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Summary

The work described in this thesis concerns the synthesis and study of the coordination behaviour

of the 6-anilino-2,2'-bipyridyl (Habipy), 6-N-methylanilino-2,2'-bipyridyl (mabipy), 6-piperidyl­

2,2'.-bipyridyl (pipbipy) and 2,2'-bipyridin-6-one (Hobipy) ligands.

Chapter one reviews the coordination chemistry of the 2-aminopyridyl (Rap), 2-hydroxypyridyl

(Hhp) and the 2-(2-pyridyl)-I,8-naphthyridine (pynp) ligands. These ligands are closely related

to Habipy, mabipy, pipbipy and Hobipy in that they share a common NCN or NCO fragment.

Thus the review of their coordination behaviour provides insight into the expected coordination

of the Habipy, mabipy, pipbipy and Hobipy ligands.

The synthesis and characteristaion of the novel Habipy, mabipy and pipbipy ligands are reported

in Chapter two. X-ray crystal structure determinations of mabipy and pipbipy reveal that the

geometry about the exocyclic nitrogen atom in both ligands is nearly planer, suggesting substantial

overlap of the nitrogen lone pair orbital with the 1t electron system of the bipyridyl rings. In both

mabipy and pipbipy the N3-C 10 bond lengths are shorter then normal N-C single bonds.

In Chapter three -the synthesis and characterisation of copper(I) complexes containing mabipy,

pipbipy and Habipy, and a copper(II) complex containing mabipy are reported. The copper(I)

complexes have the general formula [Cu(l12-L)2r, where L= mabipy 1, pipbipy 2 or Habipy 3. The

structures ofcomplexes 1 and 2 are determined by X-ray crystallography. In complexes 1- 3 the

bipyridyl fragments of mabipy, pipbipy and Habipy chelate while the exocyclic nitrogen atoms

remain free. The crystal structures of 1 and 2 reveal that the exocyclic nitrogens have a planar

geometry as was the case in the uncoordinated ligand. The crystal structure of [Cu(1l2-mabipY)2f+

(4) is determined by X-ray crystallography and is very similar to that of the copper(I) species.

Coordination of the mabipy ligand in 4 is the same as that in 1 and the exocyclic nitrogen in 4 is

also planar. The redox couple 4/1 is shown to be electrochemically reversible with EV2= 0.45 V.

In Chapter four the synthesis and chararcterisation of dinuclear complexes containing the Ru2
2+,

Ru/+, Mo2
4+ and~4+ cores are reported in which the abipy ligand bridges two metal centres.
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The complexes [Rulll-L)lCO)4], where L= abipy 5 or obipy 6, were synthesised by the r~action

of the free ligands with [{RuiCO)102CCH3)2}n] in toluene. The structures of5 and 6 are

determined by X-ray crystallography and show the ligands bridging the Ru(I) atoms in a head to

tail fashion and occupy mutually cis positions about the octahedral Ru(I) atoms. The Ru-Ru

separations in 5 and 6 are 2.668(1) and 2.671(1) Arespectively. The reaction of Habipy with

[Rui02CCH3)4CI]n was found to afford the mixed valence species [Ruill-abipy)(02CCH3)3CI]

(7), the structure ofwhiyh is determined by X-ray diffraction methods. The structure of7 reveals

one abipy ligand bridging the two ruthenium atoms as in 5. The Ru-Ru separation in 7 is 2.294(2)

A. The reaction of [Moi02CCH3)4] with habipy in methanol affords (Moill-abipy)(02CCH3)3]

(8). The structure of 8 is determined by X-ray diffraction methods and reveals one abipy ligand

bridging two quadruply bonded molybdenum atoms which have a Mo-Mo separation of 2.094(2)

A. The [Rhlll~abipy)(02CCH3)iH20)] (9) is formed from the reaction of [Rh i02CCH3)4] with

Habipy in methanol. The structure of [Rh2(Il-abipy)(02CCH3)iNCPh)] is determined by X-ray

diffraction methods and shows the abipy ligand bridging two Rh(II) atoms which are separated

by 2.399(1) A. This chapter is concluded with a discussion of the possiblity of substitution of

more than one acetate ligand by the abipy ligand in terms of 'hard' and' soft' acid-base theory and

synthetic methods.

VI



Chapter one

The coordination chemistry of 2-amino and 2-hydroxy substituted pyridylligands and of

the 2-(2-pyridyl)-1,S-naphthyridylligand

The work described in this thesis concerns the synthesis and the study of the coordination

behaviour of the 6-anilino-2,2'-bipyridyL(Habipy), 6-N-methylanilino-2,2'-bipyridyl (mabipy), 6­

piperidyl-2,2'-bipyridyl (pipbipy) and 2,2'-bipyridyl-6-one (Hobipy) ligands. The first three ligands

are new whereas the last mentioned ligand, though known, has not as yet been studied with regard

to its coordination behaviour. This chapter reviews the coordination chemistry of a selection of .

closely-related ligands with a view to providing insight into the expected coordination behaviour

ofthe Habipy, mabipy, pipbipy, and Hobipy ligands. The ligands selected are: the 2-arninopyridyl

(Rap), 2-hydroxypyridyl (Hhp) and the 2-(2-pyridyl)-1,8-naphthyridyl (pynp) ligands.

Habipy

DN

I
H

o
N~
I

Me

mabipy pipbipy

~o Q~ I
N OH

Hobipy Rap Hhp pynp

Fig. 1.1 : Structural formulae of the Iigands studied and reviewed in this thesis

The 2-amino and 2-hydroxypyridyl ligands are similar to their bipyridyl analogues in that a

common NCN or NCO fragment is shared. However, whereas the amino and hydroxy substituted

bipyridylligands are potentially tridentate ligands, their pyridyl analogues are potentially bidentate.
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The potentially tridentate 2-(2-pyridyl)-1 ,8-naphthyridylligand is more closely related to the 6­

aminobipyridylligands in this respect.

In view of the many similarities between the amino and hydroxypyridyl ligands with regard to

their structures and coordination chemistry, these ligands will be discussed together.

1.1 2-Amino and 2-hydroxypyridylligands

One important feature of the primary or secondary aminopyridyl ligands on the one hand and

hydroxypyridylligands on the other, is the presence of a relatively acidic proton on the exocyclic

amino or hydroxy group respectively. These acidic protons can be abstracted to yield anionic

ligands capable of assuming two resonance forms:

III

Mo ...__ N
;' ,

~oAN)
•

III

Mo N ~
.

~ I
HO - N

_Fig. i.2 : Resonance forms of 2-amino and 2-hydroxypyridine

Extensive work has been carried out regarding the coordination of these anionic ligandSI which

warrants their separate discussion from the neutral ligands.

2



1.1.1 The anionic form of the 2:..aminopyridyl and 2-hydroxypyridylligands

These ligands have thus far been reported to coordinate to transition metals, alkali and alkali earth

metals in a variety of fashions. These include behaviour as bridging ligands, terminally

coordinating ligands bound to the metal through one donor atom only and as chelating ligands.

Ofthese coordination modes, the most widely studied.and structurally important mode has been

the bridging mode where the metal centres are bridged by either NCN- or NCO- chains. Interest

in this mode stems from the capacity of these ligands to bridge particularly short metal-metal

bonds. It is probably true to· mention that most of the complexes displaying the other modes were

products of serendipity, gleaned from attempts to synthesise these structurally important

complexes.

1.1.1.1 The bridging mode of coordination

Three different bridging modes have been reported, all of which have been verified by X-ray

crystallography.

ClN X

I I
M M

I

X=NR, 0

Mode I coordination

Q
N X

I / '"
M M M

11 ill

In mode I coordination an unsymmetrical Sp2 bonded NCN- or NCO- chain forms a five

membered ring with the two metal centres. Metal-metal bond orders in these complexes have been

found to vary fromane to four. The first reported complexes of this type were the

3



tetrasubstituted, quadruply bonded dimers of the Group VI metals, Cr, Mo and W having the

general formula [Mill-L)4l Their study was prompted by the existence of quadruply bonded

complexes containing the stereoelectronically similar carboxylate ligands2
. .

Two routes have been successfully followed for the synthesis of these dinuclear species: these

involve either the reaction of the lithium or sodium salt of the ligand with the metal precursor in

THF, or the reaction of the free ligand with the metal precursor at high temperatures (molten

state). In most cases the metal precursor has been the appropriate metal carboxylate.

Due to the unsymmetrical nature of these ligands, four different coordination arrangements for

the tetrasubstituted complexes are possible:

cis

unsymmetl"ical
polar

X=NR,O

4

ta-ans

polar



The cis arrangement has thus far only been reported for the anilinopyridyl ligand and only for

molybdenum and tungsten (Fig. 1.2) 2. In this mode the pairs of nitrogen donor atoms are cis to

one another, about the metal atoms.
I

The,Mo-Mo and W-W separations for these complexes are 2.071(2) and 2.165(2) 'A respectively,

which together with bond order calculations suggest quadruple bonding between the metals. In

both cases the metal-metal distance is ca. 0.02 'A shorter than that for the corresponding metal

carboxylate. Although these are the only examples of complexes that exhibit the cis arrangement,

the yields for these reactions are high thus excluding the possibility of isomer formation.

A more frequently reported arrangement is the trans arrangement of these ligands about the metal

atoms. Examples of this arrangement are found in [Mimap)4l and [Mimhp)4l (M=Cr, Mo, W;

map = the <!JUon of2-arnino-6-methylpyridine; mhp = the anion of2-hydroxy-6-methylpyridine).

The Cr-Cr bond length in [Crimap)4]' illustrated in Fig. 1.3, is 1.870(3) 'A 3. Metal-metal bond

lengths of this magnitude are referred to as "super short", which by definition for the Cr-Cr bond

implies bond lengths of less than 1.900 'A. Interestingly, the Cr-Cr distance in [Cr2(02CCH3)4]

in the solid state 4is found to be 2.288(3) 'A which is 0.4 'A longer than in [Crimap)4l.

5



Fig. 1.3 : Structure of [Cr2(map)4]

In endeavouring to e~plain why these ligands afford dimers which have super short metal-metal .

bonds which are significantly shorter than their parent carboxylates, Cotton and Walton1 cited an

observed consistent trend: in all the super short bonded species there is an absence of axial

bonding. It is generally understood that axial bonding enables population of orbitals which have

some antibonding character thus disrupting the metal-metal bonds. The vast difference in Cr-Cr

bond lengths between [Crl02CCH3lJ and [Crlmap)4] can be explained by this effect. In

[Cri02CCH3)4] the lone pairs on the oxygen atoms of the bridging acetates coordinate axially to

metal atoms ofadjacent dimers thus forming chains of dimeric units. Electron diffraction studies

of[Cri02CCH3)4] in the gas phaseS (where this phenomenon is not possible) reveal a remarkably

shorter Cr-Cr bond distance of 1.96?(14) A. The absence of intermolecular axial coordination

in [Crlmap)4] due to obvious steric factors must surely contribute to Cr-Cr bond shortening.

In other studies, attempts have been made to establish any correlation between the basicity of the

bridging ligand donor atoms and M-M bond lengths and, although uncertainty prevails, it would

appear that the more basic the donor atoms, the shorter the metal -metal bonds.

6



Table 1.1: Ligand arrangement and M-M bond lengths of selected complexes containing

amido or hydroxypyridinate ligands.

0

ref.complex ligand M-M (A)

arrangement

[Molap)4] eis 2.071(2) 2

[Wlap)4l2/3 (THF) eis 2.165(2) 2

[Mo2(map)4] trans 2.070(1) 3

[Molmhp)4] trans 2.067(1) 7

[Wlmap)4] trans 2.164(1) 3

[Wlmhp)41 (THF) trans 2.161(1) 6

[Crlmap)4] trans 1.870(3) 3

[Crlmhp)4] trans 1.889(1) 6

[Molfhp)41 (THF)ax polar 2.092(1) 8
.,

[Wlfhp)41 (THF):LX polar 2.185(2) 8

. [Crlfhp)41 (THF)ax polar 2.150(2) 8

[Ru2Cl(ap)4] polar 2.275(3) 11

[Ru2CI(hp)iHhp)] polar 2.286(1) 11

[Rhlap)4CI] polar 2.406(1) 10

[Rhlmhp)iMeCN)] unsymmetrical polar 2.372(1) 9

map = the anion of 2-amino-6-methylpyridine~mhp =the anion of 2-hydroxy-6-methylpyridine

fup = the anion of2-hydroxy-6-tluoropyridine; ap = the anion of2-anilinopyridine; hp = the anion

of 2-hydroxypyridine

In the so-called unsymmetrical polar arrangement, two ligands adopt a trans arrangement while

the other two are eis. The only example of a complex with this arrangement is

[Rhimhp)iMeCN)]9 depicted in Fig. 1.4.

A polar arrangement ofligands about the metal atoms is displayed by mixed valence amino pyridyl

complexes ofRu and Rh, and by fhp (fhp = the anion of2-hydroxy-6-fluoropyridine) complexes

of the Group VI metals 8, 11, 9 . In [Rh2CI (ap)4] depicted in Fig. 1.5 one rhodium atom Rh1 is

7



axially bound by one chlorine atom and equatorially bound by four pyridyl nitrogens lO
.

Cl

Fig. 1.4 : Structure of [Rhl(mhp).j(MeCN)] Fig. 1.5 : Structure of [RhlCI(ap)4]

The sec<;>nd rhodium atom Rh2 is bound equatorially to four anilino nitrogens and is stericaIIy

prevented from undergoing any axial ligation. On average the Rh-N bonds are longer for the

pyridyl nitrogen which is consistent with the adoption ofthe resonance form in which the negative

charge is formally on the anilino nitrogen. Significantly a large average N-Rh-Rh-N torsion angle

of23° is observed in [Rh2CI(ap)4rO, whereas the equivalent torsion angle in [Moithp)4]" (THF)

Generally the reasons for the stability of certain arrangements over others in complexes

containing these ligands are not understood, although explanations based on steric or electronic

grounds are possible.

Complexes in which only partial substitution of carboxylate groups by these ligands occurs have

been reported for Rh, Ru, Mo and Cr. Replacement of three carboxylate groups is displayed by
. .

[Rui02CCH3)(map)3]12, whereas [Rhi02CCH3)imhp)iIm)] 9 is the product of substitution of

only two carboxylate groups.

8



Mode II coordination

In coordination mode lIthe exocyclic donor atom bridges two metal centres while the pyridyl

nitrogen bonds to a third metal atom. In the case of amino pyridylligands the resulting cluster

complexes have thus far been confined to ruthenium and osmium while for the hydroxypyridyl

ligands the only example of a complex containing the ligand bonded in mode II is a rhodium

"dimer ofdimers" [Rhlmhp)lTsO)]2'

Reaction ofexcess anilino pyridine with (RulCO)I2] in refluxing toluene affords the metal cluster

hydride [Rul/l-H)(/l3-ap)(CO)9] without detectable side reactions13
. An X-ray crystallographic

study reveals a nearly equilateral triangle of ruthenium atoms bonded to nine carbonyl groups

(three to each metal atom), as depicted in Fig. 1.6. The Ru(2)-Ru(3) edge is bridged by a hydride

ligand. The 2-anilinopyridinate ligand is bonded to Ru( 1) through the pyridinic nitrogen while the

. exocyclic nitrogen bridges the other two. ruthenium atoms, the Ru(2)-N(2)-Ru(3) plane being

nearly perpendicular to the Ru(I)-Ru(2)-Ru(3) plane.

