloride. Evaporation of the mother liquor under 

reduced pressure at room temperature gave yellow " sticky'' 

solids. When these were extracted with tetrahydrofuran 

and heated in air, a mixtul'e of crystalline products 2 

and 3 ( Table 3) was obtained. 

The reactions of bipyridyl with the anhydrous tetra­

iodide (Mo
6
c18) I

4 
were also examined for comparative

purposes . Once again, a variety of products was 

obtained ( see Table 5) . It is significant that three 

of these products were isomorphous {by their X-ray powder 

photos) with products 2, 3 and 4 obtained from the 

(Mo
6
c18)c1

4 
reactions. This indicates these reactions

were following similar paths. The X-ray diffraction 

study of the single crystals from experiment 1 7, iso­

morphous with product 2, is described in Chapters 4 and 

6. 

In one of the sealed tube experiments with (Mo
6
c18)1

4

and bipyridyl {experiment 1 5, Table 5 ) , a red-orange 

amorphous compound, which analyzes as a mono-bipyridyl 

complex, was obtained . It is unlikely that this 

compound affords a parallel with the amorphous material 

obtained for the dichloride because it showed a broad 

infra-red absorption band at 800 cm-1 and this is absent

from the spectra of the chloride material. This band 

has been ascribed recently (though tentatively) to a 
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Mo-0-Mo vibration in the (Mo
6

c1
8

)4+ system (42) .

2.5 Discussion 

It is now apparent that both the history of the 

di chloride and the possible presence of strongly 

coordinated water are important in the reactions the 

dichloride undergoes with bipyridyl. In most cases , 

there are obtained mixtures of products which are 

mainly various crystalline forms of bipyridylium salts 

of the chloroacid and an amorphous component which is 

perhaps a mono-bipyridyl complex. In the light of 

these findings it is pertinent to discuss (a) the 

reasons for the unexpected behaviour and (b) results 

previously obtained tor this system. 

(a) Notes on the Course of the Reactions of Bipyridyl

Until the source 

of protons is definitely established , it is difficult 

to propose mechanisms for these reactions. 

Studies of the decomposition of bipyridyl complexes 

of cobalt(II) and nickel(II) chlorides illustrate the 

considerable stability of the ligand (66) . Never the-

less , proton lability in the phenyl rings of a coordinated 

triphenylphosphine complex of a cobalt (I) compound has 

been observed (67) and so the possibility of bipyridyl 

as a proton source cannot be entirely disregarded. 
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A more likely source of protons, particularly 

under the more extreme conditions, is the degradation 

of the solvents . Indeed, decomposition of ethanol 

under milA conditions ( 25°c) to yield the carbon 

monoxide found coordinated in compounds of certain 

transition metals (e. g. iridium, ruthenium) has been 

well established by Vaska (68) , Chatt and Shaw (69}

and others (e. g. in RuBr
3
(GO)(Ph

3
P} 2) ( 68) .

Undoubtedly, small amounts of water present could 

also yield the protons necessary for rapid bipyridylium 

salt formation. Considered in retrospect, it is 

apparent that water in small concentrations would be 

present even under the milder reaction conditions 

(solvent under reflux, 6 5°) although some steps were 

taken to ensure dry conditions (see Appendix A). 

(b) Consideration of the Results of Previous Investiga­

tions Cotton and Curtis (30) have reported a somewhat

analogous reaction product, relevant to this discussion .

When they added an alcohol soluble silver salt to an

alcohol solution of (Mo6c18) c1
4

, the initial precipitate

was a yellow material containing " molybdenum and silver 

apparently as Ag21106c114. nROH" , where ROH was the alcohol.

These workers also experienced some difficulty in 

preparing stoichlcmetrically well defined compounds of 
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Bo th elemental analyses and conductivity data 

on produc ts which are clearly mixture s are of little 

use in compound iden tifica tion. Hence, some doub t 

is cast  on the formulation s of o ther ionic complexes 

(p. 13 and 16) ob tained by Fergusson and o thers (33)

with bo th polydentate !!!,g unidentate ligands , since 

these workers used similar preparative methods to those 

described in this study. It  follow s al so, from the 

suggested mono-bipyridyl complex , that 1: 1 complexes 

of (Mo6c18 ) c14 and ( Mo
6
c1

8
)I

4 
with polyden ta te ligan ds

may be more conrnon than the two repor ted by Robin son 

(tor terpyridyl and diphosphine ( 55) ) .

In addition , the two-stepped po tentiome tric curve 

( 55) of "((Mo6c18)I2(Bipy} 2)I2" with silver ni trate,

in which six labile halogen s were obtained (p.14 ) 

must  now be explained in terms of a mixture of compounds, 

one of which is the bipyridylium aal t (BipyH) 2( ( 110601
8

) 16). 

Clark and o ther s (34) have reported the prepara tion 

of the c omplexe s ((Mo6018) c12(L)2) c12, (L = o-phen or

diar s), by the mixing of the ethanolic solutions of  the 

ligand and the chloroacid, (H3o)2((Mo6c18 )c16).6H2o.
The formulation of the complex with o-phenan throline , 

at  least, seem s unlikely in the ligh t of the preceding 

re sults with bip yridyl. 
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It is noted that the choice of bipyridyl as a 

representative bidentate ligand was an unfortunate one 

because of its ability to protonate easily and, possibly, 

to act as a bridging ligand. Further research with

bidentate ligands should be carried out with a less 

basic ligand, and in this respect, the diarsine complexes 

prepared by Clark et al. (34) suggest some experiments 

wi th this ligand might prove enlightening. 

In spite of the unusual chemical behaviour observed, 

the six-fold coordination of the cluster appears to be 

maintained. Because of the complexity of the system 

etudied, however, no additional evidence about the mode 

of polydentate coordination to the (Mo
6c1

8
)4+ cluster 

was obtained. 

2.6 Experimental Section 

Most experimental measurements can be found in the 

summary Tables �- 5, which should be used in conjunction 

with Appendix A. The following results are presented 

here because they apply specifically to this Chapter. 

(1) Preliminary Study of Single Crystals of Product 3

The cell dimensions of the tetragonal unit cell were

obtained by a least-squares refinement of all cell

parameters using eight independent distances on a 2h h l
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wet film photograph taken on a calibrated precession 

camera ( 70) . The final values were � = ,!? =  1 3 . 1 6 ( 3) ,
0 

c = 27. 66 ( 2) A, (see footnote p . 56) . 

The length of the c axis , c oupled w ith the one­

dimensional disorder perpendicular to it , made accurate 

setting of Weissenberg la yers around this axis difficult.  

The systematic absences noted for the sharp reflections 

( 71 )  weI"e for 001 , 1 I 2n and for hkO , h + k I 2n. 

There was some evidence that 1 00 ,  01 0 and 21 0 were 

present , however.  These above absences are unique for 

the tetragonal space group P42/n (numbeI" 86 ( 72 ( a) ) ) . 

The density of a mixture of thi s form with other 

crystals ( experiment 5 ( a) , !able 2) was measured by the 

gradient tube method ( 72b) - some spread was observed 

but all crystals were within the 2 . 1  - 2. 4 g cm-3 range . 

The calculated density for four molecules/unit cell of 

moleculaI" weight 1 385 , ( (BipyH) 2 ( ( Mo6c18) c16) ) , is
-3 

1 . 91 g cm 

A featu re of this crystal form of passing interest 

is that its space group , cell dimensions and density are 

apparently similar to the structure 

(H3o) 2 ( ( Mo6c18) c14 ( oH) 2 ) .4H20 examined by Brosset ( 1 4) ,

in spite of the great difference in the nature of this 

c ompound. 

37 



(11) The Reactions of Bipyridyl with the Chloroac1d,

Addition of bipyridyl to 

non-aqueous solutions of the chloroacid gives inunediate 

yellow precipitates of various bipyridylium salts 

(Table 2 (11)). Boiling the solvent under reflux usually 

converts these mixtures to the two "pure" eal t f orme 
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Table 6: Iaomorphous Compounds from the Reactions of (Mo6c18)c14 with Ph3Po and Ph_,f

EXt>eriment Reactants Solvent Conditions of Conductivitz Elemental Analzses (�) 
Number Reaction Am• �-1 cm2 C !! !!£ Ql 

1 T. H. F. Room Temperature 16 . 2a 26 . 05 2 . 0  1101
4

, Ph3PO
Addition Xs Pet .  6 . 9b 
Ether 

2 T. H. F. Room Temperature 20 . 48 26 . 08 2 . 1MC1
4

, Ph3P
Addition Xs Pet . 6 . 9b

13 MCl� , Ph3Po ,
Ph3 

14 MC1
4

, Ph3Po

Theoretica l Analw·is 

MC14 (Ph3Po)2

EtOH 

EtOH 

KEY (for Tables in Chapter 3) 
a = in dimethylformamide 
b = in nitrobenzene 
c = average of two measurements 
d = very insoluble 
r = Unless otherw ise stated, a ligand

excess (M. R.= 1 . 0: 2 . 5) was used. 
M. R. = molar ratio ;  Xs = excess . 

Ether . 

M. R. = 1 . 0: 6 . 2: 6 . 98 28 . 03 2 . 2  26 . 9
2 . 6
Sealed Tube4 3 . 5b

M. R. = 1 • 0 : 6 .  0 368 28 . 12 2 . 1  35 . 6  
Sealed Tube4 

< 558, < 15b 27. 73 1 . 9  37. 0 27.4 

aa = average of two measurements not within 1% 
of each other 

1 = Addit ion of solution gave immediate colour 
2 = Andrews ti tration (average) . change 
3 = Boiling point of solvent . 
4 = 5-9 hrs at 130°c with dry ethanol as 

solvent (Appendix A) . 
M = (Mo6c18) ;  T. H. F. = tetrahydrofuran ; EtOH = 

ethanol ; CHC13 = chloroform.



CHAPTER 3 

REACTIONS or {MQG,2lalli4 A1W {M0�all4
WITH UNIDENTATE LIGANDS 

A LIGAND OXIDATION 

3.1 Introduction 

Interest in the reactions of triphenylphosphine 

(Ph3P) with molybdenum(II) chloride ((Mo6c18)c14)

stems from the original prediction ot Sheldon ' s  (22, 24) 

that complexes of triphenylphosphine could not be formed. 

As pointed out on p. 10, there appear to be no suitable 

filled d-orbitals on the molybdenum atoms tor �-bonding 

with ligands. Choosing to disregard the known donor 
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properties of triphenylphosphine, Sheldon apparently 

accepted his unsuccessful reaction attempts with triphenyl­

phosph ine as proof that �-bonding ligands will not 

coordinate to the (Mo6c18)4+ cluster .

On the contrary, Robinson (55) reported that this 

ligand not only formed the norllllll bis-unidentate complex, 

(Mo6c18)c14(Ph3P)2, but promoted the formation of tris­

and tetrakis- monodentate ligand complexes with 

(Mo6c18)c14 such as ((Mo6c18)c13 (Ph3P)3)+c1- and

((llo6c18)c12(Ph3P)
2
(py)2)2+2c1-. These latter "ionic"

compounds seemed to provide good testing of the six-fold 



Table 1 :  Isomorphous Compounds trom the Reactions of (Mo6c181!4 
with Ph3P and Ph3PD

Expt . Reactants Solvent Conditions of Conduct1v1 tz Elellllintal Ana llsis (�)
No. Reaction -� �

Q !! ,!Q Cl .A.m' Q cm 

3 MI4 , Ph
3
P T. H. F. Hea te d under Reflux 31 . 0a 25 . 29 1 . 9  29 . 2  1 4. 9C

( 65 °0) 3 42 . 58

4 MI4 , Ph3P EtOH Heated under Reflux 23 . 8a 25 . 33 2 . 1 30 . 2
( 78 .  5°c)3 2 . 5  hours 

5 MI4 , Ph3P CHC1
3 

Heated under Reflux1
1 3 . 9b 20 . 80 1 .  7

(61°c )3 0 . 75 hours 1 1 . 88

6 MI4 , Ph
3

P CHC13 Room tempera ture 1 1 4 . 88 20. 1 7 2 . 1

Addi tion Xs Pe t . Ether 
7 MI4 , Ph3Po CHC1

3
Room Temperature 22 . 4a

22 . 04 1 . 7 
Additi on Xs Pet. Ether 

8 MI4 , Ph
3
P EtOH Room Tempera ture 9 . 2b 1 9 .  01 1 . 9  

9 MI4 , Ph
3
P e CHC1

3
Hea ted under reflux 45 . 3b 21 . 60 2 . 0 1 5 . 7

1 5 MI4 , Ph
3
PO EtOH M. R. = 1 . 0 : 6 . 0 1 9 . 08 22 . 88 1 . 8  31 . 4c 1 4 . 8

Sea led Tube4 

1 6 MI
4

, Ph
3
Po, EtOH M. R. = 1 . 0 :  6 . 2 :  2 . 6  1 9 . 58 22 . 94 1 . 8

Ph
3
P Sealed Tube 4 

I 

26 . 5 2

26 . 8  
24 . 6  

Theore tica l Analzsie 

MI4( Ph3Po)
2

< 55� <1 5b 22 .45 1 . 6 29 . 9 1 4. 8  26 .4  

m See Table 6 ;  e = (MI
2

(Ph3P)
2

) 2I ( refer ence 55� .



coordination of the { Mo6c18) 4+ cluster , and so a program

of high temperature reactions in sealed tubes was 

undertaken for their preparation ( as discussed in 

Section B of this Chapteri I t  was almost incidental 

to this plan that following an experiment in which both 

triphenylphosphine and triphenylphosphine oxide were 

present , systematic tests showed an unusual ligand 

oxidation had occurred. 

5 . 2  Results and Discussion 

As shown in Table 6 ,  the reactions of {Mo6c18) c14
with triphenylphoephine and triphenylphoephine oxide 

respectively yield compounds that give the � X-ray 

powder photograph . That ie , the products are either 

isomorphous or identical.  Further study of the 

reactions of ( Mo6c18) 1
4 

with these two ligands { Table 7)

indicated a similar pattern with again only � X-ray 

powder photograph resulting from all preparations. 

Although the quality of the X-ray powder photographs 

varied (presumably with the crystallite size of the 

produc ts) , ac curate measurement of all visible lines 

confirmed these identifications. 

Therefore ,  all these compounds could be either the 

oxidised ligand complexes {»06c18) x4 {Ph3Po) 2 or the

reduced ligand complexes ( Mo6c18) x4{Ph
3

P) 2 , where X =
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Cl, I .  On purely chemi cal grounds ,  both of these 

seemed, at that stage,  equally likely. Neither the 

X-ray nor the analytical data served to distinguish

between them. Thus it  was not until the assignment

of all ma jor absorptions in the infra-red spectra

( 1 300 - 230 cm-1 ) of these c ompounds that they were

identified as the oxi dised ligand complexes,

(Mo6c18) x4( Ph3Po) 2 . 

The reactions of triphenylarsine (Ph3As) and 

triphenylarsine oxide (Ph
3
AsO) with (Mo6c18) c14 and 

(Mo6c18) I4 , ewmnarised in Tables 8 and 9, followed an 

exactly analogous pattern. Again , infra-red assign-

ments conf irmed that only the oxidised ligand was present. 

Infra-red Spectra Some diff iculty was experienced 

ini tially in the interpretation of the unique infra-red 

spectrum observed for all the triphenylphosphine oxide 

complexes. Whereas the P-0 stretching absorption 

( v (P�O) ) for the c oordinated ligand is generally f ound 

between its value in the free ligand ( 1 1 91 cm-1 ( 73) ) and 
-1 the phenyl mode vibration at 1 1 22 cm , no maj or

absorption was observed in this region (see Fig . IV) .