C(14)

C(25)
,

Reaction of [Rhimhp)4] with toluene sulphonic acid results in the replacement ofa bridging mhp

ligand with a bridging TsO- ligand and subsequent dimerisation of the dimers14 depicted in Fig.

9



1.7. The Rh-O bonds bridging the dimers are 2.24(1) and 2.30(2) A, being only 0.2 Alonger then

the equatorial Rh-O bonds.

Fig. 1.7 : Structure of [Rh2(mhp)3(TsO)12

Mode ill coordination

In mode ID, bridging is only displayed by the anionic exocyclic nitrogen or oxygen atom. In the

[{Cu(chp)ibipy)LJ ( chp =the anion of 6-chloro-2-hydroxypyridine ) complex, depicted in Fig.

1.8, both bridging and teoninal coordination of the ligand is evident1s. The copper atoms are held

together through two /l-pyridone oxygen bridges which consist oflong and short Cu-O bonds

[1.942(2) and 2.339(2) Arespectively]. The Cu...Cu distance is 3.3295(4) A.

Fig. 1.8 : Structure of [Cu(chp)2(bipY)2h

10



The first reported edge sharing bioctahedral complex of Ru(III), [RuiCsNH4NH)iPMe2Ph)2],

shown in Fig. 1.9, displays three different modes of coordination of the 2-pyridinamide ligand
16

.

It was isolated in 15% yield after attempting to synthesise a multiply bonded binuclear species

displaying bridging mode I exclusively. Instead, the resulting complex has the 2-pyridinamide

ligand serving as a tenninalligand as well as a bridging ligand adopting both modes I and m. In

the later mode the amido nitrogen gives rise to symmetrical Ru-N bonds averaging 2.094 A. The

Ru-Ru distance is 2.573(2) Aand may formally be regarded as a single bond.

~
HN~N)

H RH

RN """.. I ",N "", 1 " PMe2P
"Ru -- Ru'

PhMe p/ \""'N/ I "" NR
2 RH H

N NH

0-
R= 2-PYR

1.1.1.2 The terminal mode of coordination

For the anionic form of these ligands there are two possible terminal modes of coordination.

Coordination to metals can either occur through the pyridyl nitrogen or the exocyclic donor

atom where the negative charge can fromally lie on ether of the donor atoms. The already

mentioned complexes [RuiCsNH4NH)6(PMe2Ph)2] and [{ Cu(chp)ibipy) h] exemplify the later

possibility. So far the only examples of complexes that exhibit coordination of the ligand through

the pyridyl nitrogen have been the Pt (IV) complexes of ex pyridone. Deprotonation of the ex

pyridone ligand in the formation of [Pt(NH3)iCsH4NO)CI3], depicted in Fig. 1.10, is believed to

be promoted by the high electrostatic Lewis acid strength ofPt (IV)17.

11



1.1.1.3 The chelating mode of coordination

Examples of2-aminopyridinate and its oxygen analogue forming chelates with single metal atom

centres are relatively few. This is probably due to the closeness of the donor atoms to one another

and the fact that the donor atom orbitals are directed along approximately parallel lines. The four

membered rings formed by the chelate are thus rather strained. An interesting example is the bis

amido complex [Mg(ap)iTHF)J in which magnesium uncharacteristically displays an octahedral

geometryl8.

Fig. 1.11 : Structure of[Mg(ap)2(THF)21

12



The mhp and ap ligands in [Ru(T)-C6H6)CI(mhp)] 19 and [Ru (ap1(PPhg1] 20 are also bound to

the metal via this mode of coordination.

CI121 C3

C73
.,......1.~IWJ

Fig. 1.12 : Structures of [Ru(11-C6H6)CI(mhp») and [Ru(ap)2(PPh3h)

1.1.2 The neutral form of the 2-aminopyridyl and 2-hydroxypyridylligands

The neutral form of the 2-amino and 2-hydroxypyridylligands which includes the tertiary amino

pyridyl ligands (which do not have any acidic protons) have been shown to display bridging,

terminal, and even, in the case of aryl substituted amino groups, orthometalating modes of

coordination.

1.1.2.1 The bridging mode of coordination

Only two bridging modes are known. Due to the presence of acidic protons on primary or

secondary amino as well as hydroxy pyridylligands, neutral bridges formed by three atom NCN

chains are confined to those formed by tertiary amino pyridyl ligands. The only example of a

complex containing this mode is the unstable species [Ruill-dmap)(Il-CO)3(CO)7] shown in Fig.

13



1.13. The structure of this complex is tentatively assigned on the basis of its IR spectroscopic

data, and is similar to that of [Rulll-napY)(Il-CO)3(CO)7 ] 13.

o
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1/° 0 c Ru ............. c o 0c 1/ 1'--; C"I/g ,\ /
. Ru Ru/ ,,--c --I "c

oC "0 0

cY
N

--~ \
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In the other neutral bridging mode, the exocyclic donor atom bridges two metal centres. This

mode is confined to a pyridones only, since only oxygen has two lone pairs available for this

purpose. The complex [V202CI4(Il-Hmhp)3] contains three neutral ligands bridging in this

fashion21 . CI8

1.1.2.2 The terminal mode of coordination

The neutralligands may coordinate in a terminal fashion either through the pyridyl nitrogen or the

exocyclic donor atom. Thus far examples of the latter option are only provided by examples of

the a pyridone ligands.
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The Hap and Hhp ligands in [Ru2CI(02CCH3)iap)iHap)] 22 and [Ru2Cl(hp)lHhp)]11 shown in

Fig. 1.15, both display axial terminal coordination. In the anilinopyridyl complex axial.

coordination is via the pyridyl nitrogen, while in the a pyridone complex it is via the oxygen'

atom. This difference is due to the stability of the keto form of the 2-hydroxypyridylligand, the

analogous imino form in the amino pyridylligand being unstable.

Cll

05 :H6

:[~
5

Cl _.
C5

C2 .. _.t:V C4

C3

Other examples of complexes that contain terminally coordinated ligands include

[pt(NH3)iHhp)J2+ 17 where the hydroxypyridylligand coordinates through the pyridyl nitrogen,

and [(Nhpy)Co (DH)jC3H7] which has a relatively long Co-Ns bond mimicking coenzyme B
12

23.

Fig. 1.16 : Structures of [Pt(NH3)2(Hhp)zl2+ and [(Nhpy)Co(DH)ziC
3
H

7
l
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1.1.2.3 The chelating mode of coordination

No examples ofthe neutralligands adopting the chelating mode of coordination are known. This

is probably due to the relatively poor donor ability of the exocyclic donor atom not being able to

overcome the strain produced by the chelate. Chelates of the N-oxides of the amino pyridyl

ligands are known. The stability of these che1ates is as a consequence of the alleviation of ring

strain brought about by the formation of a five membered ring due to the presence of the extra

o atom. The bis (2-dimethylaminopyridine I-oxide) copper(II) cation, shown in Fig. 1.17,

displays this coordination mode24.

Fig. 1.17 : StruCture of the bis (2-dimethylaminopyridine I-oxide) copper(ll) cation

1.1.2.40rthometallation

Consideration ofthe geometry ofaryl N-substituted amino pyridylligands leads to the conclusion

that it is not inconceivable that metalation could occur at the ortho-carbon atom of the aryl

substituent with simultaneous coordination of the pyridylnitrogen. This occurs in fact in the

complex [RhClipY)2[(C6H4)NHpy] shown in Fig. 1.18, isolated in good yield from the reaction

of [RhCI3l3H20 with 2-anilinopyridine in the presence of sodium metal 25 . A crystal structure

determination reveals coordination ofthe anilino pyridine ligand to the metal through the pyridyl

nitrogen and C1 of the phenyl ring to form a six membered metallocycle; the anilino nitrogen

remains uncoordinated.
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1.2 The 2-(2-pyridyl)-1,8-naphthyridine ligand (pynp)

The 2-(2-pyridyl)-I,8-naphthyridine ligand is a tridentate ligand possessing three donor pyridyl

nitrogens. This crescent shaped ligand appears to be a unique hybrid of the ubiquitous 2,2'­

bipyridyl ligand and the equally ubiquitous 1,8-naphthyridyl ligand. As a result, the tridentate

ligand has potentially chelating and potentially bridging fragments, an ideal setup for maintaining

a dimeric framework in transition metal complexes. In addition the ligand possesses an extended

1t system, a feature which has proven useful with regard to electrochemical processes.

Considering that the preferred coordination modes for the bipyridyl and 1,8-naphthyridlylligands

are chelating and bridging respectively, only two modes of coordination of the pynp ligand seem

likely. Chelation can occur through the bipyridyl fragment only (I), or simultaneous chelation and

bridging. could occur (II). A bridging-only mode is not likely to occur considering that the

likelihood of the bipyridyl fragment coordinating terminally is not great.

I

17

II



Both modes I and ill are displayed by the pynp ligands in [Rhlpynp)3CI2](PF6hCH3CN 26, shown

in Fig. 1.19. In this complex two of the pynp ligands bridge in a head to tail fashion, cis to one

another, while a third pynp ligand chelates equatorially through its bipyridyl fragment. The Rh-Rh

bond length is 2.5668(7) A.

The only other complexes of the pynp ligand are the tris pynp complex [RU(PynP)3](PF6)2 27, in

which all three pynp ligands display mode I coordination, and the pynp- and acetate-bridged

rhodium complexes [RhlOAc)JCpynp)](pFJ and [RhlOAc)ipynp)2](PF6)2' The structures of the

latter complexes are depicted in Fig 1.20, the structure of the [RhiOAc)ipynp)2](PF6)2 complex

having been proposed on the basis of its HI NMR spectroscopic data.

Fig. 1.20 : Structures of [Rh2(OAc)3(pynp)t and [Rh2(OAc)2(pynp)2]2+
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1.3 Potential coordination modes of the 6-aminobipyridyl and bipyidyl-6-one Iigands

On the basis ofthe coordination modes displayed by the 2-arninopyridyl, 2-hydroxypyridylligands

and the 2-(2-pyridyl)-1,8-naphthyridyl ligands, the likely modes of coordination of the hitherto

unreported 6-aminobipyridyl and bipyridyl-6-one ligands can be predicted. These are illustrated

below:

x

I

X =NR2 , OH

x
/\

M M

IV

X=NR,O

x

I
M

11

X=NR, NR2

x

I
M

V

X=NR, NR2,O

x
/\

M M

X=NR,O

Modes I and II, where X = NR2 have both been reported for the 2-(2-pyridyl)-1 ,8-naphthyridine

ligand, which like the 6-arnino bipyridyl and bipyridyl-6-one ligands is tridentate. The bridging in

mode 11 can either occur through NCN'''', NCO-, or NCN chains, all of which have been reported

for the analogous pyridyl ligands. The bridging mode ID has the anionic exocylic nitrogen or

oxygen bridging two metals, wh~le the bipyridyl fragment remains pendant. Although this mode

is displayed by the analogous pyridylligands, the presence of the bipyridyl fragment which has a

strong tendency to chelate may render this mode less likely. A more probable mode is the bridging

/ chelating coordination as in shown in IV. The terminal mode displayed in V is a possibility, yet
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once agam, the tendency for the bipyridyl fragment to chelate may confine this mode to

intermediate complexes formed en route to complexes containing ligands displaying modes 11 or

IV.

1.4 Objectives of this work

The initial objective of this work was to synthesise and characterise novel 6-aminobipyridyl

ligands. Although the synthesis of the bipyridyl-6-one ligand is known, no reports have appeared

describing the coordination chemistry of this ligand. Thus the prime objective of this work was

to study the coordination chemistry of the bipyridyl-6-one ligand as well as that of the newly

synthesised 6-arninobipyridylligands. Both the exocyclic nitrogen and oxygen atoms are relatively

'hard' atoms, serving largely as (J donors, and their coordination to higher oxidation state

transition metals situated to the left of the periodic table is favoured. The bipyridine ligand is

known to stabilise transition metals in their low formal oxidation states and therefore its

coordination· to low oxidation state metals is expected to be favoured. A study of the coordination

of these ligands to both high and low oxidation state transition metals was thus another objective.

The presence oflow lying n* orbitals on the bipyridine ligand has been critical to the function of

complexes such as [Ru(bipy)iCO)H](pF6)29 and [Rh(bipY)2ClJ(PF6)30 as effective electrocatalysts

for processes such as the reduction ofcarbon dioxide. This has been one of the driving forces for

the study of the coordination of these polypyridyl ligands to transition metals.

Another objective was to synthesise aminobipyridyl and bipyridyl-6-one ligand bridged dinuclear

complexes. Because of the presence of two metal centres a dinuclear complex has, in principle,

the potential to accommodate small molecules in a manner not possible for mononuclear

complexes. One example is that the substrate molecule can adopt a bridging mode of coordination

in a dinuclear complex which is ~learly not possible for a mononuclear species.
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Chapter two

The synthesis and characterisation of 6-anilino-2,2'-bipyridine, 6-N-methylanilino-2,2'­

bipyridine and 6-piperidino-2,2'-bipyridine

2.1 Introduction

The nitrogen atom in amine ligands of the type NR3 is mainly a donor of a electrons 31. The donor

ability of the nitrogen can however be altered by varying the R groups on the amine: the more

electron rich the R group, the better the a donor ability of the nitrogen. In view of this trend, the

exocyclic nitrogen in the 6-aminobipyridylligands was substituted by various R groups (within

the confines of synthesis) with the aim of maximising the a donor ability of this group. Amido

. ligands are better donors of a electrons and it was therefore of importance to also synthesise an

aminobipyridylligand containing an acidic amino hydrogen.

The most successful route for the synthesis of amino substituted aromatic heterocyclic amines has

involved the nucleophilic substitution ofhalides by free amines. The only reported synthesis of a

6-arninobipyridine has been by Burstall in 1938, who described the preparation of 6-amino-2,2'­

bipyridine from the reaction of 6-bromo-2,2'-bipyridinewith aqueous ammonia at high pressure

and temperature 32. This heterocycle has two potential drawbacks with respect to its ability to

bridge two metals as a tridentate ligand: firstly, the absence of electron rich R groups on the

exocyclic amino group means that in its neutral form the a donor ability of this group is not

optimal and secondly, the presence of two amino protons means the amido form of the ligand is

sterically unhindered and therefore capable of forming polymeric complexes via bridging through

the amido group.

Work carried out by Halcrow and Kermack on 2-amino substituted derivatives of 0­

phenanthroline has shown that substitution of chloro groups by aniline and piperidine can be

facilitated at relatively low temperatures 33. An extension of this work to the substitution of 6­

chloro-2,2'-bipyridine by various amines has been carried out in this thesis (though not with the

intention of synthesising new antimalarials).
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The substitution of the chloro group in 6-choro-2,2'-bipyridine by aniline, N-methylaniline, and

piperidine has resulted in the isolation of three new ligands: 6-anilino-2,2'-bipyridine (Habipy), 6­

N-methylanilino-2,2'-bipyridine (mabipy) and 6-piperidyl-2,2'-bipyridine (pipbipy). The Habipy

ligand has a relatively acidic proton and therefore has the potential to coordinate as an amido

ligand. The presence of the phenyl group on the amine also provides a degree of steric hindrance,

thereby reducing the chance ofbridging by the amido group. The mabipy ligand has an exocyclic

nitrogen which is a better a donor, while the pipbipy ligand is the best a donor. The piperidyl

group in pipbipy is also less sterically bulky due to its ability to adopt either a chair or boat

conformation. In order of increasing donor ability of the exocyclic amines: Habipy < mabipy <

pipbipy < abipy.

2.2 Synthesis and characterisation

The reactions of 6-chloro-2,2'-bipyridine with aniliti.,e, N-methylaniline and piperidine are shown

in Fig. 2.1.
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Fig. 2.1: Reactions of 6-chloro-2,2'-bipyridine with aniline, N-methylaniline and piperidine
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The 6-chloro-2,2'-bipyridine used in all of the above reactions was synthesised by the literature

method 34 with the exception that I-methyl-2,2'-bipyridin-6-one, normally isolated asa very dark

oil, was purified by extraction with boiling ether which yielded a pale yellow crystalline material.

Purification at this stage enabled the chlorination step to proceed cleanly so that further treatment

with activated charcoal was unnecessary. The overall yield for the synthesis of the 6-chloro-2,2'­

bipyridine was 30% w~ch was found to be slightly higher then the reported yield of22%34.

The reactions of aniline, N-methylaniline and piperidine with 6-chloro-2,2'-bipyridine were all

carried out under a nitrogen atmosphere to prevent excessive oxidation of the amines for the

duration ofthe reaction. For the anilino and N-methlyanilino reactions the temperatures were kept

at 150 QC as higher temperatures were found to cause excesssive oxidation of the amines.

Hydrochloride salts of Habipy and mabipy were formed due to the higher basicity of these

products. Liberation of the amines from their salts was best achieved by bubbling dry ammonia

gas through solutions of the amine salts in chloroform. The reaction of piperidine with 6-chloro­

2,2'-bipyrid.ine proceeded relatively slowly possibly due to the lower temperature, although

piperidine is one of the strongest amine bases and is also a good nucleophile. The yields of

Habipy, mabipy and pipbipy from the reaction of the relevant amine with 6-chloro-2,2'-bipyridine

were found to be 82, 85 and 72% respectively. All three ligandsare soluble in common organic

solvents.

Table 2.1 : Spectroscopic data for Habipy, mabipy and pipbipy

Habipy Mabipy Pipbipy

IRa 3396(m), 1603(m), 1582(m), l563(m), 2933(m), 2840(m),

1580(m), 1565(m), 1497(m), 1460(m), 1582(m), 1453(m),

1516(m), 1448(m), 1420(m), 1354(m), 1429(m), 1381(w),

1427(m), 1342(m), 1271(w), 1138(w), 1252(m), 980(w),

777(m), 762(m), 982(w), 768(m), 698(m) 949(w), 775(m)

698(m)

UV-Visb 342,280,247 344,280,248,223 347,268,250,228

GC-MS 247 rn/z 261 rn/z 239 rn/z

a - Spectra recorded as KEr diSCS (plpblpy recorded as thm film on KBr). b = MeCN as solvent.
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Table 2.2 : NMR spectroscopic data for Habipy, mabipy and pipbipy

Habipy

4' 3' 3 4

-\~ 21/~5D21~·15'(~!r\ I
L N N- 6 ~ g

6' N 7 6

/
H

8.67 (1H, dbrrn, H6.) , 8.33 (1H, d, H3,) ,

7.85 (1H, d, H.r), 7.80(lH, rn, HJ,

~ IIH nrnfl 17.63(1H, t, H3), 7.46-7.25 (5H, rn, H s',

Ph) , 7.06 (1H, rn, Ph) , 6.87 (1H, dbr,

H s) , 6.68 (1H, sbr, NB)

156-154 (3 C, S, C2, 2', 6)' 149(1 C, d, C6,)

, 141 (1C, s, C7), 139 (IC, d, C4), 137

13C nrnfl I(1 C, d, C3) , 129 (2C, d, Ph) , 123 (1 C,

d, Cs'), 122 (1C, d, Ph), 121 (1C, d, C3,)

, 120 (2C, d, Ph), 113 (IC, d, C4,) , 109

(1 C, d, Cs)

a= spectra run in CDCl3 at 303K

mabipy

~ ~ 3 4

~
11.

10-~2~ ~5 -.;;:::

.,~~~<- ..:().
6' N U

N 8

/
13

866 (1H, dbrrn, Hd , 8.44 (1H, dbrrn, H3,)

, 7.82 (1H , rn, H4.) , 7.78 (1H, rn, H3) ,

7.5 - 7.18 (7H, rn, H4, S', Ph) , 6.60 (IH,

dd, H s) , 3.61 (3H, s, CH3)

159-154 (3C, s, C2, 2', 6) , 149 (1 C, cl, C6,)

,147 (1C, s, C7), 138 (IC, d, C4) , 137

(1C, d, C3), 130-126 (4C, d, Ph), 125

(1C, d, Cs'), 123 (1C, d, Ph), 121 (1C, d,

C4,) , 110 (IC, d, Cs), 109 (1C, d, Cs), 38

(IC, q, CH3)

pipbipy

~ ~ 3 4

5.cro~2'2f ~5
10

.-N . N~\~-0

~

8.64 (1H, dbrrn, H6,) , 8.38 (IH, dbrrn,

H3,) , 7.79 (1H, d, H3), 7.75 (lH, tbrrn,

H4,) , 7.6 (IH , t, H4) , 7.21 (IH, rn, H s') ,

6.65(IH, d, H s) , 3.6(4H, sbr, H7a+b, lIa+b)

, 1.66(6H,sbr, HSa+b,9a+b, lOa+b)

159-154 (3C, S, C2 2' 6), 149 (lC, d, CJ, ,

, 138 (IC, d, C4) , 137 (lC, d, C3) , 123 .

(1 C, d, Cs') , 120 (1 C, d, C3,) , 109 (1 C,

d, C4.) ,107 (IC, d, Cs), 46 (2C, t, C7,11)

, 26 (2C, t, Cs. 10) , 25 (1 C, t, C9)



The spectroscopic data recorded for Habipy, mabipy and pipbipy are presented in Table 2.1. The

infrared spectra display aromatic stretches typical of polypyridyl ligands. Of importance from an

analytical point of view however is the manifestation of the N-H stretch at 3396 cm- l in the

spectrum of Habipy. This peak can beuseful in distinguishing the amino from the amido forms

of this ligand in transition metal complexes containing this ligand. Peaks in the lH and BC N11R

spectra were assigned to individual protons and carbon atoms based on evidence obtained from

their COSY and HETCOR spectra.

2.i Crystal structure determination of 6-N":methylanilino-2,2'-bipyridine and 6-piperidino­

2,2'-bipyridine

The crystal structures of~he free mabipy and pipbipy ligands have, been determined, the latter by

its unusual inclusion in the crystal structure of [Cu(pipbipY)2](SbF6) . 0.5 pipbipy, discussed in

Chapter 3. Fig. 2.2 and Fig. 2.3 depict ORTEP plots ofmabipy and pipbipy respectively. Tables

2.4 and 2.5 list the interatomic distances and angles for mabipy while those for pipbipy are listed

later in Tables 3.9 and 3.10.

H3

Fig. 2.2 : ORTEP plot of mabipy with thermal elipsoids at 30%
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In both structures the uncoordinated ligand mole~ules exist as discrete entities in the crystals,

there being no non-bonded.contact distances less than the sum of the van der Waals radii for the

atoms concerned.

H3

Fig. 2.3 : ORTEP plot of pipbipy with thermal elipsoids at 20 %

The crystal structures of mabipy and pipbipy reveal a near planar transoid conformation of the

bipyridyl fragment which is known for uncoordinated bipyridine36
. The dihedral angle between the

two pyridyl planes is 5.0° for mabipy and 3.2° for pipbipy. The geometry about the exocyclic

nitrogen in both mabipy and pipbipy is very close to triangular. The angles about N3 range

between 117.2 and 122.0° for mabipy and l14.0and l28.0 0 for pipbipy. For mabipy the distance

ofN3 from the plane C10-Cll-C12 is 0.079 Aand for pipbipy the distance ofN3 from the plane

C10-C11-C15 is 0.017 A. The deviation from planarity is thus very small. The planar geometry

about N3 can be attributed to a substantial overlap of the nitrogen lone pair orbital with the 1t

electron system of the pyridyl ring. In both ligands the N3-ClO bond length is significantly shorter

than normal nitrogen-carbon single bonds63
. In mabipy the N3-ClO bond length of 1.386 (4) A
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is 0.075 Ashorter then the N3-Cll bond length which was found to be 1.461(3) A, a distance

typical for N-C single bonds63
. The N3-CI0 bond length in pipbipy was found to be 1.379 (53)

A, whereas the N3-C 11 and. N3-C 15 bond lengths in pipbipy were found to be 1.47(6) Aand

1.42(6) A respectively, typical ofN-C single bond~. In both the free ligands the N3-CI0 bond

lengths approach the distance normally associated with carbon-nitrogen double bonds
63

.

The significant involvement of the nitrogen lone pair in the 'Tt electron system of the bipyridine

ligand, as suggested by the crystallographic evidence, could be an important factor in the

coordination of the exocyclic nitrogen. If a significant energy barrier must be overcome in order

for the nitrogen lone pair to break its association with the bipyridyl ring, coordination of the

exocyclic nitrogen could be difficult.

2.4 Experimental

All solvents were purified according to the literature methods 35. 6-Chloro-2,2'-bipyridine was

prepared by the literature method 34.

2.4.1 Synthesis of6-anilino-2,2'-bipyridine (Habipy)

6-Chloro-2,2'-bipyridine (LOg; 5.24 mmol) was heated in freshly distilled aniline (2 ml; 0.022 mol)

at 150°C for 35 hrs under a nitrogen atmosphere. The resulting dark oil was steam distilled to

remove excess aniline and dissolved in chloroform (40 ml). Dry ammonia was bubbled through

the chloroform solution to liberate the 6-anilino-2,2'-bipyridine from its hydrochloride salt. The

mixture was filtered to remove insoluble ammonium chloride. and the filtrate evaporated to

dryness. The solid material was dissolved in a minimum volume of ether and the solution then

heated and stirred for 10 min with 1 g of activated charcoal. Filtration through a celite pad,

addition of an equal volume of petroleum ether (60-80 o'C) and subsequent cooling yielded 6­

anilino-2,2'-bipyridine (1.06 g ; 82%) as pale yellow needles. [Found: C,77.1; H, 5.74; N, 16.82.

Calc. For C16H 13N3 : C, 77.7; H, 5.30; N, 17.0 %]
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2.4.2 Synthesis of6-N-methylanilino-2,2'-bipyridine (mabipy)

6-Chloro-2,2'-bipyridine (1.0 g; 5.24 nuno!) was heated in freshly distilled N-methylaniline (3 ml)

at 150°C for 35 hrs under a nitrogen atmosphere. The product 6-N-methylanilino-2,2'-bipyridine

was worked up by a method analogous to that for Habipy, with the exception that treatment with

activated charcoal was unnecessary. Yield: 85%. [Found: C, 78.14; H, 5.93; N, 16.02. Calc. for

C17H 1SN3 : C, 78.14; H, 5.79; N, 16.02 %]

2.4.3 Synthesis of6-piperidino-2,2'-bipyridine (pipbipy)

6-Chloro-2,2'-bipyridine (1.0 g; 5.24 nunol) was refluxed in freshly distilled piperidine (10 ml) for

120 hrs. On completion of the reaction, the mixture was filtered to remove the poorly soluble

piperidine hydrochloride and the piperidine removed under vacuum to afford a yellow oil. The oil

was further purified by passing through a silica gel column using choroform as eluent. The yellow

band collected was concentrated under vacuum and distilled at 150°C/0.5 mm Hg to yield the·

product as a yellow oil (0.95g; 72%). [Found: C, 74.97; H,7.02; N, 16.99. Calc. for C\sH17N3:

C, 75.3; H,7.16; N, 17.56 %]

Single crystal X-ray diffraction study of 6-n-methylanilino-2,2'-bipyridine (mabipy)

Pale yellow prismatic crystals of mabipy were grown by cooling of a hot, concentrated solution

ofmabipy in 60-80° petroleum ether. The general approach used for the intensity data collection

is described in Appendix A. Details of the crystallographic data are given in Table 2.3, the

interatomic distances in Table 2.4, the interatomic angles in Table 2.5, and the fractional

coordinates and equivalent isotropic thermal factors in Table 2.6. The observed and calculated

structure factors may be found on microfische in an envelope fixed to the inside back cover. All

non hydrogens were made anisotropic and the hydrogen atoms were placed in calculated

positions. The phenyl rings where defined as rigid groups.
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Table 2.3 : Crystal data and details of the crystallographic analysis for

6-N-methylanilino-2,2'-bipyridine

Formula

. Molecular mass (g.mol-I)

Crystal system

Space group

a (A)

b (A)

c (A)

V (A3)

Z

Dc (g.cm-3
)

F (000)

A(Mo - K a) (A)

Scan mode

w scan angle

Horizontal aperture width (mm)

Scattering range (0)

/l (cm-I)

. Absorption corrections

Measured intensities

Unique intensities

Unique intensities [I> 30(1)]

Structure solution

Weighting scheme

R = ~(Fo-Fc)/EFo

Rv = ~w1;2(Fo-Fc)/~w1j2Fo

(D./O)max J

~Pma.leA-3)

Number of parameters

29

C17H1sN3

291.33

Orthorhombic

Pmna

21.550(4)

7.568(2)

8.6530(3)

1411.1(6)

4

1.23

552

0.71069

w - 28

0.41 + 0.35tan8

2.7 + 0.ltan8

2 ~ 6 ~. 30

0.809

Semi empirical

1662

1132

909

Direct methods

1/[(02(F) + 0.01F2)]

0.0396

0.0448·

0.381

0.110
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Table 2.4: Interatomic distances ( A) for 6-N-methylaniIino-2,2'-bipyridine

N(1)-C(1) 1.3~6(3) N(1)-C(5) 1.343(3)

N(2)-C(6) 1.363(3) N(2)-C(10) 1.343(3)

N(3)-C(10) 1.386(3) N(3)-C(11) 1.461(3)

N(3)-C(12) 1.426(3) C(1)-C(2) 1.369(5)

C(2)-C(3) 1.379(5) C(3)-C(4) 1.391(4)

C(4)-C(5) 1.399(4) C(5)-C(6) 1.483(3)

C(6)-C(7) 1.387(3) C(7)-C(8) 1.385(3)

C(8)-C(9) 1.376(4) C(9)-C(10) 1.403(4)

C(13)-C(14) 1.395(0) C( B)-C(12) 1.395(0)

C(14)-C(15) 1.395(0) C(15)-C(l6) 1.395(0)

C(16)-C(17) 1.395(0) C(17)-C(12) 1.395(0)
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Table 2.5: Interatomic angles ( 0 ) for 6-N-methylanilino-2,2'-bipyridine