Fu rther , the Mo-0 stretching band that might be expected

to aid the ident ification of these compounds occurs in

the far infra-red region ( 500-200 cm-1 ) .  Metal-halogen

stretching absorptions ( in the cluster (Mo6c18) 4+)
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Table 10 • Listing and Assignment of Major Bands of Infra-red Spectra of Ph3E,, . 
Ph3PO, (Mo6c18)m4 (Ph3PQ) 2 and (Mo6c182.4(Ph3Po) 2 

a 

FreguenQ;y 
(Mo6c181I

4
(Ph

3
Po) 2 (Mo6c18 )c1

4
(Ph3Po) 2 Range 

1189 vw 
1163 vw 

( 1050-1200) cm-1 

1124 vs 

1097vw 

1067s 

1056m, sh 

759w 

746m 

( 680- 800) cm-1 728(s) 

693m 

544m 

(400- 600) cm-1 
453w 

420m, br 

a See Fig. IV; Relative intensities 
b See Jensen and Nielsen (73). 
c See Deacon and Green (78) 
:~<,Jii,~~~,!:!,.:\;.,,i~.~ s.,as.si,i;ann.e\l'l:;t.., •. 

1189 w 

1161 w 

1124 vs 

1067s 

761 w 

748m 

728s 

695m 

545m, sh 

538s 

470w 

440br, vw 

420m 

within that particular 
m = medium 
w = weak 
s = strong 
...,.•.":::,.v~~.~ 

Assignmentsb 

* 
* 
* 

"mode qc n, v(P-0) 

* 
v (P-0) 

* 

* 
* 

"mode r" 

* 

v (C-P) as 

"mode t" 

vs (C-P) 
v(Mo-o)d 

Ph3PO 

1166vw 

1122 vs 

1095m 

1191 vs 

1072m 

752m 

747m,sh 

719vs 

695vs 

541 vs 

457, 451w 

Ph~ 

1178w 

1154 vw 

1118vw 

1090m 

1070w 

745vs 

740vs, 
720w 
698, 
692vsC 

433w 

445~ br 423w 

spectrum are listed after each band. 

br = broad 
* = phenyl mode vibrations 



dominate the spectra in this region ( 35) . Some 

comparisons with spectra of known compounds and the 

clear differentiation of the phenyl vibration modes 

( 73) was therefore necessary. The assignments (Table

1 0) confirmed that only triphenylphosphine oxide is

present in the compounds .

Although Sheldon had assigned the v ( P-0) frequency 

in the complex (Mo6c18) c14(Ph3Po) 2 at 1 071 cm-1 ( 26) ,

this is considerably lower than Cotton, Barnes and 

Bannister ( 74) suggest is normal ( 1 1 21 - 1 1 61 cm-1 ) .  

This normal di splacement on coordination corresponds 

to strong metal-oxygen bonds ( i . e .  considerable reduction 

in P-0 bond order) . These latter authors also reported 

that broadening and splitting of the v (P-0) frequency 

can be caused by coupling of the vibrations (giving 

asymmetric and symmetric bands) or by non-equivalence 

in the ligand environments .  

Wilkins and Haendler ( 76) , in fact, state that the 

P-0 frequency in the six-coordinate tin ( IV) halide

complexes of triphenylphosphine oxide is  represented by

at least two bands at 1 1 37 cm-1 and 1 082 cm-1 • A

similar splitting has also been noted for the octahedral

trimethylphosphine oxide complexes of tin ( IV) halides

( 77) , which are less complicated in the region in which 

the v (P-0) frequency occurs . 
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Significantly, the C-H in-plane deformation mode 

absorption (1 1 22 cm-1 ) is considerably enhanced in
-1 these compounds with its max1m\1D at 1 124 cm • It is 

therefore a reasonable inference that a second component  

of the P-0 stretching frequency is coincident with this 

ligand band. The other component is observed as a 

6 -1 strong absorption at 1 0  7 cm • This latter bond , while 

clearly identifiable, lies very close to two other phenyl 

absorptions at 1 072 cm-1 and 1 095 cm-1 (see Fig . IV and

Table 1 0) . 

These assignments were further checked by spectral 

comparison with some known triphenylphosphine complexes 

The identification of the so­

called " X-sensi tive" modes (labelled "q ,  r and s" types) 

as outlined by Deacon and Green (78) also confirmed that 

only triphenylphosphine oxide and not triphenylphosphine 

complexes had been prepared. 
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Assignments of observed absorptions in the triphenyl­

arsine oxide spectra (see Fig . V) were more easily made 

since the only ma jor difference between triphenylarsine 

and triphenylarsine oxide spectra is the As-0 stretching 

frequency found at  881 cm-1 ( 73) . This band in coordina­

tion compounds usually appears in a region (800 - 900 cm-1 )

that is clear of other band& of any great strength (74). 

The compounds in this study were therefore readily 

identified as triphenylaraine oxide complexes from the 



Table 8 :  Iaomorphoua Compounds from the Reactions of (Mo62!8� with Ph.,-Ae and Ph3!,!Q

Ex:12er1ment Reactants 
Number 

10 1101
4

, Ph3Ae

17 IICl
�

, Ph_,Ae0,
Ph3 

18 MC14, Ph3As0

Theoretical Analyaie 

MC14(Ph_,Ae0 ) 2

ID See Table 6 

Solvent Conditions of 
Reaction 

T.H.F. Heated under Reflux 
1.5 hours 

Et0H M. R. = 1.0: 6.0: 2. 5
Sealed Tube4 

Et0H M. R. = 1 • 0 : 6. 2
Sealed Tube4 

Conduc t! v1 tr
A Si? -� cm� :.:m• 

1 "78,c

< 558, ( 15b

Elemental Analzees (�l 
Q !! !2 Q!

26.89 2.0 33. 7  24.5 

27.0 1  2.0 34. 7 24.8 

26 . 25 1. 8 35. O 24 . 7

4.



) 
-1

occurrence of the v (As-0 frequency at 855 cm 

(Fig. V) . A similar che ck of other absorptions 

confirmed such an assignment ( 73) . 

In line with the observation of Cotton and others 

( 74) , the v (Ae-0)  shift in frequency on coordination is

smaller ( 26 cm-1 ) than the v (P-0) shift (67, 1 24 cm-1 ) .

A 420 cm-1 band is tenta tively assigned to the v (Mo-0)

frequency, al though confirmat ion of this , for example by

isotopic substitution , is necessary. Cotton and Curtis

( 30) have assigned v (Mo-0)  bands in this region .

The Source of the Oxygen Three possible s ources of 

oxygen exist: atmospheric oxygen dissolved in the 

solvents , the chemically bound oxygen in the solvents 

( e . g. in ethanol) and f inally any moisture which might 

be present . Calculations of oxygen dissolved in the 

solvents used ( 65 )  indicated insufficient dissolved gas 

would be present for complete oxidation of the coordinated 

ligand. For example , in experiment 6, Table 7, just 

over half ( 2 . 5  cm3) of the necessary oxygen (4 . 5  cm3)

would be present a s  dissolved ga s ( 79) . Further exam-

!nation of these possibilities , discussed below , was

carried out by P. F.  Snowden in this department (42) . 

An attempted preparat ion of the triphenylphosphine 

adduct with deoxygena ted tetrahydrofuren gave the oxidised 

ligand. The same result was obta ined even when sma ll 



Table_2 : Isomorphous C ompounds fr om the Reac tions of (Mo6c18.l.¾, with Ph3As0 and Ph_,!!

Expt. Reac tants 
No. 

1 1 MI
4

, Ph
3
As 

1 2 M I
4
, Ph

3
As 

1 9  MI
4
, Ph

3
Ae0 

20 MI
4
, Ph

3
As0 , 

Ph3P

Theore tica l Analzsie 

MI
4

(Ph
3
As0)

2

KEY See Table 6 

Solvent C onditions 
of Reac tion 

CHC13
1Room Temperature 

Addi tion Xs Pet. 
Ether 

CHC 13 Heated under reflux 
( 61 o0) 3 1 .5  hours

Addi tion Xs . Pe t. 
Ether 

E tOH M. R. = 1 • 0 : 6. 0
Sealed Tube 4 

E tOH M . R. =  1 .0 : 6.4 : 2.5
Sea led Tube4 

C onduct1v itz E lementa l Analzsis (�) "'°m' Q-1 cm2
Q .H Mo C l

21 .81 1 . 7

4. 7b 21 .91 1 .7 29.5 13.7 

46.08 22.07 1.6  

< 558 21 .47 1 .5 28.6 14.1  

( 1 5b

I 

23.8 

25.2 



amounts of peroxide impurity had been carefully removed 

from this solvent. Similarly, the use of specially 

dried and deoxygenated ethanol as solvent gave the 

oxi dised ligand.  It follows that the oxidation cannot 

be attributed to impurities containing oxygen in the 

solvent ruu: free oxygen in the system. 

Snowden' s general con clusion was therefore that the 

formation of triphenylphosphine oxide adducts is highly 

favoured in these systems even to the extent of 

abstracting oxygen from the solvent molecules. However 

the formation of triphenylphosphine and triphenylarsine 

complexes of (Mo6c18)c14 was finally attained by the use

of a dry deoxygenated solvent which did not conta in any 

bound oxygen ( trichloroethylene) in tubes sealed under 

an atmosphere of dry nitrogen. 

Because the dichloride is not soluble in this 

solvent, the sea led tubes were heated to 1 50 °0 over 48 

hours to give more complete reactions. Although the 

products so obtained did not give carbon ana lysis 

figures corresponding to the pure bis- complexes (42) , 

they did give the infra-red absorption spectra for 

coordinated triphenylarsine and triphenylphosphine 

compounds. Corresponding reactions w ith (Mo6c18) 14
were performed in dry deoxygenated chloroform in which 
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the tetraiodide was soluble. Again the triphenylarsine-

and triphenylphoephine-coordinated complexes were 

obtained although small yields precluded complete 

analyses . 

Identification or the Triphenylphosphine Oxide Complexes 

and Conditions for their Preparation It did not always

prove easy to obtain analytically-pure samples of the 

bis-triphenylphosphine oxide complexes of molybdenum( II )  

halides (see Table 7) . Both the nature of the ligand 

oxidati on ( in triphenylphosphine experiments) and the 

difficulties of recrystall ization of the products 

apparently work against the preparati on of " pure" 

compounds .  Nevertheless , some success was experienced 

in the reactions of triphenylphosphine oxide under 

carefully chosen conditions as indicated in Tables 6 

and 7. 

Conclusion This oxidation must cast serious doubt on 

the exact identity of all previously reported triphenyl-

phosphine complexes ( 33 , 55) . The conditions of 

preparation of these latter compounds suggest that the 

oxidised ligand would have been present at least to some 

extent . In particular, the crystalline product of 

composition ( (Mo6c18) I2 (Ph3P) 2) 2I ( 55) as shown in 
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Table 7 had the same powder photo as the (Mo6c18) I4 ( Ph_?0)2 
samples and this must be reformulated in terms of the 



oxidieed ligand. Unfortunately, none of the infra­

red spectra of the other triphenylphosphine compounds 

prepared by Robinson ( 55)  are available. Hence no 

more extensive corrections to their triphenylphosphine 

formulations can be made. 
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B OTHER MONODENTATE COMPLEXES OF (Mo6Clal,Q14 AND

il.%Cl8} I4

5 . 3  Introduction 

Mention has been made of " ioni c" compounds prepared 

by reactions in whi ch sui table monodenta te ligands ,  

notably triphenylphosphine , were heated under extreme 

The characteristic 

of these prepara tions as interpreted by previous w orkers 

( 33) i s  the ionizat ion of one or more of the terminally­

bound halogens to the ( Mo6c18) 4+ cluster in the starting

materials (Mo6c18) c14 or ( Mo6c18) I
4

. Thus , six-fold

coordination to the ( Mo
6c1

8
) 4+ is mainta ined. These

follow ing experiments were aimed at test ing the val idity 

of thi s interpre tation ,  us ing various oxo-ligands ( viz . 

triphenylphosphine oxide ,  triphenylarsine oxide and 

pyridine-N-oxide) .  

5 . 4 The Preparation of " I onic" Complexes 

Although a series of rea ctions under extreme 

conditions similar to those reported by Robinson ( 55) were 

carried out only one eompound of the type sought was 

obtained. In contrast  to these conditions , two further 

" ionic" products were isolated tor a similar rea ction 

system under milder conditions (room temperature) . The 

experimental resul ts of this section are thus presented 
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Table 1 1 : Fur�h.er Analyses of Sealed Tube Experiment Products4

No. Reactants Molar Ratios Elemental Anallses (�l Conductivi t1 Possible 
(M. R. ) C !! !.2 Q! I Am• Q-1cm2 Formulation 

21 MC1
4

, pyNO 1 :  8 .  2 1 2 . 428 8  1 . 3c 45 . 4  34 . 9 - 20 . 1 8 ' C mixture 
MC1

4
(pyN0)2 • 5

22 MC1
4

, pyNO , Phy 1 : 6 . 7: 3. 1 1 5 . 8° 1 . 6° 
42 . 4 32 . 8 - 28 . 1 8 ' C mixture 

MC1
4

(pyN0)3 • 5

23 MI
4

, pyNO , Ph3P 1 : 5 . 2 : 2 . 7 1 3 . 88a 1 . 3c 33 . !f8 1 9 . 3 20 . 2 1 348 , C (MI
2
(pyN0)

4
) I 2

24 MI
4

, pyNO 1 : 10 .0 1 1  . o 1 .0 41 . 4 1 9 . 5 1 5 .0 338, d (MI2(pyN0)3 ) of

Theoretical Analzses 

MC1
4

(pyNo)2 1 0 .07 o . 8 48 . 3 35 . 7  < 558 

(MC13(pyN0)3)cl 1 4 .00 1 . 2 40 . 9  33 . 1  60-808 

(MC12(pyN0)
4

)c12 1 7. 37 1 . 4 38 . 1 30 . 8 1 1 0-1 408 

MI
4

(pyN0)2 7. 70 o . 6 37.0 1 8 . 2 32 . 6  < 558 

( MI3(pyNo)3)I 1 0 . 89 0.9 34 . 8 1 7. 2 30. 7 60-808 

(MI2(pyNO) 
4

) r2 1 3 . 71 1 . 1 33 .0 1 6 . 2 29 . 1 1 1 0-1 408 

KEY 6 -1 See Table ; except f = contains 800 cm broad adsorption in infra-red spectrum. 



in two parts . 

( a) Experiments in Sealed Tubes at Elevated Temperatures

A series of sealed tube experiments were conducted in

which triphenylarsine oxide , pyridine-N-oxide , triphenyl­

phosphine oxide and triphenylphosphine were reacted with

( Mo6c18) 014 or ( Mo6c18) 14 ( see Appendix A) . Even though

the reactants were subjected to temperatures of 1 30° for 

5 - 9 hours , only one "ionic" compound was prepared, 

The details of these reactions 

and their product analyses ( experiments 1 3-24) are 

contained in Tables 6 - 9 in the previous Section of this 

Chapter and Table 1 1  in this Section.  

The above tetrakis-pyridine-N-oxide complex was a 

2 : 1  electrolyte in dimethylformamide ( experiment 23 , 
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Table 1 1 )  and was prepared from the rea ction of ( Mo6018) 14
and pyridine-N-oxide in the presence of triphenylphosphine. 

Its infra-red spe ctrum was normal for coordinated pyridine­

N-oxide (80 ) , with shifts of 42 cm-1 in the N-0 stretch­

ing frequency and 1 1  cm-1 in the N-0 bending frequency

( to lower values) . 