C(1)-N(1)-C(5) 117.2(3) C(6)-N(2)-C(10) 117.9(2)

C(10)-N(3)-C(11) 119.9(2) C(10)-N(3)-C(1) 122.0(2)

C(11)-N(3)-C(12) 117.2(2) N(l)-C(I)-C(2) 124.0(3)

C( 1)-C(2)-C(3) 119.0(3) C(2)-C(3)-C(4) 118.8(3)

C(3)-C(4)-C(5) 118.1(3) N(l)-C(5)-C(4) 122.8(2)

N(1)-C(5)-C(6) 116.7(2) C(4)-C(5)-C(6) 120.5(2)

N(2)-C(6)-C(5) 115.1(2) N(2)-C(6)-C(7) 123.8(2)

C(5)-C(6)-C(7) 121.2(2) C(6)-C(7)-C(8) 117.3(3)

C(7)-C(8)-C(9) 120.0(3) C(8)-C(9)-C(10) 119.7(2)

N(2)-C(10)-N(3) 116.1(2) N(2)-C( 10)-C(9) 121.3(2)

N(3)-C( 10)-C(9) 122.6(2) C(14)-C(13)-C(12) 120.0(0)

C(13)-C(14)-C( 15) 120.0(0) C(14)-C(15)-C(16) 120.0(0)

C(15)-C(16)-C(17) 120.0(0) C( 16)-C(17)-C(12) 120.0(0)

N(3)-C(12)-C(13) 119.5(l) N(3)-C( 12)-C(17) 120.5(l)

C(l3)-C(12)-C(l7) . 120.0(0)
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Table 2.6: Fractional coordinates (xlO'*) and equivalent isotropic thermal factors (}..2, xl03)

for 6-N- methylanilino-2,2'-bipyridine .

xJa y/b lie l1eq

N(1) 7079(2) 2383(4) 8814 67(1)

N(2) 6242(2) 552(4) 5296(7) 53(1)

N(3) 5732(2) -919(4) 3219(8) 69(1)

C(1) 7380(2) 3708(5) 9104(11) 79(1)

H(1) 7601(2) 3869(5) 10357(11) 120(5)*

C(2) 7406(2) 4902(6) 7933(11) 82(1)

H(2) 7668(2) 5934(6) 8226(11) 120(5)*

C(3) 7119(3) 4735(6) 6335(11) 83(1)

H(3) 7129(3) 5668(6) 5398(11) 120(5)*

C(4) 6800(2) 3373(5) 5982(10) 76(1)

H(4) 6569(2) 3203(5) 4746(10) 120(5)*

C(5) 6802(2) 2213(5) 7255(8) 58(1)

C(6) 6504(2) 699(5) 6908(8) 54(1)

C(7) 6509(2) -469(5) 8149(9) 63(1)

H(5) 6720(2) -290(5) 9412(9) 120(5)*

C(8) 6235(2) -1860(5) 7699(9) 67(1)

H(6) 6231(2) -2806(5) 8620(9) 120(5}*

C(9) 5974(2) -2043(5) 6071(9) 64(1)

H(7) 5754(2) -3116(5) 5708(9) 120(5)*

C(10) 5988(2) ~815(5) 4875(9) 57(1)

C(11) 5636(3) 478(5) . 2185(10) 88(1)

H(8) 5574(3) 1313(5) 3219(10) 120(5)*

H(9) 5216(3) 402(5) 1422(10) 120(5)*

H(10) 6014(3) 837(5) 1355( 10) 120(5)*

C(l3) 6137(1) -3441(3) 2377(7) 64(1)

C(14) 6075(1) -4837(3) 1484(7) 79(1)

C(15) 5532(1) -5159(3) 565(7) 95(2)

C(16) 5050(1) -4083(3) 540(7) 92(2)

C(17) 5111(1) -2687(3) 1433(7) 75(1)

C(l2) 5655(1) -2365(3) 2352(7) 58(1)

H(lI) 6558(1) -3192(3) 3088(7) 120(5)*
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Table 2.6 / Cont.

H(12)

H(13)

. H(14)

H(15)

6448(1)

5484(1)

4629(1)

4738(1)

-5670(3)

-6240(3)

-4332(3)

-1854(3)

1504(7)

-127(7)

-172(7)

1413(7)

120(5)*

120(5)*

120(5)*

120(5)*

'" isotropic temperature factor.
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Chapter three

The synthesis and characterisation of homoleptic mo:nonudear aminobipyridyl complexes.

of copper(n and copper(II)

3.1 Introduction

Having designed the 6-aminobipyridylligands with the intention of utilising the bridging capacity

of these ligands to synthesise dinuclear complexes of transition metals, an initial study of the

coordination of these ligands to mononuclear copper(I) and copper(II) precursors was

undertaken. Copper(I) was chosen in view of its known propensity to form dinuclear complexes

with'the 6-diphenylphosphino-2,2'-bipyridylligand (Ph2Pbipy).- Such complexes include [Culll­

Ph2PbipY)2(NCMe)2](PF6)2 arid [C~(Il-P12Pbipy1(bipy)](pF61 which are known to behave as

e1ectrocatalysts towards the reduction of carbon dioxide 37 . The Ph2Pbipy ligand is similar to the

6-aminobipyridyl ligands, differing only in the donor atom substituted in the 6-position. The

phosphorus atom in the phosphine ligand is however both a donor of a electrons and an acceptor

of 1t electrons, whereas the exocyclic nitrogen in the 6-aminobipyridylligands is only a donor of

a electrons. Phosphorus is also a much'softer' donor atom than nitrogen and for this reason the

'harder' copper(II) system was also studied.

3.2 Reaction of Habipy, mabipy and pipbipy with copper(n

The slow addition ofeither one or two equivalents of pipbipy, mabipy or Habipy to a solution of

[Cu(NCMe)4r in methanol or acetonitrile was found to afford mononuclear products of

stoichiometry [Cu(TJ2-L)2r , where L= mabipy 1, pipbipy 2 or Habipy 3. All three complexes

proved to be relatively air stable compounds, best soluble in methanol. They could only be

isolated as solid, crystalline materials by the slow evaporation of their methanolic solutions and

otherwise were isolated as oils. The microanalytical data presented in Table 3.1 are consistent in

each case with the formulation of homoleptic complexes of copper(I).
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Table 3.1 : Microanalytical data

Analysis: Calculated (Found)

Complex %C %H %N

[Cu(112-mabipY)2](PF6) 1 55.85 (55.54) 4.11 (4.02) 11.50 (11.49)

[Cu(112-pipbipY)2](PF6) 2 52.44 (52.23) 4.98 (5.08) 12.23 (11.84)

[Cu(112-HabipY)2](pF6) 3 54.67 (54.70) 3.73 (4.03) 11.95 (11.69)

The infrared spectra, the data from which are presented in Table 3.2, exhibit the characteristic

ligand peaks in the aromatic region and also shows the characteristic P-F stretching modes at

approximately 840 cm-I, confinuing the presence ofthePF6- counter ion. It is noteworthy that the

infrared spectrum of [Cu(112-HabipY)2r (3) displays the N-H stretch at 3390 cm-I confirming the

presence of the amino form of the ligand in the complex.

Table 3.2 Spectroscopic data

Complex IRa (cm-I) UV-Visb(nrn) (0) IH NMRC(ppm)

1 1591 (m), 1562 (w), 1494 345 8.30-6.30 (24H, m, ~,5,,4,,3,,3,

(m), 1450 (m), 1364 (w), 280 . 4,5,Ph), 3.20 (6H, s, Hu )

840 (s) 244

221

2 2944 (m), 2854 (w), 1593 346 8.65-7.0 (14H, vbrm,~ 5' 4' 3', , , ,

(m), 1566 (m), 1447 (m), 268 H3,4, 5)' 1.35 (8H, sbr, HSa +b,

1251 (m), 840 (s), 775 (w) 227 H I2a +b), 1.20 (12H, sbr, ~a+b

HlOa+b,ua+b)

3 3390 (w), 1593 (m), 1570 343 8.40-6.60 (26H, vbrm, Habipy )

(m~1508(m~ 1474(~, 280

1339 (w), 1304 (w), 845, 245

(s), 768 (m), 698 (w)

a recorded as KBr diSC, b - recorded In MeCN , C= recorded In CD
3
0D at 303K

vbrm = very broad multiplet , sbr = broad singlet
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The DV-Vis spectra of all three complexes are very similar to those of the uncoordinated ligands,

there being no detectable metal to ligand charge transfer peaks. The lH NMR spectra for

complexes 2 and 3 display ligand peaks which are substantially broadened whereas the spectrum

for complex 1 has relatively well resolved ligand peaks. Another unusual feature exhibited by the

IH NMR spectrum of complex 2 is the substantial upfield shift of the IX piperidyl protons (Hsa + b

and H 12a + b), which shift from 3.60 ppm for the uncoordinated ligand to 1.35 ppm for complex

2. No upfield shift is exhibited by any of the ligand protons of complexes 1 or 3. The uniqueness

of the pipbipy ligand in this respect is possibly due to the ability of the sterically unhindered

piperidyl group to rotate more easily about its C(py)-N(methylanilino) bond, thereby bringing

these protons in close proximity to the metal. Indirect evidence from the X-ray crystal structure

study of [Cu(1l2-pipbipY)2](SbF6) ·0.5 pipbipy, discussed later, is supportive of this notion.

Single crystals of complexes 1 and 2 were grown for the purpose of structural determination by

X-ray diffraction methods and the structures of the SbF6- salts of these complexes were solved.

An ORTEP generated representation of the structure of [Cu(1l2-mabipY)2r is illustrated in Fig.

3.1. The cations and anions are well separated, there being no contact distances less than the sum

of the van der Waals radii for the atoms concerned.

Both mabipy ligands chelate to the copper ion through their bipyridyl fragments, with the N­

methylanilino nitrogens remaining uncoordinated. The copper ion adopts a very irregular

tetrahedral geometry, with angles subtended at it ranging from 80.9 to 140.0 0 (see Table 3.5).

The interatomic distances for [Cu(1l2-mabipY)2](SbF6) are reported in Table 3.4. The Cu-N bond

lengths are typically of the order of 2.0 Afor NI, N2, N4 and N5. The N3-Cu and N6-Cu

distances are 3.234 Aand 3.303 Arespectively, being too long for any significant interaction. The

N3-CI0 and N6-C27 bond lengths are 1.372(6) and 1.382(6) A. respectively which implies

substantial overlap of the nitrogen lone pair orbital with the 1t electron system of the bipyridyl

rings as was the case for the uncoordinated ligand. The N3-CI0 and N6-C27 bond lengths in

complex 1 are not significantly different from the N3-CI0 bond length in the uncoordinated

ligand, discussed in Chapter 2, which was found to be 1.386(3) A.The angles about the exocyclic

nitrogens N3 and N6 range from 116.8 to 121.9 0 which is similar to those established for the
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uncoordinated mabipy. The distance ofN3 from the plane CIO, Cll, C12 is 0.168 A. and the

distance ofN6 from the plane C27, C28, C29 is 0.076 A.. Thus the geometries about N3 and N6

are very close to being planar. In complex 1 C11 is trans to N2, whereas in the free ligand,

discussed in Chapter 2, Cll is cis to-N2. This suggests that rotation about the N3-CIO bond is
,- -

possible and that the overlap of the nitrogen lone pair orbital with the 1t electron system of the

bipyridyl rings is not as rigid as might be assumed from structural evidence.

An ORTEP generated representation of the crystal structure of [Cu(Tj2-pipbipY)2r is depicted in

Fig. 3.2. The crystal structure features the unusual inclusion of uncoordinated ligand in the lattice

of the crystal. The cations, anions and uncoordinated ligand molecules exist as separate entities

in the crystal, there being no contact distances less then the sum of the van der Waals radii for the

atoms concerned. Like complex 1, complex 2 crystallised in the triclinic space group PT. There

are two cations, two anions and one uncoordinated ligand molecule per asymmetric unit in the

[Cu(Tj2-pipbipY)2](SbF6) . 0.5 pipbipy crystal.

As found for the mabipy ligand in complex 1, the two pipbipy ligands are chelated to the copper

ion through their bipyridyl fragments, with the piperidylfragments remaining uncoordinated. The

geometry about the copper ion is a very distorted tetrahedron with angles ranging from 80.4 to

141.5 0
, as listed in Table 3.9. The bond lengths for complex 2 listed in table 3.8 are very similar

to those found for complex 1. The N3A-CulA and N6A-CulA distances are 3.262 A. and 3.303

A. respectively, being too long for any significant interaction. The distance ofN3A from the plane

ClOA, CIIA, C15A is 0.305 A. and the distance ofN6A from the plane C25A, C26A, C30A is

0.275 A. .Thus the geometries about the two exocyclic nitrogens are nearly planar. The N3-CIO

bond length in complex 2 is also relatively short, not differing much form the corresponding N3­

CIO distance !n the uncoordinated ligand.

As mentioned earlier, the upfield shift observed for the a-protons of the piperidyl group in the IH

NMR spectrum of 2 can be explained by indirect evidence obtained from the crystal structure

determination of [Cu(Tj2-pipbipy)zJ(SbF6) . 0.5 pipbipy. Rotation of the piperidyl group about the

ClOA-N3A bond should be both possible and likely, taking into account the existence of both cis

and trans forms of the N-methyl anilino group in the mabipy ligand, discussed earlier, and
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considering the compact nature of the piperidyl group. Calculations presented in Appendix C

show that the minimum distance ofan a-proton from Cu1A would be approached when Ha' N3 A,

CI0A and CulA are an coplanar. In such a case the CulA-Ha distance is calculated to be 1.76

A, which is significantly short to suggest some agostic interaction. Such an interaction would

clearly explain the shift for the a-protons from 3.60 ppm to 1.35 ppm. No upfield shift is displayed

by the a-protons in complexes land 3 presumably due to restricted rotation about the N3-CI0

bonds caused by the bulky phenyl rings.

3.3 Reaction of mabipy with copper(II)

The slow addition of either 1 or 2 equivalents of mabipy to a solution of copper(II) perchlorate

hexahydrate in methanol at room temperature was found to afford the mononuclear Cu(II) species

[Cu(1l2-mabipY)2](Cl04)2' 2H 9 (4), isolated as a microcrystalline green material. The

microanalytical data, presented in Table 3.3 are consistent with the formulation of the material as

the bis mabipy copper(II) perchlorate dihydrate species.

The infrared spectrum of complex 4 exhibits the typical ligand vibrational bands in the aromatic

region as well as the Cl-O stretch at 1094 cm- l confirming the presence of the perchlorate counter

ions. The DV-Vis spectrum is identical to the DV-Vis spectra of uncoordinated mabipy and

complex 1.

Table 3.3 : Microanalytical and spectroscopic data for [Cu(112-mabipY)2](CI04)2' 2H20

%C 49.73 (49.78)

Analysis: calculated (found) %H 4.17 (3.82)

%N 10.24 (10.35)

1603(m), 1566(w), 1499(m), .1455(m), 1373(w)

. IRa (cm- l ) 1317(w), 1244(w); 1094(s), 779(m), 769(m),

623(m)

UV-Visb (nm) 347,280,246,223

a - measured as KBr dlsc

b = measured in acetonitrile
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Single crystals suitable for an X-ray crystal structure determination were grown from a

propionitrile solution. These crystals were anhydrous but contained propionitrile as solvent of

crystallisation. Fig. 3.3 depicts an ORTEP generated representation of the cation of complex 4.

. The cations anions and solvent molecules are well separated in the crystal, there being no contact

distances less then the sum of the van der Waals radii for the atoms concerned.

There are no major differences between the crystal structures of complexes 1 and 4. The angles

about the copper ion vary from 82.2 to 149.5° as presented in Table 3.13. The Cu-N bond lengths

are slightly shorter for the copper(II) species, ranging from 1.961(9) to 1.98'6(8) A. The N3-Cu

and N6-Cu distances are 3.310 Aand 3.211 Arespectively, being too long for any significant

interaction. The disance ofN3 from the CI0, Cll, C12 plane is 0.119 Aand the distance ofN6

from the C27, C28, C29 plane is 0.149 A. Thus both N3 and N6 can essentially be regarded as

having nearly planar geometry. Other then these minor differences, the structure of the cation of

complex 4 is essentially the same as that of complex 1.

Considering the geometric similarities between complexes 1 and 4 and the stabilities of the two

species, their electrochemical relationship was expected to be one of fa.cile reversibility. The CV

plot for both species was found to be identical and is depicted in Fig. 3.4. The cyclic

voltammogram shows reversible oxidation Ireduction of the copper bis mabipy species at E lI2 =

0.45V.

3

Fig. 3.4 : Cyclic voltammogram of [ CU(T\2-mabipY)2 ](PF6) in

MeCN containing O.lM TBAP
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3.4 Discussion

The potentially tridentate ligands: mabipy, pipbipy and Habipy all preferentially afford

mononuclear species with copper(I) or copper(II) where chelation occurs through the bipyridyl

fragments with the exocyclic nitrogens remaining uncoordinated. This differs markedly from the

behaviour of the analogous phosphine ligand PPh2bipy, which preferentially forms dinuclear

species with copper(I) via the formation of three membered NCP bridges.

Reasons for the different coordination behavi~ur of the aminobipyridylligands are at this stage

somewhat speculative, although evidence obtained from the X-ray crystallographic study of the

aminobipyridyl complexes does help in explaining the behaviour of these ligands. Nitrogen is

accepted as being a 'harder' base than phosphorous and in this respect is less suited to

coordination to the relatively' soft'copper(I) ion, yet the same coordination behaviour is shown

towards the relatively 'harder'copper(II) ion. An explanation based solely on 'hard' and 'soft'

acid-base theory is thus inconclusive. Of greater significance is the observed involvement of the

nitrogen lone pair orbital in the 'Tt electron system of the bipyridyl rings. In complexes 1 - 4 the

exocyclic nitrogen has planar geometry typical ofSp2 hybrids, and presu'mably an energy barrier

exists between sp2 and the Sp3 hybrids, the latter being the required hybridisation for coordination

of this nitrogen. Overcoming this energy barrier appears to be difficult and changing the reaction

conditions and starting materials had no effect on the products formed. In another attempt to

circumvent this problem, the synthesis of a ligand containing a sterically fixed lone pair orbital,

depicted in Fig. 3.5 was attempted.

Fig. 3.5 : Hypothetical ligand
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In this ligand the exocyclic nitrogen has its lone pair orbital perpendicular to the 1t electron system

of the bipyridyl rings, such that no overlap of the lone pair orbital with the 1t electron system of

the bipyridyl rings can take place. Unfortunately, despite exploring several routes to the synthesis

of this ligand, this task proved insurmountable.

3.5 Experimental

All reactions were carried out under a nitrogen atmosphere unless otherwise indiCated. All

solvents were purified by the literature methods. General experimental methods are outlined in

Appendix A. .

3.5.1 Synthesis oj[Cu(l)2-L)2 ](PF6) , L= mabipy 1 , pipbipy 2, Habipy 3

A solution ofmabipy, pipibipy, or Habipy (0.268 mmol) dissolved in methanol (20 ml) was added

dropwiseto a stirred solution of [Cu(NCMe)4](pF6) (50 mg; 0.134 mmol) in methanol (15 rnI)

at room temperature. After stirring for 10 min, the dark red solution was allowed to evaporate

slowly under a nitrogen atmosphere to afford [CU(l)2_L)2](PF6) , L=mabipy 1 , pipbipy 2 or

Habipy 3, as dark red crystalline material. Yield 1= 82%,2= 85%,3= 83% . [ CU(l)2-L)2 ](SbF6),

L= mabipy or pipbipy were synthesised in the same manner from [Cu(NCMe)4 ](SbF6), which was

prepared by the reaction of excess NOSbF6 with Cu in acetonitrile.

. 3.5.2 Synthesis oj[Cu(l)2-mabipY)2 ](CI04)2 4

Mabipy (70.52 mg; 0.2686 mmol) dissolved.in methanol (20 ml) was added dropwise to a stirred

solution of Cu(CI04)2 .6~O (50mg; 0.1343 mmols) dissolved in methanol (25 ml) at room

temperature under an air atmosphere. The green precipitate which formed immediately was

filtered and recrystallised from h~t methanol to afford [Cu(l)2-mabipY)2l (Cl04h' 211°as a

microcrystalline green material.Yield = 99 mg (90%).

Single crystal X-ray diffraction study of [Cu(l)2-mabipY)2](SbF6)
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Dark red blocks were, grown by slow evaporation of a dilute solution of the complex in methanol

under an atmosphere of nitrogen. The general approach used for the intensity data collection is

described in Appendix A. Details of the crystallographic data are given in Table 3.4, the

interatomic distances in Table 3.5, the interatomic angles in Table 3.6 and the fractional

coordinates and equivalent isotropic thermal factors in Table 3.7. The observed and calculated

structure factors may be found on micrfiche in an envelope fixed to the inside back cover. All

atoms were made anisotropic and the phenyl rings were defined as rigid groups. All hydrogen

atoms were placed in calculated positions.

Single crystal X-ray diffraction study of [Cu(T)2-pipbipY)2](SbF6)' 0.5 pipbipy

Dark red rectangular plates were grown by slow evaporation of a dilute solution of the complex

in methanol under an atmosphere of nitrogen. The general approach used for the intensity data

collection is described in Appendix A. Details of the crystallographic data are given in Table 3.8,

the interatomic distances in Table 3.9, the interatomic angles in Table 3'.10 and the fractional

coordinates and equivalent isotropic thermal factors in Table 3.11. The observed and calculated

structure factors may be found on micrfiche in an envelope fixed to the inside back cover. All

atoms were made anisotropic and the SbF6- counterion was defined as a rigid group. All hydrogen

atoms were placed in calculated positions.

Single crystal X-ray diffraction study of [ CU(T)2-mabipY)2 ](CI04)2' NCCH2CHJ

Emerald green rectangular crystals were grown by the slow diffusion of ether into a concentrated

solution of the complex in propionitrile. The general approach used for the intensity data

collection is described in Appendix A. Details of the crystallographic data are given in Table 3.12,

the interatomic distances in Table 3.13, the interatomic angles in Table 3.14 and the fractional

.coordinates and equivalent isotropic thermal factors in Table 3.15. The observed and calculated

structure factors may be found on micrfiche in an envelope fixed to the inside back cover. All

atoms were made anisotropic and the phenyl rings were defined as rigid groups. All hydrogen

atoms were placed in calculated positions.
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Table 3.4 : Crystal data and details of the crystallographic analysis for

[Cu (lll-mabipY)l ](SbF6)

Formula

Molecular mass (g.mol- I
)

Crystal system.

Space group

a (A)

b (A)

c(A)

aC)

PC)
y C)
V (A3)

Z

Dc (g.cm-3)

F (000)

A (Mo - K(t) (A)

Scan mode

w scan angle

Horizontal aperture width (mm)

Scattering range C )
Il (cm-I)

Absorption corrections

Measured intensities

Unique intensities

Unique intensities [I> 3a(l)]

Structure solution

Weighting scheme

R = ~(Fo-FJ/~Fo

~ = ~w1lz(Fo-Fc)/~w1lzFo

(~/a)max

~pma.iek3)

Number ofparameters

46

CuC34H30N6SbF6

821.94

Triclinic
-

P 1

10.379(3)

12.480(2)

13.4061(2)

98.83(1)

101.47(1)

92.15(2)

1677.4(6)

2

1.627

410

0.71069

w- 28

0.66 + 0.35tan8

2.7 + 0.1tan8

2 ~ 8 ~ 30

16.887

Semi empirical

5379

4485

4094

Direct & Fourier

1I[(a2(F) + 0.0059F2
)]

0.0403

0.0504

0.211

0.659
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Table 3.5: Interatomic distances (A) for [Cu(1l2-mabipY)2](SbF6)

Cu-N(1) 2.040(3) Cu-N(2) 2.045(3)

Cu-N(4) 2.034(3) Cu-N(5) 2.068(3)

N(l)-C(l) 1.328(6) N(1)-C(5) 1.329(5)

N(2)-C(6) 1.329(5) N(2)-C(10) 1.360(5)

N(3)-C(10) 1.372(6) N(3)-C(11) 1.460(6)

N(3)-C(12) 1.420(4) N(4)-C(I8) 1.330(6)

N(4)-C(22) 1.339(5) N(5)-C(23) 1.343(5)

N(5)-C(27) 1.342(5) N(6)-C(27) 1.382(6)

N(6)-C(28) 1.473(6) N(6)-C(29) 1.408(4)

C(1)-C(2) 1.384(7) C(2)-C(3) 1.354(8)

C(3)-C(4) 1.378(8) C(4)-C(5) 1.381 (6)

C(5)-C(6) 1.497(6) C(6)-C(7) 1.381(6)

C(7)-C(8) 1.387(7) C(8)-C(9) 1.375(7)

C(9)-C(10) 1.381(6) C13)-C(14) 1.395(0)

C(13)-C(12) 1.395(0) C(14)-C(15) 1.395(0)

C(I5)-C(16) 1.395(0) C( 16)-C(17) 1.395(0)

C(17)-C(12) 1.395(0) C(18)-C(19) 1.368(7)

C(19)-C(20) 1.359(8) C(20)-C(21 ) 1.380(7)

C(21 )-C(22) 1.385(6) C(22)-C(23) 1.484(6)

C(23)-C(24) 1.389(6) C(24)-C(25) 1.390(7)

C(25)-C(26) 1.347(8) C(26)-C(27) 1.397(6)

C(30)-C(31) 1.395(0) C(31)-C(32) 1.395(0)

C(32)-C(33) 1.395(0) C(33)-C(34) 1.395(0)

C(34)-C(29) 1.395(0) Sb-F(1) 1.870(4)

Sb-F(2) 1.826(4) Sb-F(3) 1.845(4)

Sb-F(4) 1.811(4) Sb-F(5) 1.847(4)

Sb-F(6) 1.800(4)
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Table 3.6 : Interatomic angles r )for [Cu(1l2-mabipY)2](SbF6)

N( 1)-Cu-N(2) 80.9(1) N( 1)-Cu-N(4) 109.0(1)

N(2)-Cu-N(4) 141.0(1) N( 1)-Cu-N(5) 136.8(1)

N(2)-Cu-N(5) 118.0(1) N(4)-Cu-N(5) 81.2(1)

Cu-N(l )-C( I) 128.0(3) Cu-N( 1)-C(5) 113.4(3)

C( i)-Ne I)-C(5) 118.6(4) Cu-N(2)-C(6) 113.2(2)

Cu-N(2)-C(10) 125.5(3) C(6)-N(2)-C(l0) 119.2(3)

C(10)-N(3)-C(II) 118.4(4) C(10)-N(3)-C(12) 121.1(3)

C(11)-N(3)-C(12) 116.4(4) Cu-N(4)-C(18) 128.1(3)

Cu-:N(4)-C(22) 113.5(3) C( 18)-N(4)-C(22) 118.3(4)

. Cu-N(5)-C(23) 112.4(2) Cu-N(5)-C(27) 127.7(3) .

C(23)-N(5)-C(27) 118.7(3) C(27)-N(6)-C(28) 118.9(4)

C(27)-N(6)-C(29) 121.9(3) C(28)-N(6)-C(29) 118.4(4)

NI )-C( 1)-C(2) 123.5(5) C( 1)-C(2)-C(3) 117.6(5)

C(2)-C(3)-C(4) 119.7(5) C(3)-C(4)-C(5) 119.5(5)

N(1)-C(5)-C(4) 121.1(4) N(1)-C(5)-C(6) 116'.0(3)

C(4)-C(5)-C(6) 122.9(4) N(2)-C(6)-C(5) 115.0(3)

N(2)-C(6)-C(7) 122.6(4) C(5)-C(6)-C(7) 122.4(4)

C(6)-C(7)-C(8) 118.2(4) C(7)-C(8)-C(9) 119.5(4)

C(8)-C(9)-C(10) 119.4(4) N(2)-C( 10)-N(3) 116.9(4)

N(2)-C( 10)-C(9) 121.0(4) N(3)-C(10)-C(9) 122.1(4)

C(l4)~C(l3)-C(l2) 120.0(0) C( 13)-C(l4)-C(15) 120.0(0)

C( 14)-C( 15)-C(16) 120.0(0) C(15)-C( 16)-C(17) 120.0(0)

C( 16)-C(17)-C(12) 120.0(0) N(3)-C( 12)-C(13) 119.8(2)

N(3)-C(12)-C(17) 120.1(2) C(13)-C(12)-C(17) 120.0(0)

N(4)-C(18)-C(19) 123.2(4) C(18)-C(19)-C(20) 119.6(5)

C(19)-C(20)-C(21) 117.8(4) C(20)-C(21)-C(22) 120.3(4)

N(4)-C(22)-C(21) 120.7(4) N(4)-C(22)-C(23) 116.4(4)

C(21 )-C(22)-C(23) 122.8(4) N(5)-C(23)-C(22) 115.6(3)

N(5)-C(23)-C(24) 122.7(4) C(22)-C(23)-C(24) 121.7(4)

C(23 )-C(24)-H(20) 120.5(3) C(23)-C(24)-C(25) 117.7(4)

C(24)-C(25)-C(26) 119.8(4) C(25)-C(26)-C(27) 120.2(5)

N(5)-C(27)-N(6) 118.3(4) N(5)-C(27)-C(26) 121.0(4)

N(6)-C(27)-C(26) 120.7(4) C(31 )-C(30)-C(29) 120.0(0)

C(30)-C(31)-C(32) 120.0(0) C(31)-C(32)-C(33) 120.0(0)

C(3 2)-C(33)-C(34) 120.0(0) C(33)-C(34)-C(29) 120.0 '0)
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Table 3.6 / Cont.