Evidence of progressive substitution of pyridine-N­

oxide was also found for the other experiments with this 

ligand ( Table 1 1 ) . Thus these latter products analyzed 

with compositions intermediate between bis- , tris- and 

tetrakis- coordination to the ( Mo6c18) 4+ cluster .



It was assumed in all these sealed tube experiments 

that the basic cluster ( (Mo
6

c1
8

) 4+ ) was intact . 

Positive evidence for this was diffi cult to find. Thus, 

the rather poor ultra-violet-visible reflectance spectra 

obtained for these products ( 65)  could be described in 

terms of the general bands characterized for the 

It must be reported that , in 

one case , an 800 cm-1 broad absorption (p .  32 ) was found 

in the intra-red spectran obtained for one product of 

these reactions ( experiment 24) . This suggests some 

decomposition of the starting material, (Mo6c18) I4 , 

may have occurred. 

Nevertheless, the normal bis- monodentate complexes 

( Mo6Cla) X4L2, where x is Cl, I and L is Ph3As0 or Ph3P0 , 

were obtained in the sealed tube experiments (numbers 

1 3-20) involving these ligands and the appropriate 

molybdenum(II)  halide . These are non-electrolytes 

and have been dealt with in detail in Section A of this 

Chapter. 

(b) Reactions at Lower Temperatures Two " i onic"

complexes were isolated from reactions at room tempera­

ture for slightly different systems frDm those described

above . The analytical details for these are presented

in sub-section 5 .4 .
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The complex formulated as ( (Mo6c18) I
3

(Ph
3
Po) 2-

(py) ) I  was prepared by the room temperature soluti on 

Both coordinated 

triphenylphosphine oxide ( Secti on A of this Chapter) 

and pyridine (81 ) were observed in the infra-red spectrum 

of this compound. The absorp tion bands of the pyridine 

decreased in relative intensity on pumping the compound 

under high vacuum. Presumably the compound was losing 

pyridine, although it  was not proved whether continuous 

pumping would yield the starting material , ( Mo6c18) c14-

(Ph3Po) 2 . 

The other " ionic" produ ct separa ted from saturated 

ethanol soluti ons of ( Mo6c18) I
4

, triphenylphosphine 

oxide .!M triphenylarsine oxide at  room temperature. 
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The infra-red spectral analysi s of the product indicated 

that  both these ligands were present and coordinated to 

the (Mo6c1
8) 4+ clu ster. Although this product is 

clearly of the ( ( Mo6c18) I3 (L) 3
) +I- type (L is a unidentate

ligand) . by condu ctivity measurements ,  the e xact 

proportion of the two ligands in the total product is 

not defined by the analytical da ta . 



Although it i s  not easy to produce these " ionic" 

comp ounds , the three products prepared support the 

interpreta tion made by Fergusson and others ( 33) of 

terminal-halogen i onization (p .  39 ) .  However , it  is 

much more difficult than these previous investigations 

indicated to anticipate the exa ct conditions in which 

such complexes will  be formed. 

In the maj ority of tris- and tetrakis-unidentate 

complexes that have been chara cterized, one of the 

ligands has been considerably smaller in physical size 

than the othe r ( e . g . pyridine and triphenylphosphine 

oxide) . Thermal dissociation related to s teric 

hindrance effects may therefore be a factor in the high 

temperature reactions of large unidentate ligands with 

molybdenurn( II )  hal ides .  

5 .4 Prepara tive Deta ils of the Two Ioni c Complexes 

Prepared at Lower Temperatures 

Triiodo-bis(triphenylphosphine oxide)-pyrid1ne-octa-u3�

chlorohexamol7bdenum(II) iodide To Mo6c15I4(Ph3Po) 2

(90 mgm) was added 2 ml of dry pyridine . The yellow 

starting material was rapidly converted to a bright 

orange solid which dissolved to form an orange solution .  

The pyridine was removed in  vacuo , wa shed w ith pet . 

ether and ether,  and dried ( 5  minutes) in vacuo . 
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Further pumping ( 1  hour) under vacuum resulted in 

lose of pyridine (by the infra-red spectral bands) . 

Yield estima ted 80%. Found: C = 23. 2 ,  H = 2 . 0 ,  Cl = 

1 4 . 7, I =  23 . 2 . c
41 H

35
c1

8
1

4
P

2
Mo

6
N: C = 24. 5 ,  H = 1 . 8 ,

Cl = 14. 2 I =  25 . 3, %.  Conductivity: In  nitropenzene,

C = 0. 42 x 1 o-3M,  specific conductivity = 1 0 . 6  x 1 0-5 

-1 -1 -1 2 ohm cm , hence Am = 24 . 5  ohm cm • X-rays:

Crystalline, but broad, d > 8 .i, powder lines only. 

Triiodo-bis(triphenylarsine oxide)-triphenylphosphine
i o d  i c:Ae 

oxide-octa-µ3-chlorohexamolzbdenum(II) aieW.ePlae 

The filtrates remaining from the sealed tube experiments 

( numbers 1 5 ,  1 6 , 1 9  and 20) were left standing in a 

500 ml beaker. This compound, which settled out of the 

solutions , must therefore be formed by mixing of saturated
I 

ethanol solutions of (Mo6c18) 9i4 , Ph3Po and Ph3AsO . 

The compound was soluble in dimethylsulphoxide, dimethyl-

formamide and acetone. Found: C = 27. 4 ,  H = 2 . 1 , 

Mo = 25 . 3 ,  I =  1 9 . 1 , Cl = 1 4 . 5 . Calculated: Mo601814 
c54a45As2P1 o3: C = 28 . 3 ,  H = 2 . 0 ,  Mo = 25. 2 ,  I =  22 . 2 ,  

Cl = 1 2 .4 . 

28 . 8 ,  H = 2 . 0 ,  Mo = 25 . 7, I =  22. 6 ,  Cl = 1 2 . 6 ,  % .

Conductivity: In dimethylformamide, C = 0 .46 x 1 0-3Y ,  

specific conductivity = 36 . 8  x 1 0-3 ohm-1 cm-1 , hence 
-1 2 Am = 77. 0 ohm cm •
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Formulation of Bulk Product: 

1 < n < 2 .  X-rays: 

Crystalline; diffuse powder lines observed with 

d-spacings > 8 X .
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CHAPTER 4

THE SINGLE CRYSTAL X-RAY STRUCTURAL ANALYSES OF TWO 

ISOMORPHous SALTS, (C1 o!!g!212((Mo6c18)x6) 1 x = c1, I

4. 1  E!J>erimental Details: Bis{bipyridyliwn) hexachloro­

octa-µ3-chlorohexamolybdate{II)

Yellow crystals of two forms of bis(bipyridylium) 

hexachloro-octa- �-chlorohexamolybdate(II) ,  

(c1 0H9N2)2((Mo6c18)c16) ,  subsequently referred to as

Cl(A) and Cl(B) , were prepared by methods described in 

Chapter 2 (Experiment 2, Table 2; these are products 

2 and 1 respectively , in Table 3). Preliminary X-ray 

and optical examinations showed that the two forms Cl(A) 

(3%) and Cl(B) (30%) were present in a powder mtrix. 

Both forms exhibited the normal extinction of birefringent 

crystals but could be easily distinguished under the 

polarizing microscope . The crystal structure analysis 

of Cl(B) is dealt with in Chapter 5. 

The cell constants � ' £ and � were obtained from a 

least-squares refinement of the setting angles of 23 

strong hOl reflections (28 = 85°) accurately aligned 

using a pinhole collimating system on a Supper equi-

inclination diffractometer. These were subsetuently 

confirmed by a least-squares refinement of all the cell 
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parameters using 44 independent dis tances between 

Friedel pairs on hOl , hkO and Okl precession photographs 

taken on a ca libra ted camera (70) . Final values of 

cell constants were � = 9 . 853(4), Q. =  1 6 . 35(1 ), Q. =  

1 1 . 93(1 ) j ;  � = 1 04. 1 2(4) 0 (see Footnote below) . All 

mea surements were made at  room temperature (20°c) , with 

CuKa radiation, i = 1 . 541 8 i. Unfortunately, accura te 

values for all these constants were not available during 

data collection . An incorrect p_ value was used to 

calculate equi-1ncl1nat1on angles and this led to errors 

which are discussed later in this Chapter . 

Precession photographs of zero and upper reciprocal 

lattice levels indica ted monoclinic symmetry. The cell 

finally chosen had systematic absences hOl when h + 1 I 2n 

and OkO when k I 2n. These absences are uniquely 

consis tent with space-group P21 /n. The density of the

crystals was measured as 2. 39 ± 0 . 08 g cm-3 using a

calibra ted gradient tube made up of carbon tetrachloride 

and bromoform (72b) . The range indicated was that 

obtained for standard solids . For two formula units in 

Footnote : Figures quoted in parentheses throughout this 

thesis are estima ted standard deviations (esd' s) in the 

least significant digits derived from the inverse matrix 

in non-linear least-squares refinement procedures .  
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the cell the calculated density is 2 .45 g cm-3 • Since 

the general mult iplic ity of P21 /n is four , the formula

unit must have a centre of symmetry . 

All crystals were thin tabular ( 1 01 ) , elongated 

along b .  The specimen used . .  for collect ing intensities 

3 was of approximate dimensions 0 . 1 3  x 0 . 1 2 x 0 . 03 nm .

I ts shape could be geometrically def ined by eight 

intersect ing planes,  mea sured to an accuracy of ± 0 . 01 5

mm, for absorption corrections . The mosaicity of the 

crystal was found to be sa tisfactory from the ana lysis 

of w -scans of severa l reflections (82 ) . The l inea r 

absorpt ion coeffic ient for the CuK a radiat ion used 

was 261 . 2 cm-1 ( 72c) ;  transmission coeff ic ients ranged

from 0 . 1 3  to 0 . 52 . Intensity da ta were c ollected on 

a Buerger single crystal Supper diffractometer ( see 

Appendix C) • An w -scan rate of 1 . 667 degrees/minute 

was used and correcti ons were made ,  as indicated in the 

appendi x ,  to those reflections for whi ch printout 

interrupted the scan. The receiving aperture size , 

selected to minimize extraneous background and limit 

the time of collection , was circular, 2 . 1 mm  in ra dius , 

posi tioned 64 mm from the crystal . The counter was 

positioned in 3 degree increments of y ,  up to 93 . 5  

degrees , for all reciprocal lattice layers h01-h91 . 

The pulse height analyzer was set to pass about 85% of 

57 



the CuKa radiation for a take-off angle of 4. 5 degrees .  

Sixteen reflections , well separated in reciprocal 

space, were monitored as standards throughout the 

analysis . No crystal deterioration was detected in 

the data collection , although random drifts in the 

electronics were noted over periods of several days . 

These standards were used to internally correlate the 

data set. 

The two accessible equivalent reflections of the 

monoclinic system were coll ected. In all , 2836 reflec-

tions were recorded; the intensity data were corrected 

for background and assigned standard deviations 

according to the formulae (83)  

o ( I) = ( CT + 0 . 5  (B1 + B2) + (pI) 2) t

where CT is the total integrated count , B1 , B2 are the

two integrated background counts , p is a factor introduced 

to avoid overweighting the very strong reflections , and 

I,  the intensity , is given by I =  CT - o . 5  (B1 + B2) .

The absolute weighting scheme used was w = 1 /(o) 2 , where 

w is the weight of a reflection wi th standard deviation, 

a .  The factor p was initially chosen as 0. 05 but, 

on the basis of a statistical analysis of the agreement 

factors cal culated for ranges of intensity, wa s ultimately 

changed to 0. 09 . 
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Values of I were next reduced to values of F2 by

application of Lorentz-polarization and absorption 

corrections . The intensities of equivalent reflections 

were then averaged to yield 1 41 8  independent reflections . 

The standard dev iation of an average intens ity was taken 

as the larger of the individual estimates or the range 

estimate ( 83) . When the range estimate exceeded the 

average estima te by more than a factor of 3 . 0 ,  the 

individual measurements were re-examined for possible 

collecti on errors ; the result ing independent set 

cons isted of 1 379 averaged reflections , plus 39 

reflections observed only once .  The latter reflections 

were down-weighted by scaling their ca lculated standard 

deviation values by "'2. .  Only the 842 reflections w ith 

intensi t ies grea ter than their standard devia tions were 

used in subsequent analysis ; the remaining 576 

reflections were regarded as not above ba ckground. 

4 . 2  Experimental Deta ils: Bis(bipyrig,ylium) hexa iodo� 

octa- U:3-chlorohexamolybdate(II) 

Crystals of bis (b1pyr1dyl1um) hexaiodo-octa-µ3-

chlorohexamolybdate ( II) , (c1 0H
9
N2) ( (Mo6c18) 16) ,  hereafter

I , were prepared as described in Chapter 2 (Exper iment 

1 7) .  The orange plates were onl y  about 5 per cent of 

the yield, some of the remainder be ing red crys tall ine 
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powder , which gave the same X-ray powder lines . The 

crystals were difficult to separate from the powder . 

The cell parameters ,  a ,  c and 13 , were obta ined by 

the method outlined above (p. 55 ) except 26 reflections 

were involved in the least-squares refinement. 

Separate least-squares refinements of appropriate 

parameters , using distances between Friedel pairs from 

uncalibrated hkO (1 0 reflections) and Okl (1 6 

reflections) precession photographs , reeulted in syste-

mstically lower values . Subsequent calibration and 

correction for film shrinkage produced satisfactory 

agreement between the dimensions obtained by these two 

methods . All measurements were made at room temperature 

20°c,  using CuKn radiation X = 1 . 541 8 X. Final values 

of cell constants were a =  1 0. 23(1 ) ,  b = 1 6 . 74(6) , 

Q. = 1 2 • 36 ( 2) j ;  f3 = 1 0 3 .  3 ( 1 ) o.

Precession photographs (hk.O , Okl) and Weissenberg 

photographs (hOl , h1 1 ,  h21) established the same 

systematic absences as for Cl(A). The observed density 

was found to be slightly greater than 2. 9 g cm-3 by

flotation . Thie is consistent w ith the calculated 

dens ity for two formula units per cell (3. 1 2  g cm-3) .

All these data demonstrate that the compounds Cl(A) and 

I are isomorphous. Thi s fact was not immediately 

obvious , even in hindsight, from their powder photographs. 

60 



An elongated plate with approximate dimensions 

0. 1 8  x 0.08 x 0. 04 mm3 was washed free of powder and

mounted with the longer face parallel to the goniometer

head axis . The crystal shape could be geometrically

defined by nine intersecting planes , mea sured to an

accuracy of ± 0. 01 5 mm, for absorption corrections .

The crystal habit was the same as for the Cl(A)

crystal.

Reciprocal lattice levels h01-h1 1 1  were collected 

and mechanically integrated onto multiple films using 

a Nonius Weissenberg camera wi th CulCa radiation at 

room temperature . Only reflections up to a Bragg angle 

of 50. 0 degrees were measured. Very few reflections 

were observed above the diffuse background at higher 

angles . The plateaux of 1 363 reflections , and adjacent 

background areas , were measured using a single beam 

photometer and a galvanometer calibrated to read 

intensities directly. A further 507 reflections , too 

weak to measure, were not included in the structure 

refinement. 

Correlation data , for scaling the Weissenberg 

layers , were collected manually on the diffractometer 

described (Appendix C) using the same crystal . The data 

were recorded over a continuous period of 1 8  hours, 

wi th sample reflections used to check counter stability. 
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For each layer , a simple average of ratios from 5-1 0 

measured reflections was used for the c orrelation .  