N(6)-C(29)-C(30)

C(30)-C(29)-C(34)

F(l)-Sb-F(3)

F(1)-Sb-F(4)

F(3)-Sb-F(4)

F(2)':Sb-F(5)

F(4)-Sb-F(5)

F(2)-Sb-F(6)

F(4)-Sb-F(6)

120.1(2)

120.0(0)

82.7(3)

96.7(3)

176.9(2)

90.7(2)

88.8(3)

90.4(3)

91.0(4)

N(6)-C(29)-C(34)

F( 1)-Sb-F(2)

F(2)-Sb-F(3)

F(2)-Sb-F(4)

F(1)-Sb-F(5)

F(3)-Sb-F(5)

F(l)-Sb-F(6)

F(3)-Sb-F(6)

F(5)-Sb-F(6)

49

119.8(2)

176.9(2)

94.2(3)

86.3(3)

89.4(2)

88.1(3)

89.5(3)

92.0(4)

178.8(3)



Table 3.7: Fractional coordinates ( x 103
) and equivalent isotropic thermal factors ( Pt?, x

103
) for [Cu(112-mabipY)2](SbF6)

xla y/b z/c !1q

Cu 6265(1) 7846 1829 50

N(1) 4805(3) 6651(3) 1204(3) 53(1)

N(2) 7034(3) 6622(3) 2564(2) 44(1)

N(3) 8993(3) 7615(3) 3412(3) 60(1)

N(4) 6559(3) 8713(3) 717(3) 51(1)

N(5) 6419(3) 9393(2) 2677(2) 46(1)

N(6) 6146(3) 8870(3) 4229(3) 60(1)

C(1) 3763(4) 6676(4) 453(4) 68(1)

H(1) 3626(4) 7421(4) 140(4) 95(3)*

C(2) 2857(5) 5798(4) 47(4) 76(1)

H(2) 2025(5) 5842(4) -570(4) 95(3)*

C(3) 3035(5) 4880(5) 465(5) 87(1)

H(3) 2348(5) 4178(5) 172(5) 95(3)*

C(4) 4118(5) 4836(4) 1238(4) 76(1)

H(4) 4266(5) 4109(4) 1579(4) 95(3)*

C(5) 4990(4) 5740(3) 1597(3) 48(1)

C(6) 6187(4) 5762(3) 2436(3) 50(1)

C(7) 6362(5) 4975(4) 3062(4) 68(1)

H(5) 5667(5) 4276(4) 2923(4) 95(3)*

C(8) 7452(6) 5108(4) 3869(4) 76(1)

H(6) 7601(6) 4525(4) 4392(4) 95(3)*

C(9) 8351(5) 5980(4) 3993(4) 67(1)

H(7) 9208(5) 6090(4) 4614(4) 95(3)*

C(10) 8136(4) 6725(4) 3325(3) 55(1)

C(11) 9970(6) 7926(7) 4371(4) 97(2)

H(8) 9792(6) 7565(7) 5018(4) 95(3)*

H(9) 10075(6) 8800(7) 4584(4) 95(3)*

H(10) 10863(6) 7641(7) 4158(4) 95(3)*

C(13) 9352(3) 7219(2) 1656(2) 57(1)

C(14) 9714(3) 7565(2) 803(2) 69(1)

C(15) 10016(3) 8666(2) 818(2) 75(1)
C(16) 9955(3) 9423(2) 1686(2) 76(1)
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Table 3.7 ICont.

C(17) 9593(3) 9077(2) 2539(2) 69(1)

C(12) 9291(3) 7975(2) 2524(2) 52(1)

H(11) 9118(3) 6366(2) 1644(2) 95(3)*

H(12) 9761(3) 6979(2) 131(2) 95(3)*

H(13) 10296(3) 8934(2) 157(2) 95(3)*

H(14) 10189(3) 10276(2) 1698(2) 95(3)*

H(I5) 9546(3) 9663(2) 3211(2) 95(3)*

C(18) 6568(5) 8345(4) -266(3) 63(1)

H(16) 6457(5) 7476(4) -524(3) 95(3)*

C(19) 6683(5) 9012(5) -968(4) 77(1)

H(17) 6658(5) 8683(5) -1766(4) 95(3)*

C(20) 6834(5) 10106(5) . -658(4) 74(1)

H(18) 6936(5) 10657(5) -1190(4) 95(3)*

C(21) 6864(5) 10498(4) 367(4) 66(1)

H(19) 6998(5) 11362(4) 647(4) 95(3)*

C(22) 6704(3) 9789(3) 1041(3) 480)

C(23) 6747(3) 10160(3) 2153(3) 47(1)

. C(24) 7l19(5) 11231(4) 2617(4) 66(1)

H(20) 7365(5) 11827(4) 2167(4) 95(3)*

C(25) 7175(5) 11497(4) 3670(4) 75(1)

H(21) 7482(5) 12318(4) 4054(4) 95(3)*

C(26) 6850(4) 10729(4) 4199(4) 68(1)

H(22) 6876(4) 10937(4) 5016(4) 95(3)*

C(27) 6460(3) 9669(3) 3691(3) 52(1)

C(28) 6873(6) 8891(6) 5294(4) 87(2)

H(23) 7045(6) 8193(6) 5678(4) 95(3)*

H(24) 6443(6) 9500(6) 5765(4) 95(3)*

H(25) 7798(6) 9223(6) 5177(4) 95(3)*

C(30) 3964(2) 8424(2) 3143(2) 55(1)

C(31) 2824(2) 7729(2) 2813(2) 67(1)

C(32) 2737(2) 6758(2) . 3197(2) 86(2)

C(33) 3790(2) ()481(2) 3912(2) 83(2)

C(34) 4931(2) 7176(2) 4242(2) 70(1)

C(29) 5018(2) 8148(2) 3858(2) 53(1)
H(26) 4032(2) 9177(2) 2846(2) 95(3)*

H(27) 2008(2) 7944(2) 2260(2) 95(3)*
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Table 3.7 ICont.

H(28)

H(29)

H(30)

Sb

F(l)

F(2)

F(3)

F(4)

F(5)

F(6)

1854(2)

3723(2)

5747(2)

653

-514(5)

1827(5)

1083(6)

154(7)

-623(5)

11872(8)

6219(2)

5729(2)

6962(2)

3301

. 3316(4)

3220(5)

2015(4)

4524(4)

2509(5)

4080(6)

2941(2)

4209(2)

4796(2)

2582

3481(4)

1728(4)

3042(5)

2083(6)

1545(3)

3607(4)

95(3)*

95(3)*

95(3)*

62

138(2)

149(2)

173(2)

182(2) .

151(2)

235(3)

... isotropic temperature factor.
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Table 3.8 : Crystal data and details of the crystallographic analysis for

[Cu(f)2-pipbipY)21(SbF6) . 0.5 pipbipy

Formula

Molecular mass (g.mol- I
)

Crystal system

. Space group

a (A)

b (A)

c (A)

a CO)
pCO)
y CO)
V (A3

)

Z

Dc (g.cm-3)

F (000)

A (Mo - Kit) (A)

Scan mode

w scan angle

Horizontal aperture width (mm)

Scattering range CO)
~ (cm-I)

Absorption corrections

Measured intensities

Unique intensities

Unique intensities [I> 3a(I)]

Structure solution

Weighting scheme

R = ~(Fo-Fc)/~Fo

~ = ~wY2(Fo-Fc)/~wY2Fo

(~/a)max

~Pnt.1.·leA-3)

Number of parameters

53

CuC3S.5H42.sN7.5SbF6

873.5629

Tric1inic
-

P 1

12.875(5)

14.557(5)

23.08(2)

81.54(4)

86.07(5)

65.16(4)

3882.6(4)

4

1.49

908

0.71069

w - 28

1.00 + 0.35tan8

2.7 + 0.ltan8

2 ~ 8 ~ 30

13.39

Semi empirical

9754

6169

2497

Direct & Fourier

l/[(a\F) + 0.005F2
)]

0.0917

0.0960

0.064

0.9063
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Table 3.9 : Interatomic distances ( A) for [Cu(112-pipbipY)2](SbF6) . 0.5 pipbipy

Molecule A

Cu(lA)-N(IA) 2.08(3) Cu(lA)-N(2A) 2.01(3)

Cu(IA)-N(4A) 2.00(3) Cu(IA)-N(5A) . 2.07(3)

N(IA)-C(lA) 1.33(4) N(lA)-C(5A) 1.35(4)

N(2A)-C(6A) 1.37(4) N(2A)-C( lOA) 1.42(4)

N(3A)-C( lOA) 1.41(4) N(3A)-C(11A) 1.44(5)

N(3A)-C(15A) 1.45(4) N(4A)-C(16A) 1.28(4)

N(4A)-C(20A) 1.36(4) N(5A)-C(21A) 1.36(4)

N(5A)-C(25A) 1.24(5) N(6A)-C(25A) 1.41(5)

N(6A)-C(26A) 1.54(5) N(6A)-C(30A) 1.50(5)

C(lA)-C(2A) 1.41(5) C(2A)-C(3A) 1.34(5)

C(3A)-C(4A) 1.34(5) C(4A)-C(5A) 1.43(4)

C(5A)-C(6A) 1.41(5) C(6A)-C(7A) 1.39(5)

C(7A)-C(8A) 1.33(5) C(8A)-C(9A) 1.33(5)

C(9A)-C( lOA) 1.39(5) C(11A)-C(12A) 1.57(5)

C(12A)-C(l3A) 1.47(5) C(l3A)-C(14A) 1.53(5)

C( 14A)'-C(15A) 1.55(5) C( 16A)-C(17A) 1.45(5)

C(17A)-C(18A) 1.36(5) C(18A)-C(19A) 1.36(5)

C(19A)-C(20A) 1.45(5) C(20A)-C(21A) 1.38(5)

C(21A)-C(22A) 1.45(5) C(22A)-C(23A) 1.38(5)

C(23A)-C(24A) 1.44(5) C(24A)-C(25A) 1.43(5)

C(26A)-C(27A) 1.48(6) C(27A)-C(28A) 1.46(5)

C(28A)-C(29A) 1.58(6) C(29A)-C(30A) 1.52(5)

Molecule B

Cu(1B)-N(1B) 1.99(3) Cu(lB)-N(2B) 2.10(3)

Cu(lB)-N(4B) 2.03(3) Cu(lB)-N(5B) 2.02(3)

N(lB)-C(IB) 1.33(4) N(IB)-C(5B) 1.38(4)
N(2B)-C(6B) 1.37(4) N(2B)-C(10B) 1.31(4)

N(3B)-C(lOB) 1.38(4) N(3B)-C(lIB) 1.39(6)

N(3B)-C(l5B) 1.32(5) N(4B)-C(l6B) 1.35(4)
N(4B)-C(20B) 1.33(4) . N(5B)-C(21B) 1.40(4)
N(5B)-C(25B) 1.31(4) N(6B)-C(25B) 1.47(4)

. N(6B)-C(26B) 1.45(5) N(6B)-C(30B) 1.45(4)
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Table 3.9 /Cont.

C(lB)-C(2B) 1.50(6) C(2B)-C(3B) 1.35(5)

C(3B)-C(4B) 1.30(5) C(4B)-C(5B) 1.42(5)

C(5B)-C(6B) 1.45(4) C(6B)-C(7B) 1.45(5)

C(7B)-C(8B) 1.34(5) C(8B)-C(9B) 1.28(5)

C(9B)-C(10B) 1.47(5) C(11B)-C(l2B) 1.23(7)

C(12B)-C(13B) 1.37(7) C(13B)-C(l4B) 1.78(7)

C(l4B)-C(15B) 1.58(7) C(16B)-C(17B) 1.51(5)

C(17B)-C(18B) 1.31(5) C(18B)-C(19B) 1.39(5)

C( 19B)-C(20B) 1.47(5) C(20B)-C(21 B) 1.44(5)

C(2lB)-C(22B) 1.42(5) C(22B)-C(23B) 1.34(5)

C(23B)-C(24B) 1.39(4) C(24B)-C(25B) 1.40(4)

C(26B)-C(27B) 1.58(5) C(27B)-C(28B) 1.44(4)

C(28B)-C(29B) 1.53(5) C(29B)-C(30B) 1.48(4)

Sb( lA)-F( lA) 1.810(0) Sb( lA)-F(2A) 1.810(0)

Sb(1A)-F(3A) 1.810(0) Sb( lA)-F(4A) 1.810(0)

Sb(lA)-F(5A) 1.810(0) Sb(lA)-F(6A) 1.810(0)

Sb(lB)-F(lB) 1.810(0) Sb(1B)-F(2B) 1.810(0)

Sb(lB)-F(3B) 1.810(0) Sb(lB)-F(4B) 1.810(0)

Sb(lB)-F(5B) 1.810(0) Sb(lB)-F(6B) 1.810(0)

Molecule C

N(lC)-C(lC) 1.30(5) N(lC)-C(5C) 1.40(4)

N(2C)-C(6C) 1.31(4) N(2C)-C(1OC) 1.38(5)

N(3C)-C(1OC) 1.38(5) N(3C)-C(11C) 1.47(6)

N(3C)-C(l5C) 1.42(6) C(1C)-C(2C) 1.40(6)

C(2C)-C(3C) 1.31(5) C(3C)-C(4C) 1.39(5)
C(4C)-C(5C) 1.44(5) C(5C)-C(6C) 1.41(5)

C(6C)-C(7C) 1.43(5) C(7C)-C(8C) 1.43(5).
C(8C)-C(9C) 1.29(5) C(9C)-C(1OC) 1.45(5)
C(11C)-C(12C) 1.40(6) C(12C)-C(13C) 1.45(6)
C(13C)-C(14C) 1.52(6) C(14C)-C(15C) 1.48(6)
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Table 3.10 : Interatomic angles r )for [Cu(TJ2-pipbipY)2](SbF6)· 0.5 pipbipy

Molecule A

N(1A)-Cu(lA)-N(2A) 80.4(12) N( lA)-Cu( lA)-N(4A) 118.7(12)

N(2A)-Cu(1A)-N(4A) 136.8(12) N(1A)-Cu(1A)-N(5A) 135.8(11)

N(2A)-Cu(lA)-N(5A) 110.8(12) N(4A)-Cu( lA)-N(5A) 83.0(12)

Cu(lA)-N(1A)-C(1A) " 123(3) Cu( lA)-N( lA)-C(5A) 112(2)

C( lA)-N( lA)-C(5A) 125(3) Cu( lA)-N(2A)-C(6A) 113(2)

Cu( lA)-N(2A)-C(1OA) 128(3) C(6A)-N(2A)-C(lOA) 116(3)

. C(10A)-N(3A)-C(11A) 112(3) C(10A)-N(3A)-C(15A) . 120(3)

C(11A)-N(3A)-C(l5A) 116(3) Cu( 1A)-N(4A)-C(16A) 127(3)

Cu(1A)-N(4A)-C(20A) 11I(3) C(16A)-N(4A)-C(20A) 121(4)

Cu( lA)-N(5A}-C(21A) 106(2) Cu(1A)-N(5A)-C(25A) 129(3)

C(21A)-N(5A)-C(25A) 122(4) C(25A)-N(6A)-C(26A) 122(4)

C(25A)-N(6A)-C(30A) 114(4) C(26A)-N(6A)-C(30A) 114(3)

.N(1 A)-C(1A)-C(2A) 117(4) C(1A)-C(2A)-C(3A) 119(4)

C(2A)-C(3A)-C(4A) 125(4) C(3A)-C(4A)-C(5A) 116(4)

N( 1A)-C(5A)-C(4A) 1I8(3) N(IA)-C(5A)-C(6A) 117(3)

C(4A)-C(5A)-C(6A) 125(4) N(2A)-C(6A)-C(5A) 116(4)

N(2A)-C(6A)-C(7A) 120(4) C(5A)-C(6A)-C(7A) 125(4)

C(6A)-C(7A)-C(8A) 122(4) C(7A)-C(8A)-C(9A) 121(4)

C(8A)-C(9A)-C(10A) 120(4) N(2A)-C( 10A)-N(3A) 112(4)

N(2A)-C( 10A)-C(9A) 121(4) N(3A)-C(10A)-C(9A) 126(4)

N(3A)-C(11A)-H(8A) "110(2) N(3A)-C(11A)-H(9A) 1I0(2)

N(3A)-C(11A)-C(12A) 109(4) C(11A)-C(12A)-C(13A) 1I1(3)

C(12A)-C(13A)-C(14A) 1I2(3) C(13A)-C(14A)-C(15A) 106(3)

N(3A)~C(15A)-C(14A) 111(3) N(4A)-C(16A)-C(17A) 127(4)

C(16A)-C(17A)-C(18A) 1I2(4) C( 17A)-C( 18A)-C(19A) 124(5)

C(18A)-C(19A)-C(20A) 119(5) N(4A)-C(20A)-C(19A) 1I7(4)

N(4A)-C(20A)-C(21A) 116(4) C( 19A)-C(20A)-C(21A) 127(4)

N(5A)-C(21A)-C(20A) 121(4) N(5A)-C(21A)-C(22A) 1I8(4)

C(20A)-C(21A)-C(22A) 121(4) C(21A)-C(22A)-C(23A) 118(4)
C(22A)-C(23A)-C(24A) 122(4) C(23A)-C(24A)-C(25A) 112(4)
N(5A)-C(25A)-N(6A) 1I9(4) N(5A)-C(25A)-C(24A) 126(4) "

N(6A)~C(25A)-C(24A) 114(4) N(6A)-C(26A)-C(27A) 109(4)
C(26A)-C(27A)-C(28A) 109(5) C(27A)-C(28A)-C(29A) 108(4)
C(28A)-C(29A)-C(30A) 110(4) N(6A)-C(30A)-C(29A) 109(4)
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Molecule B

N( IB)-Cu(1 B)-N(2B) 82.4(12) N(l B)-Cu( lB)-N(4B) 115.6(12)

N(2B)-Cu(1B)-N(4B) 134.1(11) N( lB)-Cu( IB)-N(5B) 141.5(11)

N(2B)-Cu( IB)-N(5B) 110.5(11) N(4B)-Cu(1B)-N(5B) 81.9(11)

Cu(1B)-N(1B)-C(lB) 127(3) Cu(1B)-N(1B)-C(5B) 115(2)

C( IB)-N( 1B)-C(5B) 118(3) Cu(1B)-N(2B)-C(6B) 107(2)

Cu(1B)-N(2B)-C(1OB) 131(3) C(6B)-N(2B)-C(10B) 119(3)

C(lOB)-N(3B)-C(11B) 119(5) C(10B)-N(3B)~C(15B) 117(4)

C(11B)-N(3B)-C(15B) 114(4) Cu(lB)-N(4B)-C(16B) 124(3)

Cu( IB)-N(4B)-C(20B) 110(2) C(16B)-N(4B)-C(20B) . 126(3)

Cu( lB)-N(5B)-C(21B) 114(2) Cu( lB)-N(5B)-C(25B) 133(2)

C(21B)-N(5 B)-C(25B) 113(3) C(25B)-N(6B)-C(26B) 116(3)

C(25B)-N(6B)-C(30B) 112(3) C(26B)-N(6B)-C(30B) 115(3)

N(1B)-C(1B)-C(2B) 125(4) C(1B)-C(2B)-C(3B) 109(4)

C(2B)-C(3B)-C(4B) 131(5) C(3B)-C(4B)-C(5B) 117(4)

N( IB)-C(5B)-C(4B) 121(3) N(1B)-C(5B)-C(6B) 112(3)

C(4B)-C(5B)-C(6B) 127(3) N(2B)-C(6B)-C(5B) 120(3)

N(2B)-C(6B)-C(7B) 119(3) C(5B)-C(6B)-C(7B) 121(3)

C(6B)-C(7B)-H(5B) 1~1(2) C(6B)-C(7B)-C(8B) 118(4)

C(7B)-C(&B)-C(9B) 125(5) C(8B)-C(9B)-C( lOB) 117(5)

N(2B)-C(10B)-N(3B) 112(4) N(2B)-C(1OB)-C(9B) 121(4)

N(3B)-C(10B)-C(9B) 126(4) N(3B)-C(11B)-C(12B) 130(7)

C(11B)-C(12B)-C(13B) 119(8) C(12B)-C(13B)-C(14B) 116(5)

C( 13B)-C(14B)-C(15B) 99(4) N(3B)-C(15B)-C(14B) 121(5)

N(4B)-C(16B)-C(17B) 117(4) C(16B)-C( 17B)-C(18B) 118(4)

C( 17B)-C(18B)-C(19B) 124(4) C( 18B)~C(19B)-C(20B) 11-8(4)

N(4B)-C(20B)-C( 19B) 117(3) N(4B)-C(20B)-C(21B) 123(3)

C(19B)-C(20B)-C(21B) 121(4) N(5B)-C(21B)-C(20B) 111(3)
N(5B)-C(21B)-C(22B) 125(3) C(20B)-C(21B)-C(22B) 124(3)

C(21 B)-C(22B)-C(23B) 116(4) C(22B)-C(23B)-C(24B) 121(4)
C(23B)-C(24B)-C(25B) 118(3) N(5B)-C(25B)-N(6B) 114(3)
N(5 B)-C(25B)-C(24B) 126(3) N(6B)-C(25B)-C(24B) 120(3)
N(6B)-C(26B)-C(27B) 106(3) C(26B)-C(27B)-C(28B) 111(3)
C(27B)-C(28B)-C(29B) 111(3) C(28B)-C(29B)-C(30B) 110(3)
N(6B)-C(30B)-C(29B) 110(3) F( lA)-Sb( lA)-F(2A) 180.0(0)
F( lA)-Sb( lA)-F(3A) 90.0(0) F(2A)-Sb( lA)-F(3A) 90.0(0)

57



Table 3.10 ICont.

F( lA)-Sb( lA)-F(4A) 90.0(0) F(2A)-Sb( lA)-F(4A) 90.0(0)

F(3A)-Sb( lA)-F(4A) 180.0(0) F( lA)-Sb( lA)-F(5A) 90.0(0)

F(2A)-Sb( lA)-F(5A) 90.0(0) F(3A)-Sb( lA)-F(5A) 90.0(0)

F(4A)-Sb( lA)-F(5A) 90.0(0) F( lA)-Sb( lA)-F(6A) 90.0(0)

F(2A)-Sb(lA)-F(6A) 90.0(0) F(3A)-Sb(IA)-F(6A) 90.0(0)

F(4A)-Sb(lA)-F(6A) 90.0(0) F(5A)-Sb(lA)-F(6A) 180.0(0)

F( lB)-Sb( IB)-F(2B) 180.0(0) F( IB)-Sb( lB)-F(3B) 90.0(0)

F(2B)-Sb(lB)-F(3B) 90.0(0) F( IB)-Sb(lB)-F(4B) 90.0(0)

F(2B)-Sb( IB)-F(4B) 90.0(0) F(3B)-Sb( IB)-F(4B) 180.0(0)

F( IB)-Sb( IB)-F(5B) 90.0(0) F(2B)-Sb(lB)-F(5B) 90.0(0)

F(3B)-Sb(lB)-F(5B) 90.0(0) F(4B)-Sb( IB)-F(5B) 90.0(0)

F( IB)-Sb( IB)-F(6B) 90.0(0) F(2B)-Sb(lB)-F(6B) 90.0(0)

F(3B)-Sb(lB)-F(6B) 90.0(0) F(4B)-Sb( IB)-F(6B) 90.0(0)

F(5B)-Sb(lB)-F(6B) 180.0(0)

Molecule C

C(1C)-N( 1C)-C(5C) 116(4) C(6C)-N(2C)-C(10C) 123(4)

C(1OC)-N(3C)-C( 11C) 128(5) C(10C)-N(3C)-C(15C) 114(5)

C(lIC)-N(3C)-C(l5C) 119(5) N(1C)-C(1C)-C(2C) 124(5)
C(1C)-C(2C)-C(3C) 119(5) C(2C)-C(3C)-C(4C) 125(5)
C(3C)-C(4C)-C(5C) 113(4) N(1 C)-C(5C)-C(4C) 124(4)
N(IC)-C(5C)-C(6C) 116(4) C(4C)-C(5C)-C(6C) 121(4)
N(2C)-C(6C)-C(5C) 119(4) N(2C)-C(6C)-C(7C) 122(4)
C(5C)-C(6C)-C(7C) 119(4) C(6C)-C(7C)-H(5C) 124(3)
C(6C)-C(7C)-C(8C) 112(4) C(7C)-C(8C)-C(9C) 127(5)
CC(8C)-C(9C)-C(1OC) 117(4) N(2C)-C(1OC)-N(3C) 123(4)
N(2C)-C(10C)-C(9C) 117(4) N(3C)-C(10C)-C(9C) 119(5)
N(3C)-C(lIC)-C(12C) 106(6) C(lIC)-C(12C)-C(13C) 111(5)
C(12C)-C(13C)-C(14C) 116(5) C( 13C)-CC14C)-C(15C) 110(5)
N(3C)-C(15C)-C(14C) 111(4)
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Table 3.11 : Fractional coordinates (x 104
) and equivalent isotropic thermal factors(A2,xl03

)

for [Cu(T)2-pipbipY)2](SbF6)· 0.5 pipbipy

Molecule A

x/a y/b z/c

Cu(IA) 4932(4) 1119(3) 3750(2) 56(1)

N(IA) 6701(25) 331(22) 3824(14) 60(9)*

N(2A) 5328(24) 788(20) 2925(12) 47(8)*

N(3A) 3478(27) 1704(24) 2545(14) 68(10)*

N(4A) 4140(25) 2376(22) 4141(13) 57(9)*

N(5A) 3527(23) 842(22) 4058(12) 49(8)*

N(6A) 4043(29) -701(26) 3733(15) 76(11)*

C(lA) 7272(30) 280(25) 4293(16) 50(11)*

H(1A) 6830(30) 639(25) 4669(16) 128(4)*

C(2A) 8475(36) -236(30) 4266(20) 76(13)*

H(2A) 8987(36) -308(30) 4635(20) 128(4)*

C(3A) 8965(37) -656(31) 3782(20) 78(13)*

H(3A) 9887(37) -1053(31) 3772(20) 128(4)*

C(4A) 8401(33) -608(28) 3304(19) 66(12)*

H(4A) 8827(33) -992(28) 2933(19) 128(4)*

C(5A) 7187(28) -34(24) 3320(1~) 40(10)*

C(6A) 6438(34) 95(29) 2865(18) 64(12)*

C(7A) 6765(32) -397(27) 2367(17) 56(11)*

H(5A) 7657(32) -890(27) ~309(17) 128(4)*

C(8A) 6021(34) -277(29) 1961(18) 67(13)*

H(6A) 6291(34) -733(29) 1604(18) 128(4)*

C(9A) 4938(34) 382(29) 1996(18) 67(12)*

H(7A) 4347(34) 530(29) 1648(18) 128(4)*

C(10A) 4565(33) 917(29) 2474(18) 63(12)*

C(11A) 2646(36) 1683(33) 2165(20) 88(15)*
H(8A) 2760(36) 1996(33) 1724(20) 128(4)*

H(9A) 2756(36) 904(33) 2170(20) 128(4)*

C(12A) 1416(34) 2358(29) 2385(19) 76(13)*

H(10A) 1292(34) 2009(29) 2815(19) 128(4)*

H(llA) 774(34) 2400(29) 2092(19) 128(4)*

C(13A) 1307(33) 3386(30) 2449(19) 72(13)*
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H(12A) 1467(33) 3724(30) 2023( 19) 128(4)*

H(13A) 454(33) 3848(30) 2595(19) 128(4)*

C(14A) 2194(34) 3346(31) 2871(19) 82(14)*

H(14A) 2109(34) 4102(31) 2917(19) 128(4)*

H(15A) 2080(34) 2968(31) 3294(19) 128(4)*

C(15A) 3381(28) 2709(25) 2615(16) 49(10)*

H(16A) 4046(28) 2634(25) 2904(16) 128(4)*

H(17A) 3478(28) 3093(25) 2192(16) 128(4)*

C(16A) 4563(33) 2990(28) 4238(17) 65(12)*

H(18A) 5381(33) 2876(28) 4034(17) 128(4)*

C(17A) 4055(39) 3818(32) 4595(19) 87(14)*

H(19A) 4434(39) 4329(32) 4663(19) 128(4)*

C(18A) 3042(39) 3877(35) 4840(20) 91(15)*

H(20A) 2553(39) 4510(35) 5080(20) 128(4)*

C(19A) 2591(41) 3196(35) 4789(21) 98(15)*

H(21A) 1819(41) 3248(35) 5026(21) 128(4)*

C(20A) 3174(35) .2389(30) 4426(18) 69(12)*

C(21A) 2797(33) 1690(29) 4292(17) 62(12)*

C(22A) 1595(33) 1889(31) 4336(17) 69(12)*

H(22A) 978(33) 2564(31) 4506(17) 128(4)*

C(23A) 1266(39) 1195(33) 4149(19) 86(14)*

H(23A) 381(39) 1311(33) 4203(19) 128(4)*

C(24A) 2067(37) 312(31) 3900(19) 79(13)*

H(24A) 1806(37) -196(31) 3714(19) 128(4)*

C(25A) 3223(39) 187(34) 3938(20) 80(14)*

C(26A) 3699(42) -1443(36) 3472(22) 105(17)*

H(25A) 2950(42) -1012(36) 3204(22) 128(4)*
H(26A) 3511(42) -1937(36) 3819(22) 128(4)*

C(27A) 4668(40) -2092(36) 3122(22) . 103(16)*
H(27A) 4938(40) -1599(36) 2815(22) 128(4)*
H(28A) 4422(40) -2557(36) 2886(22) 128(4)*
C(28A) 5629(42) -2703(36) 3510(22) 104(16)*
H(29A) 5307(42) -3064(36) 3876(22) 128(4)*
H(30A) 6302(42) -3281(36) 3291(22) 128(4)*
C(29A) 6059(38) -1954(33) 3737(20) 91(15)*
H(31A) 6286(38) -1531(33) 3364(20) 128(4)*
H(32A) 6802(38) -2391(33) 4009(20) 128(4)*
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C(30A) 5116(34) -1216(31) 4091(19) 80(13)*

H(33A) 5368(34) -642(31) 4199(19) . _128(4)*

H(34A) 4958(34) .-1632(31) 4489(19) 128(4)*

Molecule B

Cu(1B) 5228(4) 3948(3) 1292(2) 56(1)

N(1B) 6144(24) - 2669(21) 950(13) 53(9)*

N(2B) 6635(23) 4277(22) 1010(13) 52(8)*

N(3B) 5948(31) 5871(28) 1231(16) . 82(11)*

N(4B) 3533(23) 4617(20) 1095(13) 46(8)*

N(5B) 4623(21) 4465(18) 2067(12) 34(7)*

N(6B) 6349(24) 3742(21) 2564(13) 49(8)* .