Thi s  method was quite satisfactory f or most reciprocal 

lattice layers as shown by the final agreement factor 

analyses . The exception was the h1 1 1  layer for which 

the 5 medium to weak reflect ions did not give a very 

good scaling rat io .  

The intensi ties were corrected for Lorentz and 

polarization effects and for absorpt ion. The linear 

absorption coeffic ient was 544 . 7  cm-1 ( 72c) and

cal culated transmi ss ion coeffic ients ranged from 0 . 05 

to  0 . 20 .  The we ighting scheme f inally used i n  the 

structure refinement was: 

w = 1 /(A + B F
0 

+ C F0

2 + D F0 
3)

where w i s  the weight of a reflect ion w ith observed 

structure factor F0, A =  1 47. 9 ,  B = -0 . 405 , C = 0 . 0055 

and D = -0 . 000002 . 

4 . 3  Solution and Refinement of the Structures 

In the full matrix least-squares refinements the 

function minimized f or refinement on F O 
was Zw (  j F  O 1 - 1 F0 1 ) 2

and on F
0

2 was Zw (F
0

2 - F
c

2) 2, where I F0 I and IF0 j are

the observed and calculated structure ampli tudes and w 

i s  the weight for each reflection.  The agreement 
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factors R1 , R
2 

and R3 are def ined as R1 = z( I IF O I - IF cl I ) t1:I F0 � 

R
2 

= ( zw (  I Fo l - 1 Fc l ) 2/ z w 1 Fo l 2) ½  and R3 = 



z( IF 2 - F 2 1 ) /� 2 . 
0 C 0 

The scattering factor tables used for chlorine , 

nitrogen and carbon were those tabulated for self­

consistent wave functions and for molybdenum and 

iodine for the Thomas-Fermi-Dirac Statistical model 

( 72d) . The values of t:.f ' and M" for molybdenum, 

chlorine and iodine , used for correcting for anomalous 

dispersion ( 84) , were those given by Cromer ( 85) .

Although the isomorphous replacement method was 

inapplicable because of the unknown positions of the 

replaceable atoms , the isomorphous nature of the two 

crys tals permitted use of the difference Patterson 

procedure . Since this latter method is not regularly 

used in X-ray crys tallography, it is briefly outlined. 

The Difference Patterson The Patterson function , 

P ( u ,v ,w) , can be evaluated at a series of poin ts u, v , w  

filling the unit cell at regular intervals using the 

expression 

P (u, v ,w)  = ! Z h  Z k  Z l  jF ( hkl) 12coa27t(hu + kv + lw) 
C 

where V
0 

= volume of the unit cell , and I Fhkl 12 is

p�oportional to the observed intensity ( 72e) . In a 

continuous Patterson synthesis , peaks occur at the ends 

of vectors from the origin which also represent inter-
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atomic vectors in the crystal structure. The heights 

of these peaks are approximately proportional to the 

product of the atomic numbers of the contributing atoms. 

To simplify the description of a difference 

Patterson , consider two iaomorphous three-atom crystals 

NAB and MAB; M and .N occupy the same positions in the 

two structures which are otherwise the same. Consider 

the simple case in which the unit cells of both structures 

centain only one molecular unit (NAB or MAB). 

Let two capital letters AB represent the peak in 

Patterson space corresponding to the vector between two 

atoms A and B in the crystal structure. Ordinary 

Patterson peaks for the two crystals are tabulated: 

MAB: D, AA, �, li, � , AB ;  �, AA, �, il, �, M 

�: NN, AA, �, n, �, AB ; NN, AA, �, il , �, M 

The semi-colon divides the two centl'01WfflDletric vector sets 

in each structure. Subtraction of the second Patterson 

from the first , a difference Patterson,  gives the peaks: 

MM-NN,  li-NA, MB-� (plus the centr.oaymmetrically related

peaks).

The meaning of a term like MA-NA is that the height 

of this peak is the difference between the heights of 

peaks MA and NA. This difference is the same as (M-N)A. 

The residual peaks, therefore, can also be represented by 
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MM-NN, (M-N)A, (M-N)B (plus centr�1mnetrically related 

peaks). Hence for each atom in MAB, there is a peak 

in the difference Patterson representing the vector 

from M to that atom; further, this peak has a weight 

exactly equal to the peak the atom would have in the 

electron density map of the unit cell, scaled down by 

( M-N ) . 

Two other features are worth noting. Whereas the 

standard Patterson synthesis for a crystal of n atoms 

per cell has n2-n non-origin peaks, the difference 

Patterson has only n non-origin peaks plus their centro­

symmetrical equivalents, i. e. a total of 2n peaks. 

Secondly, to calculate the difference Patterson it is 

necessary to set the j F
0

j 2 ' s  for both crystals  on the 

same scale. 

Application to this Analysis The difference Patterson 

is essentially, therefore, a map of the crystal structure 

in which the replaceable atoms are (successively) moved 

to the origin. The replaceable atoms in the I and 

Cl {A) structures are the terminal halogens, each bonded 

to one molybdenum of the Mo6 octahedral cluster with

the scaling factor ( M-N ) above equal to 36 electrons 

(I-Cl). Therefore, images of the well characterized 

molybdenum octahedra close to the origin of the cell 
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were anticipated. 

Both data sets were placed on an absolute scale 

using Wilson ' s  method ( 86) . The difference Patterson 

was then computed as a single Fourier synthesis, using 

appropriate Fourier coefficients: 

P ( UVW) = ! 
Ve 

.Zh Zk .z1 I F'' (hkl) I 2cos2?C(hU + kV + lW)

where I F" (hkl) 1 2 = I F 1 2 - I F 1 2 

o I o Cl(A) 
and sub-

scripts I and Cl(A) indicate the intensity data from 

the two structures. This map was plotted in three 

dimensions using glass plates for each section.  One 

of the Mo6 octahedra was inmediately obvious. 

Excellent initial models, for both structu res , were 

obtained by displacing the centroid of this cluster to 

a centre of symmetry in the real unit cell. A 

concomitant displacement of the origin from vector space 

produced trial coordinates for one of the three independ-

ent replaceable atoms. Refinement of the Cl(A) 

structure using these atoms resulted in a value for R1 
of 0 . 31 • 

Successive applications of conventional difference 

Fourier syntheses and least-squares refinements revealed 

all the non-hydrogen atoms in the Cl(A) structure and 
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of agreement factors for the reciprocal lattice levels 

hOl to h91 lead ultimately to the re-determination of 

cell constants as mentioned above (p .  56 ) .  The 

incorrect value of b used to calculate equi-inclination 

angles had introduced slight systematic errors into the 

data which could be accommodated by refining separate 

scale factors for each layer. With isotropic 

temperature factors and rigorously correct accounting 

for anomalous dispersion , the refinement converged with 

R1 = 0 . 1 1 6 , R2 = 0 . 092 .

These values were not as low as had been predicted 

on the basis of internal agreement between equivalent 

forms during data processing. Although this could be 

taken as an indication that an anisotropic thermal 

model was required, it was considered better to obtain 

evidence from the correlated data set of I before such 

calculations were attempted. 

The fractional coordinates from Cl(A) were now used 

in refining the structure I .  Starting from R1 = 0 . 52 

and R2 = 0. 85 , the refinement converged normally with 

all atoms isotropic, to give values of 0 . 1 5  and 0 . 1 8  

respectively for these agreement factors . At this 

point an F
0 

Fourier synthesis was plotted onto glass 

plates for the I structure and showed the terminal i odine 

atoms to be vibrating anisotropically and normal to the 
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molybdenum-iodine bonds. By refining anisotropic 

temperature factors for the three terminal iodine 

atoms, values of R1 and R2 converged to 0. 1 1 2  and 0.1 37

respectively. The chemical reasonableness of such 

vibrations, along with this highly significant drop in 

the weighted R-factor R2 (87), were taken as justification

for this thermal model. 

For reasons which have been outlined by others 

(83) the Cl(A) structure was next refined on F0
2, with

the terminal chlorine atoms allowed to vibrate aniso-

tropically. The agreement factor R3 was . 1 51 .

The two lowest isotropic temperature factors for 

atoms in each bipyridyl ring of each structure, 

indicated chemically reasonable nitrogen atoms. 

Refinement of both models resulted in values for these 

isotropic temperature factors which were similar to those 

of the ring carbon atoms. 

Attempts to refine the I structure using multiple 

scale factors produ ced no significant improvement in 

either the agreement factors or changes in the model. 

The final residuals were R1 = .1 1 0, R2 = .1 35 ;  indicated 

shifts in parameters were not greater than 0.07 of 

their esd' s except for 0(5) and 0(6) which were oscillat­

ing with shifts less than 0.30 of their esd ' s. 

The Cl(A) structure was refined on F
0

2 to give
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converged values of 0. 097, 0. 086 and 0. 154 respectively 

for R1, R2 and R3• The constancy of iwa2, where a =

I F0 1 - I Fc l '  for various ranges of F0 indicated the

weighting scheme was a good one (75). The final error 

in observation of unit weight was 0 . 906, indicating that 

the estimated standard deviations from experimental 

measurements were slightly high. Indicated shifts in 
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parameters were less than 0 . 02 of the ead's for the heavy 

atoms, and less than 0 . 05 of the eed's for the light atoms. 

Final difference Fouriers were calculated for both 

structures. The highest 15 peaks of both maps, ranging 

from three-quarters to one-half the height of the last 

carbon atom located, were at chemically unreasonable 

positions leas than 1. 8 R from heavy atoms. Only 4 

peaks common to both maps, at less than half carbon atom 

heights, could be regarded as possible atomic sites. 

They could not be refined as hydrogen atoms because 

of the .higher residual peaks mentioned, and it was 

decided that nothing more of chemical interest could 

result from the attempt. Similarly, although the moly-

bdenum atoms could be refined anisotropically in both 

structures the models did not alter in any chemically 

significant fashion. 

Tables 12 , 13 and 14 present the final positional 

and thermal parameters for the Cl(A) and I structures 



respectively. The root-mean-square amplitudes of 

vibration derived from the thermal parameters for the 

terminal halogens for both stru ctures are listed in 

Table 1 5 .  Tables 1 6 , 1 7  contain the corresponding 

final values of !Fo l and I F0 1 ( in electrons) . 



CHAPTER 5 

THE X-RAY CRYSTAL STRUCTURE ANALYSIS OF A SECOND 

5. 1 Experimental Data: Bis(bipyridylium) hexachloro­

octa-f:1:3-chlorohexamolzbdate(II} , Cl(B) 

The preparation and optical properties of this 

compound, Cl(B), have been detailed on page 55. All 

constants were obtained by the least-square procedures 

outlined in Chapter 4. Data were collected at 20°c, 

on Polaroid film with CoKa. radiation ( A = 1. 7902 i) and 

on wet film with CuK a radiation ( A = 1. 5418 i) , using a 

calibrated precession camera. Final dimensions were: 

a = 1 0 • 2 75 ( 4) , b = 1 3 • 0 71 ( 9) , C = 14 • 0 7 ( 2) j; {3 = 
-

-

92. 10(3)0 •

The systematic absences noted from hOl, h11, h21 

and hkO precession photographs were: hOl when h + l I 
2n, OkO when k I 2n. These absences are uniquely 

consistent with space group P21/n, which has a general

multiplicity of four. The observed density measured 

in the same gradient tube as Cl(A), was 2. 39 g cm-3•

As the calculated density for two formula units per unit 

cell is 2. 42 g cm-1, the �pace group requires each

molecule to have a centre of symmetry. A characteristic 
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tabular, (-1 01 ) elongated b ,  crystal of approximate 

dimensions 0 . 05 x 0. 30 x 0 . 20 mm3 was washed free of 

powder and mounted with the b axis parallel to the 

axis of the goniometer head. The crystal shape was 

defined by the measurement of nine intersecting planes, 

to an accuracy of 0 .01 5  mm, for making absorption 

corrections. 

Reciprocal lattice levels h0l - h81 were collected 

and mechanically integrated onto multiple films using a 

Nonius Weissenberg camera and CuKa radiation at room 

temperature .  All reflections up  to  a Bragg angle of 

50. 0 degrees were recorded; only reflections observed 

significantly above background at higher Bragg angles 

were measured. 

The plateaux of the 1 686 observed reflections, and 

adjacent background areas , were measured using a single 

beam photometer and a galvanometer calibrated to read 

intensities directly; initial inter-layer scaling was 

done on the basis of exposure times. A further 347 

reflections were not measurable above background and 

were not included in the structure analysis. 

The intensities were corrected for Lorentz , 

polari zation and absorption effects. The linear 

absorption coefficient was 257 . 8  cm-1 ( 72c) and calculated 

transmission coefficients ranged from 0 . 092 to 0 . 38 .  

Complete details of the refinement procedures have 
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been given for the iodo compound, I ( Chapter 4) .

In this case, the coefficients used for the final 

weighting scheme were A =  20 . 2 ,  B = -0 . 59 ,  C = 0 . 00693 

and D = -0 . 000002 . 

5 . 2  Solution and Refinement of the Structure 

Standard information relevant' to this section such 

as the function minimized in least-squares refinements 

and definitions of R1 , R2 and R3 are detailed at the 

beginning of the corresponding section (4. 3) in 

Chapter 4.

The ( Mo6c18) cluster has symmetry m3m with 24 

orientations equivalent by the operations of this point 

group . It was considered possible that this cluster, 

in random orientation about a crystallographic centre of 

symmetry, would constitute a trial structure which could 

be refined as a rigid group . The computer program CUGLS, 

used for this special calculation has been described in 

detail by its originators ( 88 , 89) . In this unusual 

application, the Mo6c18 cluster was constrained to its 

established geometry (pp .  2) and its centroid fixed at 

the origin of the unit cell . The only parameters 

allowed to vary were five scale factors for the different 

Weissenberg levels , individual isotropic temperature 

factors for the seven independent atoms required to 

define the group , and three angles ( 0, e and p) which 
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defined the group orientation. Initially, a limited 

data set consisting of 943 reflections (h01-h41) was 

used in refinement on F 0 •

Scale factors and conventional agreement factors 

behaved normally during this procedure. Group parameter 

shi fts during each cycle are detailed in Table 18. It 

is interesting to note the outrageous temperature 

factors and apparently random parameter shifts up until 

cycle 3. At thi s point one orientation angle (e) was 

nearly correct and, in cycle 4, the other two angles and 

several temperature factors made decisive shifts towards 

their final correct values. Initial and f inal values 

of the variable group parameters are given in Table 19. 

The overall shifts in orientation angles were large and 

demonstrate the power of group refinement to effect 

much greater changes in trial atomic positions than can 

be achieved by conventional refinement of individual 

positional parameters. The value of R1 obtained by this

method was 0.34 . 

Teets with other random initial orientations were 

not encouraging. Successful alignment of the group 

depended, in apparently unsystematic ways, on the choice 

of axes for an internal group coordinate system and on 

the divergence of initial orientation angles from their 

correct values. High symmetry situations, for which 



this procedure might be expected to yield correct 

structures , are extremely rare. A systematic mapping 

of those regions of (0, e ,  p) space from which success­

ful refinement could be achieved was not attempted. 

All three structures described in this thesis provide 

material for such an investigation of the general 

applicability of the method. Large amounts of computer 

time would be involved however , and the author is 

pessimistic about the value of the results. 

Two successive difference Fourier syntheses and 

least-squares refinements located the remaining non-

hydrogen atoms. These were refined using carbon 

scattering factors for all the bipyridylium ring atoms. 

The lowest resulting temperature factors indicated 

chemically-reasonable nitrogen atoms. Normal refine-

ment of scale factors and individual atomic parameters 

led to values of 0 . 074 and 0 . 094 for R1 and R2 
respectively. 

At this point three terminal chlorine atoms had 

uniformly higher isotropic temperature factors than the 

cluster chlorine atoms. Examination of a difference 

Fourier map suggested that the former were vibrating 

anisotropically and normal to the molybdenum-chlorine 

bond. All other major peaks on the difference map 

corresponded to chemically impossible positions close to 
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molybdenum atoms. 

The three chlorines were therefore refined with

anisotropic temperature factors , resulting in values 

of 0.069, 0. 088 for R1 and R2 respectively. Although

inter-layer scale factors were refined , the chemical 

reasonableness and the resulting drop in the weighted

R-factor (R2) justified the use of this model. After

correction of the weighting scheme coefficients to 

their final values the refinements converged so that R1
and R2 had values 0.061 and 0.074 respectively ; all

shifts in parameters were less than 0.01 of their eed' s. 
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A difference Fourier showed that no further chemically­

significant improvement could be made to the model. Of 

the highest 40 peaks found, ranging in height from half 

to one quarter of the last carbon atom located (1.0 -

0. 5 e/A3) ,  the top 16 were less than 1.6 j from a

molybdenum atom. Of the remaining 24, only 4 were not

less than 1.8 i from the other heavy atoms and their

coordinates were not those expected for hydrogen atoms,

with one exception; hence no attempts were made to

refine hydrogen atom parameters.

Final values of all positional and thermal parameters 

are presented in Tables 14 .& 20. In Table 21 the final 

values of I F0 \ and \Fe \ (in electrons) are listed for 



all measured reflections. The root-mean-aqua.re 

amplitudes of vibration derived from the thermal 

parameters of the terminal halogens are presented 

together with those for the I and Cl(A) structures in 

Table 15. 
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CHAPTER 6 

DESCRIPTION AND DISCUSSION OF THE THREE STRUCTURES, 

6. 1 Nomenclature

The three salts, whose X-ray crystal structure 

analyses have been presented in Chapters 4 and 5 ,  

consist of discrete ( ( Mo6c18) x6) 2- and (c1 OHgN2
) +

(bipyridylium) ions. Figures I and II (opposite page 

2) , and VI ( over) show the nomenclature and b onding in

the anion and the cation (without the hydrogen atoms)

respectively. Atoms related to labelled atoms by

the crystallographic centre of symmetry at the centre

of the aniom are denoted by asterisks in the tables,

all of which are collected in sequential order of

reference in Appendix D.

6 . 2  The {(Mo6c181x6) 2- Anion
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All intramolecular distances within the ( ( Mo6c18) x6) 2-

anions of the three crystals are contained in Table 22. 

The structure of the ( Mo6c18) cluster as originally

described by Broseet ( 1 4, 1 5 )  has been noted (p . 2) .  The 

Mo-X bond to each remaining X atom is perpendicular to 

the appropriate c14 cube face ( see Figure I) .



Fig'Ul'e VI: Atom labels for 
the bipyriq.ylium cation 



The weighted mean (90) distances and angles in 

Table 23 are those based on idealized Oh symmetry. 

All the corresponding distances agree within the errors 

quoted by Schafer, Schnering et al. (13) for (Mo6c18) c14
,

(Table 23) . In particular, the Mo-Mo and Mo-X (X = Cl) 

bond distances are constant, with weighted means over 

the four structures of 2.606(1) and 2.423(1) R 

respectively. The corresponding Mo-X (X = I) distance 

is 0.31 j longer. This agrees well with the difference 

between the covalent radii (16) of iodine and chlorine 

atoms (0.34 .i) .  

The size of the idealized cube is significantly 

different for the ((Mo6c18)c16) 2- and ((Mo6c18) 16) 2-

anions. The non-bonded Cl-Cl and the bonded Mo-Cl 

distances are longer for the latter compound by 0.03 

(3 o) and 0.024 (60) j respectively. Similarly the mean 

Mo-Cl-Mo angle is 0.8 (4 o) degrees smaller for the 

((»06c18) 16) 2- anion. It is exceedingly unlikely

that such small differences will affect current inter­

pretations of the bonding in the cluster (Section 1.6, 

Chapter 1) . Further precise studies of the (Mo6c18) 4+

cluster, with different terminal ligands (X) , would be 

needed to confirm that the dimensions of the cluster can 

be altered. 

Table 24 shows that each molybdenum atom in these 
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structures is significantly outside the appropriate 

018- cube face. Corresponding to this, the mean

X-Mo-X angle for the three crystals is 92 . 2 ( 1 ) degrees.

Brosset' s report (15) of this deviation from the cubic

face-centered position is thus confirmed. Again,

these deviations are small (0.1 R) and of no obvious

consequence to current theories of chemical bonding

( p . 1 1 ) .

6. 3 The Bipyridylium Cation, (C1 o!!�2t:_
Tables 25 and 26 contain the intramolecular bond 

lengths, their weighted means, and angles in the 

bipyridylium cations of each structure. No symmetry 

is required for the independent cation in each case by 

the space group. 

Although the weighted mean C-C and C-N distances 

are normal for bipyridyl ( 91 ) ,  some individual deviations 

from these distances are obvious (e. g. in structure I, 

Table 25). Deviations of similar magnitude have been 

reported previously for bipyridyl in a Cu(II)-bipyridyl 

complex ( 92 ) . The internal ring bond angles are all 

within one estimated standard deviation of the ideal 

value (120 degrees, see Table 26). 

The c5a4N rings are not very distorted from the

best calculated mean planes in the three structures (see 
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FigUI'e VII: P£oject1on showing ions centred on the (1 01) plane for Cl(A) and I .  
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Tables 27, 28, 29). The rings are twisted from true 

cis conformations by similar amounts w i th an average 

dihedral angle between the two rings of one cation of 

1 3  degrees. Similarly, as accented in Fig. IV, the 

C(3)-C(2)-0(2 ') angles are significantly greater than 

the N(1 )-C(2)-0(2 ') angles in both unprimed and primed 

rings in all the structures (Table 26). Thus the 

weighted means over the three crystals for the former and 

latter angles are 1 24. 0 and 1 1 4. 5  degrees respectively. 

6. 4 Packing of the Ions

The ionic packing appears to be dominated by the 

b�lky anions, which are centred on the (1 01 ) planes in 

expanded "hexagonal close-packed" layers ( see Figures 

VII , VIII). Packing of hexagonal layers of (Mo6c18) c16
2-

anions has been reported previously (1 8) . The cation 

molecules are centred on the conventional trigonal 

positions in these layers .  Within one such layer, 

each bipyridylium cation is surrounded by three closest 

anions and each anion by six closest cations. 

Examination of Figures VII, VIII indicates that the 

difference in the two structural forms lies in the 

orientation of the bipyridylium cations . The vector 

C(2)-C(2 ') for the I and Cl(A) structures is nearly 

coplanar with the (1 01 ) plane and approximately parallel 

to the b axis. Corresponding to this , the d-spacings 

81 



Figure VIII :  
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for the ( 1 01 )  planes are 6 . 63 and 6 . 93 j for Cl(A) 

and I respectively. 

By contra st , the C ( 2) -C( 2 ' ) vector in the Cl(B) 

crystal is approximately normal to the ( 1 01 )  plane and 

perpendicular to the b axis . Obviously, the inter-

layer spa cing in  this  structure would be expected to be 

and is , considerably greater ( 8 . 1 6  i) than for the Cl(A) 

structure. 

The closest inter-ionic conta cts for the three 

structures are listed in Tables 30 and 31 . The number 

of i ndependent contacts up to 3 . 8  j is approximately the 

same, although a greater number of cation to clu ster 

chlorine conta cts are observed for the I and Cl(A) 

structures . I ndeed , the cell volumes ( a nd densities) 

of the two chloromolybdic(1I I )  acid salt forms are 

signifi cantly different ( 1 875 , 1 900 R 3 for Cl(A) , Cl(B) 

respectively) . 

From the above relationships between stru ctures 

Cl(A) and Cl(B) , it might be expected that the Cl(A) 

form would be the more stable because of its more 

effi cient packing. However the particular preparative 

conditions (slow cooling of the rea ctants over 1 2  hours 

from 1 30°0 ,  see p .  22) favoured the Cl(B) form. It i s  

also likely that other crystalline modifications of these 

salts may exist corresponding to other packing arrange-
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ments of cations (viz. products 3 and 4, Chapter 2). 

Not many suitable contacts for hydrogen bonding 

between the nitrogen atoms of the cation and the cluster 

halogens (X or Cl) (93) are observed (e.g. N(1') and 

X(3) in Cl(B), Table 31). In any case such bonding 

to iodine atoms in structure I is unlikely. All the 

evidence from these three analyses suggests that the 

atomic arrangements are determined by the packing of 

the bulky anions. 
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APPENDIX A 

LABORATORY PROCEDURES 

A . 1  Standard Preparative Methods 

All c ompounds were stored in desiccators over 

phosphorus pentoxide. 

were prepared by the method described by Sheldon (23). 

(1) Sealed Tube Experiments

(0.3g) and (Mo6c18)r4 (0. 35g) were placed in a 1 2  inch

long Pyrex tube of 9/16 inch bore, which was then 

stoppered. J ust prior to the addition of the ligand(s) 

disso.lved in 2 - 5 ml of dry solvent (ethanol or tetra­

hydrofuran), about 6- 8 ml of the solvent was added to 

partially dissolve the (Mo6c18)014 or (Mo6018)14•

Irrrnediately after the additions , dry nitrogen was flushed 

through above the solut ion for half an hour; the tube 

was then sealed. 

During the controlled heating in an electr ic furnace, 

the tubes could be removed and inspected for complete-

ness of reaction. After allowing them to cool (up to 

8 hours), the tubes were broken open and the products 

washed out with further dry solvent. Excess ligand 

was leached from the solid us ing dry benzene for tri­

phenylphosphine and tr1phenylarsine oxi de  and excess 

dry solvent for pyridine-N-oxide , bipyridyl and 
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triphenylphosphine oxide. The compounds were dried 

under high vacuum ( 1 o-4mm Hg).

(11) Reactions at Room Temperature (20°c) Up to 150 mg

of (Mo6c18)c14 (or (Mo6c18)r4) dissolved in up to 40 ml

of dry solvent (tetrahydrofuran or ethanol) was treated 

with excess ligand (2.5 - 3.0 molar ratio excess) 

dissolved in the same solvent (2 - 5 ml). If a precipi-

tate did not form on standing, excess dry petroleum 

ether, ligroin or diethyl ether or a combination of 

these was added to yield solids. Filtration, removal 

of excess ligand and drying was achieved in the same 

way as (1) above. 

(111) Reactions under reflux Reaction solutions (11)

above were often heated under reflux (with a side-valve 

drying tube) for half to one hour (unless otherwise 

stated). On cooling, precipitated products were 

collected as above. Frequently it was necessary to 

assist precipitation by the addition of a lees polar 

solvent. 

A.2 Analytical Procedures

The sample to be analysed (0.03 - 0.10 g) was 

decomposed with ammoniacal peroxide (5 - 15 ml) or by 

fusion with sodium hydroxide (0. 2 g), sodium peroxide 

(0. 2 g) and sodium carbonate (0. 5 g) in a nickel crucible. 
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Molybdenum Molybdenum was determined gravimetrically 

as the oxinate Mo02(c
9

H60H)2 ( 94) .

Halogen ( 94) Halogen was determined mainly by potentio­

metric titration with silver nitrate using Shimadzu Type 

3, Baldwin or Radiometer Copenhagen pH meter-22 

potentiometers. Iodide titrations were conducted in 

slightly basic or neutral solutions; chloride titrations 

were always in dilute acid (by addition of dilute nitric 

acid). 

Volhard and �ndrews titration methods were also used. 

Molybdenum interferes with the more usual gravimetric 

method. 

Carbon and Hydrogen These ana lyses were carried out 

at the Microanalytical Laboratories of Otago University, 

Dunedin. The reproducibility of results for a Ph3Po

complex was a satisfactory 0. 3%. 

A. 3 Purification of Solvents and Ligands

Benzene and Ether The solvents were sodium dried. 

Ethanol Ethanol was fractionally distilled. The 

fraction (boiling point 78 - 79°c) was stored over freshly­

dried molecular sieves. 

Chloroform Completely dry chloroform was prepared by 

Dr J. Ayers by fractionally distilling A. R. chloroform 

from calcium chloride, collecting the fraction at 61°c. 
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A. R. grade chloroform that had been kept over moleclllar 

sieves for at least 3 days was used for most work. 

Dimethylformamide (95) Dimethylformamide was mixed 

with about 10% by volume of dry benzene. The benzene 

was removed with difficulty at 80°0 and the dimethyl­

formamide left over barium oxide for several days. 

It was then fractionally distilled at 15 - 20 mm pressure 

and the middle fraction retained; it was stored over 

molecular sieves and its specific conductivity was 

always of the order 1.0 - 2. 0 x 10-7 ohm-1 cm-1•

Dimethylsulphoxide Dimethylsulphoxide was purified by 

Dr J. H. Hick:fl.oI'd; it was left over phosphorus pentoxide 

for one day and fractionated at 20 mm pressure. The 

middle fI'action was stoI"ed over molecular sieves, 

specific conductivity ":'-' 3.0 x 10-7 ohm-1 cm-1•

Ni tI'obenzene A. R .  nitrobenzene was allowed to stand 

over molecular sieves for five days before use; specific 

conductivity (not measurable) < 1 o-8 ohm-1 cm-1

Petroleum Ether Petroleum ether (boiling point 50-

7000) was left over phosphorus pentoxide for five days 

and distilled. 

Pyridine Pyridine (BDH A. R. grade) was kept over 

potassium hydroxide pellets. 

Pyridine-N-oxide Pyridine-N-oxide was vacuum distilled 

by Dr A. M. Brodie to remove moisture. 
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Tetrahydrofuran Tetrahydrofuran (Light and Co . )  was 

fractionally distilled from lithium aluminium hydride 

and the middle fraction, boiling point 65 - 66°0, was 

collected and stored over sodium wire. 

Other Ligands All other ligands were obtained 

commercially in purified form: Bipyridyl (Ivor Watkins 

Dow, melting point 70 -71°0); Triphenylarsine (Fluka AG), 

Triphenylarsine oxide (Koch-Light), Triphenylphosphine 

(Light and Co.) and Triphenylphosph1ne oxide (Koch-Light). 

A.4 Physical Measurements 

(1) Conductance Measurements

Am• is defined by

The molar conductivity, 

A = 1000 (k- ko) where k and k0 are the specificm C 
conductivities of the electrolyte and solvent respectively 

(k = cell constant ) and o is the concentration of theresistance 

electrolyte in moles/ litre. Some representative values 

for solvents used in this work follow (ohm-1/cm2) (55).

Salt tzye D. M. F. DM,S,O, PhN02 Acetone Alcohol

1 :  1 60-80 50-70 15-30 90-120 60-80 
2: 1 110-130 100-130 35-50 150-190 120-160
3: 1 160-180 55-75 220-240 200-240 

The resistances of solutions (concentration 0. 1 -

1.0 x 10-3M) and solvents were measured on a Philips
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PR 9500 Conductivity bridge at 25°0 using a dip-type 

conductivity cell with shiny platinum electrodes. 

The cell was calibrated with a standard potassium 

chloride solution at 25°0 (96). 

Most compounds were recovered unchanged ,  as 

indicated by X-ray powder photographs, from the 

conductivity solutions by the addition of excess of a 

mixture of approximately 90% petroleum ether and 10% 

diethyl ether (65) . Amorphous materials were not 

analysed owing to the smallness of the recovered sample. 

Recovery from dimethylformamide is very slow, requiring, 

in some cases, 3 hours for sufficient sample for an 

X-ray powder photograph.

(11) Infra-red measurements The diagnostic value of

infra-red spectra, particularly for the presence of

water, has been adequately reviewed , for example by

Nakamoto (63) . Spectra (4000 - 400 cm-1) were run on

a Perkin Elmer 337 spectrophotometer using nujol and 

halocarbon mulls. The KBr pellet techni que was also 

used on some samples. 

( -1) Low frequency spectra 500 - 200 cm were

recorded on a Grubb Parsons DM4 spectrophotometer. 

All the spectra obtained in this region were dominated 

by the (Mo6c18) cluster stretching frequencies and

proved of little use in examining the nature of metal-
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ligand bands ( 35) .

(111) Ultra-violet and Visible Spectra (97) Solid

state (diffuse reflectance) spectra (98) were measured

on a Beckman DK2A spectrophotometer using a reflectance

attachment with a magnesium oxide reference. D ilution

of the sample with magnesium oxide was sometimes

necessary (99) .

In general, the spectra obtained were apparently 

not as definitive as those collected by Robinson ( 55)

on a Hilger Uviepek with reflectance attachment. In 

the author's experience this latter instrument worked 

manually probably gives better spectral peaks for moly­

bdenum(II) compounds although eertain irreproducibility 

was noted ( 65) .

(iv) X-ray Powder Photography (100) Since the use of

X-ray powder photography as a " finger-print" technique

is well established (101 ), details of' the diffraction

geometry will not be presented here. Some molybdenum

(II) compounds showed no d iffraction pattern or very

faint broad "halos" . These compounds are labelled

" amorphous" ; the usual reasons (102) are (a) a random

distribution of molecules within the unit cell such that

there is no periodicity of structure or 

crystallite size ( < 100 i). 

(b) small

Two compounds are iso-structural if  the relative 
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positions of the lines are similar. The experience 

of the author, as mentioned on p. 60 , is a warning 

against the use of X-ray powder evidence in a negative 

way viz. that two crystals are not isomorphous. 

The compounds were ground to a fine powder and 

packed into either Lindenann glass or soda glass tubes, 

around 0.3 mm bore. The samples were then mounted 

firmly in the centre of a Philips Debye-Scherrer camera 

(radius 57. 3mm) and exposed to CuKa radiation for 

3-9 hours .
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: 
I I 
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I CORLS WABS ••F I ObL E SHNORM : 
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I 
I
I
I
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I I I I 

RBANG •SEEK  I MAGE
I I 
I I 
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I 
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CUGL S I 
I 

CUC I L S

I 1 
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! I L i ST RANGE R 

r.---------- -
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i 
I 

*ORTEP DANF I 

CALCULAT IONS MAY PROC EED BY ANY SEN S I BL E  ROUTE  WH ICH DOES  
NOT PASS UPW ARDS THROUGH A PROGRAM NAME  OR  AGA I N S T  AN  ARROW 
•• THESE PROGRAMS WERE WR ITTEN  BY �HE AUTHOR

PREL I M I NARY I NVtST IG AT IONS OF CELL CON STANTS 

PREPARAT I ON OF I NPUT CATA SHEETS ANO CORRE SPOND I NG 
CARDS ( B LANKS ) FQR HANC PUNCH ING OBSERVED INTENS I T IE S  

F I L� F ACTOR SCAL I NG ,LP  A N C  OPT I CNAL ABSORP T I ON CORRECT IONS 
PREPAR A T I ON AND UPCA T I NG F I L E  FCR I N PUT TO L-S CALCULAT I ON S  

WE I SSEN�ERG ABSORP T I O� CORRECT I ONS \ CORRELAT ION1 SCAL ING1 
SHAR P E N I NG FOR PATTERSON OR NOR MAL SEO STR�CTURE FACTOR S 

O ! RECT  ME THODS FCR  PH•SE C E TERM I N A T lON ( SYMBOL IC  ADD I T ION I 

FCU � J E R  SUM�AT I ONS I NCLUO [NG PA J TERSONS ANO GENERAL PLANE

� 

DER !VA T ! CN CF PCS I T l O�AL COORC JNATES  OF ATOM S 
I N  Ri G I D GROUPS ANC FROM PAT T ERSON MAPS 

FUL L-MA TR I X  LS R E F I N E � ENT  OP T I ONALLY I NCLUC ING R I G I D  GROUPS 

GENEKAL F I L E L I S T IN� ANU ANAL YS I S  OF WE IGH T I NG SCHEME S 

CRYSTAL AND MC LECULAR GEO�E TRY I NCLUD ING TABL E S  OF 
D I STANCES AND ANGL ES ANO F I GURES SU I TABLE FOR PUBL ICATION 

• TH E S E  pROGRA�S ARf N C f  Y E T  WORK ING ON THE 360/��



APPENDIX B 

THE UNIVERSITY OF CANTERBURY COMPUTING SYSTEM FOR X-RAY

CRYSTAL STRUCTURE ANALYSIS 

B.1 Introduction

This referenced summary is presented here because 

this University of Canterbury Computing System has not 

been described previously and the author took a signifi­

cant part in its construction. Table 32 opposite 

illustrates the flow of information through each program 

in the system. Those programs marked with double 

aster isks (**) were the sole concern of the author and 

are described in greater detail below. 

B.2 The Computing System

Calculations are carri ed out on an IBM 360/44 

computer with 16K words of core storage and twin 2315 

disc storage dl"ives. A comprehensive range of computer 

programs has been adapted to this hardware. Table 33 

(over) lists the original programs and, where possible, 

their authors. Although many of these were originally 

written for 32K word machines they work in the smaller 

core with little reduction in capacity and speed through 

extensive use of phase overlay procedures. 
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Table 33: 

Local 

RRTRIC 

DSPACE 

DATLST 

SUPIN 1
LISUP J

CELGLS 

DP3 

SUPOUT 

WABS 

CORLS 

SHNORM }
SAP 

FORDAP 

CUCILS 

RANGER 

RBANG 

COOLS 

FILIST 

CORFFE 

DANFIG 

University of Canterbury Computer Programs in Normal 
Order of Use 

Derived
from 

CAXR1 2 

NRC-21 

DATLST 

CUXR-2 

ORGLS 

DP3 

GNABS 

NRC-4 

FORDAP 

{ 
ORFLS
NULS4
UCILS

RANGER 

RBANG 

NUGLS 

ORFFE-II  

SADIAN
ORTEP 

Authors 

W. T. Robinson 

M. E. Pippy

w. c. Hamilton (Brookhaven Laboratory) 

W. M. Macintyre, M. Werkema , B . R .  Penfold
and P. W. B. Einstein 

W. R. Busing , K. O.  Martin and H. A. Levy 

W. C. Hamilton (Brookhaven Laboratory)

G. J. Gainsford

c. w .  Burnham and J. A. Ibers 

K. Emerson 

S. R. Hall and F . R .  Ahmed 

A. Zalkin

W. R .  Busing, K. O. Martin and H. A. Levy
J. A. Ibers 
R. J.  Doedens 

P. W. R. Corfield 

S. F. Watkins 

R. J. Doedena and J. A. Ibers 

P . R. Ireland 

W. R. Busing , K. O. Martin and H. A. Levy 

W. H. Bauer 
C. K. Johnson

MEAN PLANE NRC-22 M. E.  Pippy and F . R .  Ahmed



Most large crystallographic calculations, particu­

larly Fourier syntheses and least-squares ref inements, 

can be structured so that only part of the computer 

program need be core resident at a given time. Thus 

maximum storage becomes available for the variables 

required when handling large numbers of atoms or large 

cells. The overlay technique has a further advantage 

that program functions can be extended almost without 

limit, regardless of core size. For example a 

structure-factor least-squares program can be made to 

present one table analysing parameter shifts over many 

cycles of refinement, and another listing the final 

values of atomic parameters and their errors in perfectly 

publishable form. A fourier program can be made to 

print or plot, numerically or alphamerically or graph-

ically, in any desired direction. The stored summation 

answers can be searched and interpolated for accurate 

coordinates of positive peaks and negative troughs. 

Comprehensive tables of interatomic distances and bond 

angles, and many rough perspective views of the trial 

structure, can be produced rapidly on a line printer, 

using output from both these calculations. Such 

automation ultimately eaves computer time on large and 

small machines alike and 1s superior to stacking a 

succession of small programs which will necessarily 
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involve many transfers of large amounts of common 

information via external storage devices. 

B . 3  

( 1)  

Programs Written by this Author 

SUPIN and LISUP These single-phase programs 

calculate the Weissenberg equi-inclination angle 

settings, y (azimuthal) and w (spindle rotation) , for 

X-ray reflections in any crystal system. Outputs from

SUPIN are sorted files or reflection data which facilitate

rapid collection of intensities using either automatic

or rmnual scanning modes on the Canterbury University

semi-automated Supper Equ1-1nclination Diffractometer

(CUSED , Appendix C) . Files from LISUP are generated

from input cards , for the collection of a specified

limited data set.

(11) SUPOUT SUPOUT is a multiple-phase program, with

two main functions : (a) processing CUSED output data with

optional corrections for Lorentz-polarization effects,

counter drift, crystal decomposition, counter dead-time 

and spherical absorption , (b) averaging crystallograph-

ically equivalent reflections. Predicted agreement 

factors for the structure are calculated by statistical 

analysis of the agreement among averaged reflections. 

Within either of these sections, the output magnetic 

tile can be updated; i.e. the new data can be added to 
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that previously written. 

(1 1 1) SORTUP This single phase program sorts standard 

reflection data on a magnetic file into ascending order 

on Sin e. This utility is only used for crystals with 

certain space-groups (e . g. hexagonal) to order equivalent 

reflections for SUPOUT (ii(b)). 

(iv) FIDDLE This single-phase data-alteration program

performs all minor ad justments and transfers of standard

data sets.

(v) DIFPAT DIFPAT is not listed in Table 32 or 33

because it is a specialized program. It finds all

reflections w ith common Miller indices from the two data

sets of isomorphous crystals, rescales both data sets

to the same absolute scale (Wilson (86)) and outputs the

necessary coefficients for a difference Patterson

synthesis. This program was limited to the monoclinic

system geometry.

B. 4 Acknowledgements

The writer wishes to thank the original authors of 
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APPENDIX C 

THE CANTERBURY UNIVERSITY SUPPER EQUI-INCLINATION 

DIFFRACTOMETER (CUSED) 

C. 1 Introduction

The X-ray diffraction analyses of crystal Cl(A) 

(Chapter 4) was the first structure solved using 

reflection data collected on the Canterbury University 

semi-automated equi-inclination diffractometer. Since 

the author spent considerable time in both designing 

and implementing the CUSED operational procedure, some 

of the features of this instrument will be briefly 

described. Complete details are contained in the 

operating manual written by this author (103). 

C. 2 Scanning Geometry

The equi-inclination geometry has been fully 

described by Buerger (104, 105) and therefore will not be 

repeated here. The total divergence of a diffracted 

beam from a normal crystal is around 2°, at an azimuthal 
0 angle, y, of 140 .  Since the usual counter aperture 

is 4°, there is a high degree of tolerance in the y, 

scintillation counter arm, setting. Relatively crude 

stepping of the counter (± 1/6° for this instrument) is 

therefore allowable. Collection of data is by the 
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moving crys tal, sta tionary c ounter technique. 

C. 3 The Au tomation

Th e au toma tion consists of tw o progranmed discs 

con trolling the coun ter {y) and crystal {w) ro tation 

motors. Ou tpu t is prin ted on a KIENZLE prin ter. By 

a relay system, the following cycle is carri ed ou t 

through each reciproca l lattice layer (1 ) w -scan, wi th 

coun ting, at fi xed y angle, (2 ) change of y(coun ter 

arm ) angle wi th crys tal stationery and coun ting stopp ed. 

Machine settings all ow any desired reciprocal volume to 

be examined. A saf ety stop ureven ts th e y mo tor from 

driving the coun ter over the maximum r angl e po ssibl e 

(146 degrees) in to a collision wi th th e X-ray tube shi eld. 

This au tomation is designed to work wi th the Philip s 

el ec tronic panel containing an au tomatically resetting 

scaler and prin ter system . A time constant is  set, 

usually to 60 seconds. A t  thi s interval the printer 

li sts the accumulated counts and resets th e scal er. 

The print-out, c on sequ ently, gives in tegrated in tensities 

in the form of an hi stogram. That is, th e sum of coun ts 

across the peaks minu s the background equals th e inte­

gra ted inten sity. 

c. 4 The "Dead" Time

Unfortunately th e C USED system ha s an approxima tely 

½ second "dead" tim e during this prin t-ou t proc ess, when 
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no counting is done. An examination of prepared 

histograms for strong reflections showed that significant 

(and non-systematic) counts are lost if the print-out 

occurs near the time of highest counting rate. The 

simple empirical correction routine built into program 

SUPOUT (Appendix B) assumes that a plot of counting rate 

(counts/sec) against time for a reflection approximates 

to the sides of an isosceles triangle , w.here the base 

of the triangle represents the background counting level 

(106). Analysis of the corrections calculated on this 

basis, which can be up to 10% of the total count, showed 

they were of the right magnitude for the observed 

mosaic spread of the crystal under study. However, 

all strong reflections, in particular, should be centred 

within one integrated count to avoid building non-random 

errors into the data set. 

C. 5 Operating Procedure

The only manual interference required in automatic 

mode besides the orientation of the crystal and synchron­

ization of the various electronic and mechanical 

components is (1) the setting of the equi-inclination 

angle and (2) the interpretation of the print-out. 

The former operation takes only a few minutes, usually, 

and the listed counts can be rapidly interpreted with 

the aid of a cardboard scale in conjunction with the 
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SUPIN lineprinter listing (Appendix B). All necessary 

figUI'es are transferred directly into spaces on this 

listing, which also contains further information 

sufficient for manual dialling of the reflections. 
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C.6 Some Advantages of the CUSED System over Film Methods

Although the CUSED system requires more constant 

supervision than film methods (for example, in the 

regular checking of standard reflections) the data set 

obtained is potentially better for the following reasons: 

(1) an internally-correlated data set is obtained .

(2) the strongest reflections are measured much more

accurately.

(3) an estimated standard deviation (o) based on counting

statistics can be calculated for each intensity

measured.

(4) a rapid check is available of the crystal centring

(mounting) and the corresponding setting of all

reciprocal lattice layers.

(5) a greater volume of the reciprocal lattice sphere

can be examined ( v up to 50 degrees) with �

setting of the crystal.

(6) the data collection in automatic mode is much easier

physically on the operator, although the time

involved is similar to film methods. 

ing is over three times as fast.

THE LIBRARY 
UNIVERS:TY OF CANTER'BUR.T 

RISTCHURCH, N.Z. 

Manual diall-



(7) the crystal characteristics can be examined in

deta il , although crystals are always aligned

approximately using film methods.

(S) this w-scan technique is sat isfactory for highly

mosaic crystals, whose intensities would be

difficult to integrate onto f ilms (1 07).

The CUSED system could be further improved by the

use of a stepping motoI' to avoid the inefficient w ­

scanning of empty reciprocal space, the punching of the 

output data onto cards or paper tape and eliminating the 

printer " dead" time. 
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APPENDIX D 

TABLES FROM CHAPTERS 4, 5 AND 6 



Table 1 2  : Final Positional and Thermal Parameters for 

Isotropic Atoms of Cl(A) 

!12!!! X }i. !. B 

Mo (1 ) 0 . 61 59 (4) 0. 5838 (2) 0.5673(3) 1 . 88 (8) 

Mo(2) 0 . 6523(4) 0.431 9 ( 2) o . 51 80(3) 1 . 82 (8) 

Mo (3) 0 . 4770(4) 0.4689 (2) o .  641 8 (3) 1 .  73(8) 
01(1 ) 0 . 4857( 1 1 )  0. 6738 (6) 0 .41 1 1  (9) 2 . 8 (  3) 
01(2) 0. 551 2 (1 2) 0 . 3856 (7) 0. 31 98 (1 0) 3.4(  3)

Cl(3) 0. 2234 (1 1 ) 0 .4560(7) 0 . 551 2 (9) 2 . 5 (2) 

Cl(4) o.  7327(1 1 ) 0 .4833(7) o . 71 61 (9) 2 . 5 (3) 
N ( 1 ) 0. 236 (4) 0. 476 (2) 0. 999 (3) 4 . 7(1 0) 
0 (2) 0 . 1 59(4) 0 . 503 (3) 0 . 900(4) 1 . 9 (9) 

C(3) 0. 065 (5) 0.447(3) 0. 808 (4) 4 . 0(1 1 ) 

C (4) 0. 043(5) o .  375(  3) 0. 840(4) 3.4(1 1 ) 
0 (5) 0 . 094 (7) 0 . 345 (3) 0. 945 (6) 7. 5 (1 6)

C(6) 0. 1 93 (5) 0. 392 (3) 1 . 031 (4) 4 . 3(1 2)
N( 1 ' ) 0. 307(4) 0 . 620 ( 3) 0. 954(4) 4. 8 (1 0)
0 (2 ' ) 0 . 1 97(4) 0. 589(3) o. 878 (3) 2 .0(9)

0 (3' ) 0 . 1 33(4) o . 633(3) 0. 786 (4) 2 . 5 (1 0)

0 (4' )  0. 1 75 (4) o .  71 2 (3) o .  773(3) 2 . 3(1 0)

0 (5 ' ) 0 . 282 (5) o .  747(2) 0. 852 (4) 2 .  7(1 0)

0 (6' ) 0 . 363 (5) 0. 697(3) 0. 939(4) 3 . 2 (1 1 )
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Table 13 :

!!-2!!! 

Mo (1 ) 

Mo(2) 

Mo (3) 

01 (1 ) 

01 (2) 

01 (3) 

01(4) 

N( 1 )  

C(2) 

0(3) 

0 (4) 

C (5) 

C (6) 

N(  1 ' ) · 

0 (2 ' )  

C (3' ) 

0 (4' ) 

0 (5 ' ) 

C (  6 ' )  

Final Positional and Thermal Parameters tor 

Isotropic Atoms of I 

.! z 

0. 6061 (4) 0 . 5844(3) 

0 . 6491 (4) 0 .4358 (3) 

0 .4779 (4) 0 . 4685 (3) 

0 .4787(1 2) 0 . 6700 (8)

0 . 5621 (1 2) 0.3879 (8)

0 . 2282 (1 1 ) 0 . 451 7(8)

o. 71 96 (1 2) 0 .4879 (8)

o .  21 2 (  6) 0 .485 (4) 

0 . 1 45 (  1 0) 0 . 51 0 (6) 

0 . 061 (6) 0.459 (4) 

0 . 031 (7) 0 .387(5) 

0 . 1 1 3 ( 10) 0 .362 (7) 

0 . 1 72 (  1 0) 0 . 426(7) 

0 . 297(5) 0 . 61 5 (4) 

0 . 1 86(  6) 0 . 583(4) 

0 . 1 1 5 (6) 0 . 629 (4) 

0 . 1 73(7) o .  71 0 (5)

o. 281 ( 8) 0 . 738 (5) 

o. 349 ( 7) o . 687(5)

.! J1 

o .  5650(  3) 3. 05 ( 8)

0 . 51 69 (3) 3. 27(8)

0 . 6361 (3) 3. 07(8) 

0 .41 55 (1 0) 3. 9 (3)

0 .321 6(  1 0) 3. 5(3)

0 . 551 8 (1 0) 3. 2 (2)

o. 71 02 ( 1 0) 3. 7( 3)

0 . 71 0 (1 ) 7 . ( 1 )  

0 . 894(8) 1 0 . ( 3) 

0 . 821 (5) 6. ( 1 )

o. 854 (6) 7. (2) 

0 . 975(9) 1 1 . ( 3) 

1 . 030 (8) 1 0 . (2) 

0 . 943(5) 7 . (1 )

0 . 874(5) 5 . ( 1 )

o . 780 (6) 6.  ( 1 )

o.  762 ( 6) 7 . (2)

o. 838 ( 7) 8. (2)

0 . 928 (6) 7. ( 2)
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Ttble 1!i :  Final Positioyl and Thermal Parameters for Anisotro�ic Atoms in I1 Cl(A)

!!21!! Pos itional 
X 1 z 

X( 1 )  0. 7607(4) o. 71 06 ( 3) o. 6654(4)

X ( 2) 0 . 871 9 ( 5) 0 . 341 1 ( 3) 0 . 5402 (4)

X( 3) 0.4422 ( 6) 0.4221 (4) o . 8378 (4)

x ( 1 ) 0 . 7664 ( 1 3) o. 6936 ( 7) 0 . 6588 ( 1 0)
X( 2) 0 . 8526 ( 1 2) 0 . 3437( 7) 0 . 5382 ( 1 1 ) 

X(3) 0 .4437( 1 2) 0 .4251 ( 7) 0 . 8286 (9)

X( 1 )  O .  71 09(4)

X ( 2) 0 . 8334(4)

X (3) 0. 3598 (4)

0 . 691 1 (4) 0 . 6969 ( 3)

0 . 3066 (3) 0 .4899 ( 3)

0 . 3260 ( 3) 0 . 7320 ( 2)

and Cl,Ull 

8 

131 1 13 22 

Structure I 

1 4 . 8 ( 6) 5 . 1  ( 3) 

1 5 . 4 ( 6) 8 . 5 ( 3) 

21 . 5 (8 )  9 . 1 (4) 

Structure Cl(A) · 

1 4( 2 ) 2 . 8 (8 )  

8 ( 2 ) 4 . 6 ( 8) 

1 2 ( 2) 4. 3 ( 8) 

Structure Cl(B) 

1 2 . 8 ( 5) 7 .0 (4) 

1 1 . 6 (4) 6 . 5 (4) 

1 3. 3(4) 6 . 5 (4) 

Thermal (X 1 Oj 
1333 

1 0.4 (4) 

1 3. 6 ( 5) 

1 0 . 8 ( 5) 

6 ( 1 )  

1 0 ( 1 )  

5 ( 1 )  

131 2

-2 . 0 ( 3)

4.4(4)
1 . 2 (4)

-2 .4 (9)

5 ( 1 )

0 . 2 ( 9)

131 3 1323

-2 . 7(4) -1 .4 (2 )

-0 . 9 (4) -1 . 0 (  3)

0 . 1 (5)  o .  8 (  3)

o . 7 (9) -3 .  7(8)

4 ( 1 ) -0 . 9 ( 7)

3(  1 ) 1 . 6 (  7)

6 . 1 ( 2) -1 .4 (3) -0 . 8 ( 3) -1 . 9 ( 2 )

7. 7 ( 2) 3. 7( 3) o . 8 ( 3) 0 . 3( 2)

4. 8 ( 2) -1 . 2 ( 3) 1 . 0 ( 2 ) 0 . 8 ( 2) 

8 The form of the anisotropic ell ipsoid is exp- '31 1  h
2 + 13

22
k2 + 133312 + 2131 2

hlt + 2 � 3hl

+ ;3ltl ) _., 
i 



Table 15 : Root-Mean-Square· Amplitudes of Vibration, j ,  

for the terminal (X) atoms of ((Mo6c18) x6) 2-

Atom � I Cl(A) Cl(B) 
-

X{ 1 ) 1 0 . 1 92 { 5) 0 . 05 { 7) 0 . 1 97{ 6) 

2 0 . 289 { 6) 0 . 26 { 2) o .  271 { 5)

3 0 . 345 { 6) 0 . 28 { 2) 0 . 280{ 5) 

X{ 2)  1 o .  231 { 6) 0 . 05 { 7) 0 . 1 83{6) 

2 o .  31 2 { 6) 0 . 26 { 2) o .  275 { 5)

3 0 .400 { 6) 0 . 30 { 2 )  0 . 293 { 5) 

X{ 3) 1 0 . 265 ( 6) 0 . 1 4{ 3) o .  201 { 5)

2 0 . 351 { 6) 0 . 24 { 2) 0 . 245 {6)  

3 0 . 366 { 7) 0 . 26 { 2) 0 . 273 { 5)
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Table 17 Final Values of IFo I and We I f'or Structure I 
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co Table 1 8 : 

Parameter 

� ( degrees) 

e ( degrees) 

p ( degrees) 

B ,  Mo ( 1 ) _i 2 

B ,  Mo ( 2) R 2 

B ,  Mo ( 3) i
2 

B ,  01 ( 1 )  j 2 

B ,  01( 2) _i 2 

B ,  01 ( 3) R 2 

B ,  01 (4) R 2 

Rigid Group Refinement�Shitts 

1 2 .2 
o . 6  2 . 3  -1 . 5  

-2 . 1  -6 . 1  -1 2 . 5  

-0 . 3  -2 .4 0 . 4  

2 . 1 1 6 . 8  -0 . 63 

-0 . 61 -0 . 30 0 . 59 

-0 . 1 1  1 . 36 1 .42 

2 . 26 7. 20 1 6 . 52 

2 . 36 6 . 1 4  -2 . 25 

5 . 6  21 .  81 1 9 . 21 

4. 0 1 3 . 1 3  -7. 83 

Qzcle Number 

!I: 2 6 1 8 
-1 4 . 5 -1 . 5  -o . B  -0. 2  +0 . 3  

o . 6  -0 .4  -0 . 1  -o .o  o . o  

1 4 . 0  2 . 0  0 . 9 0 . 2 -0 . 2  

-1 3 . 0  1 .  7 1 . 6 1 . 6 1 . 1  

0 . 5  1 . 0 0 . 2  o . o  o . o  

-5 . 0  1 . 3  1 . 0 0 . 3  o . o  

-22 . 0  -3 . 2 0 . 3  -0 . 3  -0 . 2 

-0 . 81 -4. 0  0 . 7  o . o  -0 . 1  

-47. 8 2 . 0  0 . 5  -0 . 1  -0 . 1  

-1. 5 0 . 1  0 . 1 -0 . 1  -o .o  



Table 19 : Initial and Final Parameters of Rigid 

Group Refinement 

Parameters 

�, (degrees)

e ,  (degrees)

p , (degrees) 

B, Mo(1) j 2

B, Mo(2) j 2

B, Mo(3) R 2

B, 01(1) R
2

B, 01(2) j 2

B, 01(3) j 2

B, 01 (4) R 2

Initial 

133. 0

117. 9

-79. 8

1. 5

1. 5

1. 5

1. 5

1 . 5

1. 5

1. 5

Final 
(8 Cycles) 

118. 2

97. 0  

-65. 9

2. 0

2. 8

1. 9

2. 0

3. 7

3. 6

3.4

Oyerall shift 

14. 8

20.9 

13. 9

109 



Table 20 : 

Atom. 

Mo( 1 } 

Mo ( 2} 

Mo (3} 

01 ( 1 } 

01 ( 2} 

01 ( 3} 

01 (4) 

N(1 ) 

0 ( 2) 

C( 3) 

0 (4) 

0 (5) 

0 ( 6) 

N( 1 ' )  

0 ( 2 ' ) 

0 (3 ' ) 

0 (4 ' ) 

0 ( 5 ' ) 

0( 6 ' ) 

Final Posi tional and Thermal Parameters f or 

Isotropic Atoms of Ol(B) 

X 3. 

0 .591 0 ( 1 } 0. 5836 ( 1 } 

0 . 6427( 1 }  0 .41 52 ( 1 ) 

0 .4391 ( 1 }  0 .4250 (1 } 

0 . 5090 (3} o .  7323( 3}

0 . 6066 ( 3} 0 .41 1 4 ( 3) 

0 . 221 4( 3) 0 .4295 ( 3) 

0 . 6620 ( 3) 0 .4263( 3) 

0. 21 9 ( 1 ) 0 . 1 24 ( 1 ) 

0 . 274 ( 2) 0 . 030 ( 1 } 

0 . 248( 2} -0. 040 ( 2)

0 . 1 58( 2) -0 .01 0 ( 2)

0. 1 05 ( 2) 0 . 083( 2)

0 . 1 32 ( 2} 0 . 1 52 ( 2)

0. 390 ( 1 )  0 . 86 ( 1 )

0 . 361 ( 1 ) 0 . 004( 1 )

0 .408( 2) -0. 092 ( 2)

0 .487( 2) -0 . 1 05 ( 2}

0 . 51 3 ( 2) -0 . 01 8(2)

0 . 467( 2) 0 . 077( 1 )

z 

0 .5850 ( 1 } 3. 28(2}  

0 .4949 ( 1 }  3. 28( 2)

0 . 5998( 1 } 3. 20 ( 2}

0 .4897( 2} 4 . 22 ( 7} 

0. 31 99 ( 2 } 4 . 05 ( 7) 

0 . 51 93 (2 } 4 . 06 ( 7} 

0 . 6696 (2) 3. 90 (  6) 

0 . 564 ( 1 ) 5 . 7( 3) 

0. 564 ( 1 )  4. 4( 3) 

0 .491 ( 1 )  6 . 8( 5) 

0 .41 7 (2) 7 .8( 5) 

0.421 ( 1 )  7. 0 ( 5 ) 

0 .494 ( 1 ) 6 .4 (4) 

0. 702 ( 1 ) 5 . 1  ( 3) 

o . 645 ( 1 ) 4 . 1 ( 3) 

0 . 670 ( 1 )  5 . 3(4) 

o .  750(  1 ) 6 .  7(4) 

0 . 809 ( 1 )  5 . 6( 1 ) 

o .  784 ( 1 ) 4 . 7 (3) 

1 1 0 



1 1 1 
Table 21 Final Values of I Fol and IF 0 4-for Structure Cl(B) 
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Table 22 : Intramolecular Distances cX) in ((Mo
6

Cl
e
)X

6
)2-

Atoms 

Mo(1 ) -X(1 ) 
Mo(2) -X(2) 
Mo(3) -X(3) 

Mo( 1 ) -Mo( 3*) 
Mo (1 ) -Mo (2•) 
Mo ( 1 )-Mo( 3) 
Mo(1 ) -Mo(2) 
Mo (2) -Mo (3*) 
Mo( 2) -Mo ( 3) 

Mo ( 1 ) -Cl ( 1 ) 
Mo(1 ) -01 (4) 
Mo( 1 ) -Cl( 2*) 
Mo( 1 ) -Cl (3*) 
Mo(2)-C1 (1*) 
Mo(2)-C1 (4) 
Mo(2)-C1 (2) 
Mo(2)-C1(3*) 
Mo(3)-C1 (4) 
Mo(3)-C1 (1*) 
Mo(3)-C1 (2*) 
Mo( 3) -Cl ( 3)

01 (1 ) . . . c1(2•) 
. . .  01 (3* )

• • •  Cl (4*)
Cl  ( 2)  • • . 01 (4*) 

. • .  01(3*)  
Cl  ( 3) • • . Cl (4 *)  

l 

2. 759(  8)
2. 737(7)
2. 71 6 (8)

2. 592 (7)
2 . 597(7)
2 . 606 (8)
2. 61 9(  1 1 )
2. 589(8)
2. 595 (7)

2 .462( 1 4) 
2.494( 1 4) 
2 .  501 (1 4) 
2 . 540(  1 3) 
2.460(  1 5) 
2.490(  1 4) 
2 . 505 (1 3)
2 . 51 7(1 4)
2.454(1 3)
2.472(1 6)
2. 51 5(1 6)
2. 543( 1 2)

3. 51 (2)
3 . 57(2)
3.47(2)
3. 50(2)
3 . 57( 2)
3. 55 {2)

Cl(A) 

2.41 6 (1 1 ) 
2 . 41 2(1 1 ) 
2 .450(1 1 ) 

2. 598 (6)
2. 603{ 5)
2 . 607(6)
2. 600 (5)
2 . 595 (5)
2. 609 (6)

2. 480(1 1 )
2.492(1 1 )
2.425 { 1 4)
2.459( 1 3)
2.476 { 1 2)
2. 463 (1 1 )
2. 462(1 2)
2.459(1 2)
2.470(1 2)
2.471 (1 2)
2.453( 1 3)
2. 479(1 1 )

3.4 7( 2)
3. 51 (2)
3.46 (1 )
3.47(2)
3. 52 (2)
3.48 (2)

Cl(B) 

2. 41 4(4)
2.422(4)
2.430(4)

2.  61 4 {  2)
2 . 61 0 { 3)
2. 608 (2)
2 . 605 {2)
2. 601 (2)
2 .607(2)

2. 491 {4)
2.472 (4)
2.472(4)
2.472(4)
2.494 {4)
2.463 (4)
2. 477{4)
2. 476 {4)
2 .459(4)
2.479(4)
2. 472(4)
2.471 (4)

3. 51 4(6) 
3.491 (5) 
3 .481 ( 6) 
3 .489 {5) 
3. 503(5)
3 . 505 {6)



Table 23 : Weighted Mean Distances {..R) and Angles {degrees) 

of CMo6Ql,8X6)2- tor Idealized Oh Symmetry 

( a) Distances 

Cl{A ) Cl{B ) Atoma I Mo6c11 2  
-

Yo-Mo 2.598(3 ) 2 . 602(2 ) 2.607(1) 2 . 6 1  ± 1 

Mo-X 2 .  737(4 ) 2.426(6 ) 2.422( 2 ) 2 . 38 ± 3 

Mo-Cl 2.498(4 ) 2.463(4 ) 2.475(1 )  2 .47 ± 3 

a 

Cl • • .  Cl 3.53(1 ) 3.49(1 ) 3.497(4 ) 3.42 - 3.52 

(b) Angles 

Yo-Cl-Mo 62.8(2 ) 63.5 (2 ) 63.6(1 ) 63.9 

X-Mo-Cl 9 1. 7(3 ) 92.3(2 ) 92.2(1 ) 

Mo-Mo-Cl 58.6(2 ) 58. 2( 2 ) 58.2(1 ) 

Cl-Yo-Cl 69.9(2 ) 89.9 (2 )  89.9(1 )  

8 Schafer et a l. ( 1 3 ) 
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Table 24 • Distances to Mean Planeaa . 
Idealized 018 Cube 

I 

through Faces 

Cl(A) 

ot 

1 1 4 

Cl(B)  

Atoms in Plane Target 
pb P/o(P'f P/4,(P) P/o(P) Atom p p 

01 (4) , Cl ( 1 '-') 

01( 3) , 01 ( 2 •) 
Ko( 3) 0 . 063 1 5 . 3  0 . 1 02 28 . 9  0 . 086 79 . 8  

01 (2 ) , Cl ( 3•) 

01 (4) , Cl ( 1 •) 
Mo(2 )  0 . 071 1 6 . 3  0 . 096 27. 2 0 . 097 84. 4  

01 ( 3*) , 01(4) 

01 ( 2•) , 01 ( 1 ) 
Mo ( 1 ) 0 . 088 20 . 6  0 . 096 26 . 5  0 . 1 02 91 . 2  

a 
Mean planes calculated us ing program Kean Plane (Appendix B ) 

b P , Distance of Target atom from the mean plane, 1n R. 

c o (P) = estima ted s tandard deviation 1n P .  



Table 25 : Bond and We ighted Mean Lesgthe in the Bi�,n:1�1ium 

Cati ons, ( 01 o!J...9-!�' j

Atoms 

N(1 ) -C(2) 
0(2) -0(3) 
C(3) -C (4) 
C (4) -C(5) 
C (5) -C(6) 
C (6) -N(1 ) 

N(1 ' ) -C (2' )  
C ( 2' ) -C ( 3 '  ) 
C ( 3' ) -C ( 4 '  ) 
C ( 4 '  ) -c ( 5 ' ) 
C ( 5 ' ) -C ( 6 ' ) 
C (6' ) -N(1 ' )  

We ighted Meana 

C - C
(wi thin c5a4N
rings) 

C- N

0 (2) - C(2' )  b

l Cl(A) 

1 . 32(1 0) 1 .  33(4) 
1 .  39( 1 0) 1 . 56 (5) 
1 . 34(9) 1 .28 (5) 
1 . 60(1 1 ) 1 . 34 (7) 
1 . 35 (1 2) 1 .46 (  6) 
1 .  21 ( 1 0) 1 . 50( 5) 

1 . 37(7) 1 .  33(5) 
1 .45 (8) 1 . 34(5) 
1 . 53 (9) 1 .  38 (5) 
1 . 35 (9) 1 . 36 (5) 
1 .45 (  9) 1 .41 (5) 
1 . 35 (8 )  1 . 40(5) 

l Cl{A) 

1 . 43 (3) 1 .  39(2) 

1 .  33(4) 1 . 38 (2) 

1 . 33(1 0) 1 . 49 (5)

Cl(B) 

1 . 35 (2) 
1 . 39 (2) 
1 . 43 (2) 
1 . 33(3) 
1 . 39 (3) 
1 . 36 (2) 

1 . 36 (3) 
1 • 39( 2) 
1 . 36 (2) 
1 .43 (3) 
1 . 37(3) 
1 . 38 (3) 

Cl{B) B1pyr 1dy18

1 . 38 (1 ) 1 . 39 

1 . 36 (1 ) 1 . 36 

1 .47(2) 1 . 50 

8 Unweighted averages (Merritt and Schroeder (91 ) ) . 
b Only one independent measurement . 

1 1 5 



Table 26 : Bond Angl es 

� o!!-.�2>·, 

Def ining At oms 

C (2) -N (1 ) -0 (6) 

C (3) -C (2) -N(1 ) 

C (4) -C (3) -C (2) 

C (5) -C (4) -C (3) 

C (6) -C (5) -C (4) 

N(1 ) -C (6) -C (5) 

C (2 ' ) -N(1 ' ) -C(6 ' ) 

C(3 ' ) -C (2 ' ) -N(1 ' ) 

C (4 ' ) -0 (3 ' ) -C (2 ' ) 

C (5 ' ) -C (4' ) -C (3 ' ) 

C (6 ' ) -C (5 ' ) -C (4' ) 

N(1 ' ) -C (6 ' ) -C(5 ' ) 

N ( 1 ) -C ( 2) -C ( 2 ' ) 

0 (3) -C (2) -C (2 ' )  

N(1 ' ) -C(2' ) -C(2) 

0 (3 ' ) -C (2' ) -C (2) 

1 1 6  

in the Bi�iridil ium Cations, 

( in degrees) 

1 Cl(A) Cl(B) 

1 1 7(8) 1 1 3(4) 1 20 (  1 )  

1 22 (  9) 1 23(4) 1 23 (  1 )  

1 20 (  7) 1 1 7(4) 1 1 7 ( 1 )  

1 1 5  ( 7) 1 25 (5) 1 1 9 ( 2) 

1 1 0(8) 1 20 (5) 1 23 (2) 

1 28 (  1 0) 1 20 (4) 1 1 8 (2) 

1 25 (  6) 1 22 (4) 1 23(2) 

1 1 9 (6) 1 20 (4) 1 20 (  1 )  

1 1 7(6) 1 20 (4) 1 20 (  1 )  

1 20(7) 1 21 (4) 1 1 9 (2) 

1 20 (7) 1 1 8 (4) 1 21 (2) 

1 20 (6) 1 1 7(4) 1 1 8 (2) 

1 09 (  8) 1 1 2(4) 1 1 6 (1 ) 

1 28 (9) 1 24(4) 1 21 ( 1 )  

1 20 (6) 1 1 6 (4) 1 1 3 ( 1 )  

1 21 ( 7) 1 24(4) 1 2 7( 1 )  



Table 2 7 : Analysi s  of Planari ty in the BipYI"idzlium 

Cations, {c1 N2)
+

, in Cl{B) 

Equa tion of the plane referred to orthogonal axesc is 
m1 x + m

2
Y + m3z = d 

Weighted Mean plane through 

1 1 7  

.w. All atoms in unprimed ill All atoms in primed 
c5H4N ring o5H4N ring 

m., 0. 7729 m., o . 8359 

� 0. 3687 � 0 . 1 772 
m3 -0 . 51 64 m3 -0 . 51 95 
d, .i -1 . 9906 d, R  1 . 8839 

Atom Deviation. Pd PL,dP)8 A12m Deviation P PLo(P)e 

N( 1 )  0. 008 R o . 6  N(1 ) -0 . 002 R 0 . 2  
0 ( 2) -0 . 007 0 . 5  0 ( 2 ' ) 0 . 005 0 . 4  
0 ( 3) 0. 002 0. 1 0 ( 3' ) -0 . 01 4  o . 8  

0(4) 0 . 007 0 . 3  0 (4' ) 0. 021 1 . 1  

0 ( 5) -0 . 002 0 . 1  0 ( 5 ' ) -0 . 01 4  9 . 8  

0( 6) -0 . 008 0 .4  0 ( 6' ) 0 . 006 0 . 4  

X - squared = 0 . 820 , 2 . 923 , respectively 

Dihedral angle between planes ( a) and (b) = 1 1  • 6 degrees . 

C 

Th� orthogonal system of axes has x(R) along the a-axis ,  
Y(K) in the (! , E) plane and Z (i) along the �· axis . 

d From the Mean plane . 
e o (P) is the estimated standard deviation in P ,  in R. 



Table 28 : Analysis or Planari ty in the Bippidylium Cations , 

(Q1 o!!-8.!2) + 1 in  Cl(A) c 

Weighted mean plane through 

{ a) All atoms in unprimed {b) All atoms in primed 
OSH

1J4
N ring o

5
a1l ring 

0 . 8712 °11 0 . 76 33 

-0 . 3439 � -0 • .346 7 

-0 .3504 m3 -0 . 5451 

-7-3370 d -9 . 3608 

!!2m Devia tion1 P PL2(P) C !12!!! Deviation1P PLo(P) 

N( 1 )  o . 010X 1 . 8  N (  1 ' ) -0 .028 j 0 . 7 

0(2) -0. 087  2 .0  C(2' ) -0 .025 o. 6 

0 (3) 0 . 033 0. 7 C (3 ' ) 0 . 039 0.9  

C (4) 0 . 040 o . 8  0(4' ) 0 .012 0 . 3 

C (5) -0 .059 0 .9  0 (5 ' ) -0 .06 3  1 . 4 

C (6 ) -0 .039 0 . 7 C(6 ' ) 0 .090 1 . 9  

x."- squared = 9.477 , 7. 489 respectively 

Dihedral angle between planes (a) and (b) = 12 . 8  
degrees. 

c For symbols used , see Table 27 
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Table 29 : Analysis of Planarity in the Bipyr id]£l ium 

Cations, (C1 o!L9(2}
+ 

1 in I 

Weighted mean plane through 

( a) All atoms in unprimed (b) All atoms in pr imed 

A!2!! 
N(1 ) 

0(2) 

0(3) 

0(4) 

C(5) 

0(6) 

CSBUN ring 

Ii½ C 0.8708 

� -0.3673 

m3 -0.3269 

d -7 -5503 

Dev 1at1on, P0 

0.088 

0.007 

-0 .028 

-0 .025 

0.076 

-0.116 

P/g(P) c 

1.4 

0.1 

0.3 

0 . 3 

0.7 

1.0 

c5a4N r ing 

m1 0.7245 

� -0 .4041 

m3 -0 . 5584 

� 
-10 . 2374 

!!.gm Deviat ion, P 

N ( 1  ' ) -0.008 

C(2') -0 .001 

0(3 ') -0.004 

0(4') 0.020 

0(5 ') -0.029 

0(6' ) 0.022 

x - squared • 3.745, 0 . 312 respectively . 

P/a(P) 

0.1 

0 .02 

0.1 

0. 3 

0.3 

0 . 3 

Dihedral angle between planes (a) and (b) = 15.9 degrees 

c For symbols, see Table 27 

1 1 9  



Table JO : Shortest Inter-ionic Contacts (A) around one 

_!.!_06c18) x6 
2- Anion in I

!12m ! 

X( 1 ) . . . C(6 ' ) 3. 6 8 (7) 

X(3) . . .  N(1) 3 . 52(6 ) 

X(3) 0 (2) 3 .59(10) 

X(3) . . .  N(1  ' ) 3.40 (5) 

X(3) . . .  C(6 ' )  3 . 6 7(7) 

Cl ( 1) • • • 0 (5) 3 . 6 8 (11) 

Cl( 1) • • •  0 (4 ' )  3. 64 (8)

Cl ( 1) • • •  0 (5 ' )  3. 77(8)

01(2) • • •  0 (4' ) 3. 53(7)

C1 (2) • • •  0(5 ' )  3 .52 (8)

01 (4) . • • N(1 ) 3. 6 1 (9)

01(4) . • •  0 (  3) 3 .47(7)

01 (4) • . • 0 (4) 3 . 6 8 (8)

01 (4) . . •  0(6) 3.46 ( 10)

and CJ.(A) . 

Cl(A) 

3. 51(5)

3 . 33(4)

3.37(5)

3. 21 (4)

3 .58 (5)

3.47(5)

3. 35 (4)'

3.42 (5)

3. 54(4)

3. 6 5 (4)

3.42(5)

3.25 (5)

3 . 54(5)

3. 58 (5)

Ring Number8

1 

2 

2 

3 

3 

4 

1 

1 

5 

5 

3 

6 

6 

1 

a Independent bi�yridyl rings are numbered sequentially;
for each of these c ontacts , there is a centosymmetrically 
related similar contact. 
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Table 31 : Shortest Inter-ionic Contacts (j) Around one 

(Mo6Q18)c16
2- Anion of Cl(B)

Atoms Distance Independent Ringa

X(1) • • • C (4' ) 3 . 6 2 (2) 1 

X(1) . . .  C(6 ' )  3. 6 3  ( 2) 2 

X(2) . . .  0(3) 3 . 59 (2) 3 

X(2) • • •  C(6 ) 3 . 6 8  ( 2) 4 

X(2) . . .  C( 6 ' )  3 . 58 (2) 5 

X(3) . . . N( 1 ' ) 3. 19 (2) 1 

X(3) . . .  C(3 ' ) 3 . 30 ( 1) 5 

X(3) . . .  0(4' )  3 . 6 9  (2) 5 

01 (3) . . .  C (6 ' )  3 . 50 (2) 1 

01(1) . . .  N(1 ) 3 . 47 (1) 3 

Cl( 1) . • •  0(3 ' ) 3 .  6 1  (2) 1 

Cl( 2) • • •  N ( 1 ' )  3 .40 (2) 5 

Cl ( 3) . . •  C (5 ' )  3 . 54 (2) 6 

01(4) • • . C(  5 ' )  3 .42 (2) 7 

a The numbering ot the bipyr1dylium rings is to indicate the 
number of independent rings malting close contacts ;  each 
of these contacts has an exactly similar contact related 
by the centre of symmetry at the centre of the a nion. 
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