C(IB) 5810(34) 1945(30) ~871(18) 72(13)*

H(lB) 5014(34) 1980(30) 1071(18) 128(4)*

C(2B) 6462(42) 1080(37) 524(21) 102(16)*

H(2B) 6362(42) 447(37) 384(21) 128(4)*

C(3B) -2527(37) 1101(31) 353(18) 73(13)*

H(3B) -1731(37) 491(31) 244(18) 128(4)*

C(4B) 7881(33) 1764(28) 407(16) 60(11)*

H(4B) 8716(33) 1543(28) 203(16) 128(4)*

C(5B) 7203(28) 2578(25) 729(15) 42(10)*

C(6B) 7482(31) 3389(27) 858(16) 53(11)*

C(7B) 8663(32) 3243(28) 886(16) 57(11)*

H(5B) 9352(32) 2548(28) 775(16) 128(4)*

C(8B) 8865(37) 3995(32) 1050(18) 73(13)*

H(6B) 9749(37) 3867(32) 1085(18) 128(4)*

C(9B) 8097(37) 4858(34) 1158(19) 84(14)*

H(7B) 8309(37) 5443(34) 1286(19) 128(4)*
C(10B) 6898(34) 5019(30) 1107(17) 61(12)*

C(l1B) 6101(59) 6628(53) 1470(32) 166(26)*
H(8B) 6704(59) 6821(53) 1188(32) 128(4)*

H(9B) 6487(59) 6265(53) 1891(32) 128(4)*
C(12B) 5401(61) 7475(54) 1567(33) 177(27)*
H(10B) 5076(61) 7354(54) 2002(33) 128(4)*
H(l1B) 5731(61) 8049(54) 1550(33) 128(4)*
C(13B) 4402(50) 7934(42) 1260(26) 133(21)*
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H(12B) 3611(50) 7854(42) 1360(26) 128(4)*

H(13B) 4266(50) 8549(42) 908(26) 128(4)*

C(14B) -6102(53) 7100(48) 1002(27) 154(24)*

H(14B) -6272(53) 7754(48) 1223(27) 128(4)*

H(15B) -5410(53) 7007(48) 692(27) 128(4)*

C(15B) 5086(45) 6219(37) 863(22) 103(16)*

H(16B) 4313(45) 6096(37) 931(22) 128(4)*

H(17B) 4939(45) 6867(37) 531(22) 128(4)*

C(16B) 3103(34) 4521(29) 602(19) 73(13)*

H(18B) 3222(34) 4248(29) 181(19) 128(4)*

C(17B) -8181(35) 4966(30) 552(20) 76(13)*

H(19B) -8136(35) 4684(30) 139(20) 128(4)*

C(18B) -8788(34) 5498(29) 963(18) 60(11)*

H(20B) -9689(34) 5960(29) 1023(18) 128(4)*

C(19B) 1676(36) 5533(28) 1483(18) 67(12)*

H(21B) 755(36) 5872(28) 1446(18) 128(4)*

C(20B) -7071(31) 5073(27) 1540(17) 54(11)*

C(21B) 3451(28) 5110(24) 2061(15) 41(10)*

C(22B) 2868(33) 5769(26) 2488(17) 56(11)*

H(22B) 1960(33) 6238(26) 2456(17) 128(4)*

C(23B) 3508(33) 5765(29) 2925(18) 70(13)*

H(23B) 3130(33) 6303(29) 3237(18) 128(4)*

C(24B) 4646(25) 5078(22) 2979(13) 26(8)*

H(24B) 5163(25) 5026(22) 3342(13) 128(4)*

C(25B) 5129(29) 4434(25) 2547(16) 45(10)*

C(26B) 7017(35) 3872(32) 3002(20) 85(14)*

H(25B) 6838(35) 4668(32) 2993(20) 128(4)*

H(26B) 6825(35) 3574(32) 3432(20) 128(4)*

C(27B) 8308(31) 3230(27) 2843(18) 70(12)*

H(27B) 8861(31) 3279(27) 3157(18) 128(4)*

H(28B) 8483(31) 3538(27) 2411(18) 128(4)*
C(28B) 8527(30) 2176(26) 2827(16) 54(11)*
H(29B) , 9412(30) 1741(26) 2716(16) 128(4)*
H(30B) 8343(30) 1874(26) 3259(16) 128(4)*
C(29B) 7740(29) 2087(27) 2393(16) 56(11)*
H(31B) 7892(29) 1297(27) 2401(16) 128(4)*
H(32B) 7929(29) 2380(27) 1960(16) 128(4)*
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C(30B) 6534(27) 2698(24) 2541(15) 45(10)*

H(33B) 6324(27) 2380(24) 2962(15) 128(4)*

H(34B) 5987(27) 2688(24) 2210(15) 128(4)*

Sb(1A) 2287(2) 1841(2) 10208(1) 60(1)

F(1A) 3404(2) 2201(2) 10382(1) 128(4)*

F(2A) 1171(2) 1480(2) 10034(1) 128(4)*

F(3A) 1581(2) 3067(2) 9768(1) 128(4)*

F(4A) 2994(2) 614(2) 10649(1) 128(4)*

F(5A) 3096(2) 1315(2) 9572(1) 128(4)*

F(6A) 1478(2) 2366(2) 10844(1) . 128(4)*

Sb(lB) 7829(2) 2824(2) 5037(2) 77(1)

F(1B) 6837(2) 4020(2) 4655(2) 201(7)*

F(2B) 8822(2) 1628(2) .5419(2) 201(7)*

F(3B) 8268(2) 2316(2) 4347(2) 201(7)*

F(4B) 7393(2) . 3333(2) 5727(2) 201(7)*

F(5B) 8934(2) 3295(2) 4960(2) 201(7)*

F(6B) 6724(2) 2354(2) 5116(2) 201(7)*

Molecule C

N(1C) 1094(28) 4366(25) 6782(16) 80(11)*

N(2C) 73(27) 2566(24) 7535(14) 65(9)*

N(3C) -577(40) 1471(35) 8209(22) 134(16)*

C(1C) 972(39) 4916(35) 6276(22) 90(15)*

H(IC) 1436(39) 5392(35) 6189(22) 128(4)*

C(2C) 279(35) 4930(31) 5829(20) 75(13)*

H(2C) 207(35) 5410(31) 5416(20) 128(4)*

C(3C) -285(35) 4357(31) 5925(20) 79(14)*

H(3C) -866(35) 4425(31) 5588(20) 128(4)*
C(4C) -186(35) 3666(32) 6425(20) 80(14)*
H(4C) -595(35) 3146(32) 6475(20) 128(4)*
,C(5C) 506(30) 3736(26) 6868(17) 51(11)*
C(6C) 608(32) 3165(29) 7429(18) 61(12)*
C(7C) 1359(35) 3201(31) 7845(20) 80(14)*
H(5C) 1885(35) 3621(31) 7757(20) 128(4)*
C(8C). 1312(38) 2638(34) 8399(22) 95(16)*
H(6C) 1729(38) 2740(34) 8759(22) 128(4)*

63



Table 3.11 ICont.

C(9C) 845(32) 2005(29) 8513(18) 62(12)*

H(7C) 1013(32) 1494(29) 8920(18) 128(4)* (

C(10C) 98(37) 1999(33) 8070(21) 79(14)*

C(11C) -705(59) 935(48) 8783(31) 165(25)*

H(8C) -1585(59) 1229(48) 8931(31) 128(4)*

H(9C) -181(59) 1021(48) 9099(31) 128(4)*

C(12C) -276(43) -96(37) 8708(23) 105(17)*

H(10C) 615(43) -367(37) 8580(23) 128(4)*

H(11C) -360(43) -536(37) 9113(23) 128(4)*

C(13C) -894(49) -250(43) 8257(25) 134(21)*

H(12C) -521(49) -1053(43) 8210(25) 128(4)*

H(13C) -1774(49) -21(43) 8399(25) 128(4)*

C(14C) -914(42) 360(35) 7659(22) 103(16)*

H(14C) -1546(42) 340(35) 7382(22) 128(4)*

H(15C) -76(42) 16(35) 7462(22) 128(4)*

C(15C) -1170(43) 1432(36) 7722(22) 105(17)*

H(16C) -2080(43) 1841(36) 7786(22) 128(4)*

H(17C) -904(43) 1783(36) 7330(22) 128(4)*

:Ill isotropic temperature factor.

!Ieq = 1/3 ~j ~j !L j 1L. a/ (aj • aJ )
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Table 3.12 : Crystal data and details of the crystallographic analysis for

[Cu (Tl2-mabipY)2 HCI04)2· NeCD2CD3

Formula

Molecular mass (g.mol"l)

Crystal system

Space group

a (A)

b (A)

c (A)

IX CO).
PCO)
y CO)
V (A3

)

Z

Dc (g.cm-3
)

I' (000)

). (Mo - K a ) (A)

Scan mode

w scan angle

Horizontal aperture width (mm)

Scattering range CO)
~ (cm-I)

Absorption corrections

Measured intensities

Unique intensities .

Unique intensities [I> 30(1)]

Structure solution

Weighting scheme

Ft == ~(Fo-Fc)/~Fo

~ == ~w~(Fo-Fc)/~w~Fo

(~/a)m3X

~Pmax(ek3)

Number of parameters

65

CuC37H3sN7Cl20g

840.180

Monoclinic

P2/c

8.149(4)

14.422(3)

31.58(1)

90

91.74(2)

90

3710(2)

4

1.504

1732

0.71069

w-26

0.53 + 0.35tan6

2.7 + 0.ltan6

2 ~ 6 ~ 30

7.450

Semi empirical

6213

4003

2434

Direct & Fourier

1/[(02(1') + 0.000681'2)]

0.0650

0.0668

0.402

0.573
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Table 3.13 : Interatomic distances (A) for [Cu(llZ-mabipy)z ](CI04)z· NCCHzCHJ

Cu-N(5) 1.986(8) Cu-N(2) 1.983(9)

Cu-N(1) 1.961(9) Cu-N(4) 1.973(9)

Cl(l)-O(l) 1.430(9) Cl(1)-O(2) 1.366(10)

Cl(1)-0(3) 1.399(10) Cl(1)-O(4) 1.416(10)

Cl(2)-O(5) 1.29(2) Cl(2)-O(6) 1.394(12)

Cl(2)-O(7) 1.23(2) Cl(2)-O(8) 1.366(13)

N(5)-CC23) 1.333(13) N(5)-CC27) 1.321(13)

N(2)-C(6) 1.358(14) N(2)-CCI0) 1.364(14)

N(l)-C(1) 1.341(14) N(1)-CC5) 1.332(13)

N(4)-CC18) 1.315(13) N(4)-CC22) 1.326(13)

N(3)-CCI0) 1.350(14) N(3)-C(11) 1.459(14)

N(3)-C(12) 1.435(13) N(6)-CC27) 1.412(14)

N(6)-CC28) 1.47(2) N(6)-CC29) 1.40(2)

C(1)-CC2) 1.38(2) C(2)-CC3) 1.41(2)

C(3)-CC4) 1.33(2) C(4)-CC5) 1.38(2)

C(5)-CC6) 1.49(2) C(6)-C(7) 1.37(2)

C(7)-CC8) 1.39(2) C(8)~CC9) 1.34(2)

C(9)-CCI0) 1.40(2) CC 13)-CC14) 1.395(0)

C(13)-C(12) 1.395(0) C(14)-CC15) 1.395(0)

CC 15)-CC16) 1.395(0) CC 16)-CC17) 1.395(0)

CC 17)-CC12) 1.395(0) CC 18)-CC19) 1.40(2)

CC 19)-CC20) 1.36(2) C(20)-CC21) 1.41(2)

CC21 )-CC22) 1.36(2) C(22)-CC23) 1.48(2)

C(23)-CC24) 1.40(2) C(24)-CC25) 1.39(2)

C(25)-CC26) 1.39(2) C(26)-C(27) 1.40(2)
C(30)-CC31) 1.395(0) C(30)-CC29) 1.395(0)

C(31)-CC32) 1.395(0) C(32)-CC33) 1.395(0)

C(33)-CC34) 1.395(0) C(34)-CC29) 1.395(0)

N(1S)-CClS) 1.14(2) CClS)-CC2S) 1.48(2)

CC2S)-CC3S) 1.52(2)
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Table 3.14 : Interatomic angles (A) for [Cu(T)2-mabipY)2](CI04)2 . NCCH2CH3

N(5)-Cu-N(2) 112.2(4) N(5)-Cu-N(1) 145.0(4)

N(2)-Cu-N(I) 83.6(4) N(5)-Cu-N(4) 82.2(4)

N(2)-Cu-N(4) 149.5(4) N(1)-Cu-N(4) 99.8(4)

O( 1)-Cl(1)-0(2) 110.4(7) O( 1)-Cl(1)-0(3) 110.4(6)

0(2)-Cl( 1)-0(3) 107.9(7) O( 1)-Cl(1)-0(4) 106.5(6)

0(2)-Cl( 1)-0(4) 111.0(7) 0(3)-Cl(1)-0(4) 110.7(7)

0(5)-Cl(2)-0(6) 109.5(13) 0(5)-Cl(2)~0(7) 105(2)

0(6)-Cl(2)-0(7) 104.6(11) 0(5)-Cl(2)-0(8) 107.4(10)

O(6)-Cl(2)-0(8) 113.2(8) 0(7)-Cl(2)-0(8) 116.4(14)

Cu-N(5)-C(23) 112.2(8) Cu-N(5)~C(27) 127.1(8)

C(23)-N(5)-C(27) 120.7(10) Cu-N(2)-C(6) 112.5(8)

Cu-N(2)-C(10) . 129.6(8) C(6)-N(2)-C(1O) 117.8(10)

Cu-N(1)-C(1) 125.3(9) Cu-N(1)-C(5) .113.5(8)

C(1)-N(1)-C(5) 120.6(11) Cu-N(4)-C(18) 124.2(8)

Cu-N(4)-C(22) 114.4(8) C(18)-N(4)-C(22) 120.7(10) -

C(1O)-N(3)-C(II) 118.7(11) C( 1O)-N(3)-C(12) 123.1(9)

C(11)-N(3)-C(12) 116.0(10) . C(27)-N(6)-C(28) 117.4(12)

C(27)-N(6)-C(29) 120.8(9) C(28)-N(6)-C(29) 118.6(11)

N(1)-C(1)-C(2) 121.1(12) C(1)-C(2)-C(3) 118.5(13)

C(2)-C(3)-C(4) 118.0(13) C(3)-C(4)-C(5) 122.4(13)

N(1)-C(5)-C(4) 118.9(12) N(1)-C(5)-C(6) 115.7(11)

C(4)-C(5)-C(6) 125.2(12) N(2)-C(6)-C(5) 114.4(11)

N(2)-C(6)-C(7) 123.8(13) C(5)-C(6)-C(7) 121.6(13)

C(6)-C(7)-C(8) 117.0(14) C(7)-C(8)-C(9) 120.5(13)

C(8)-C(9)-C(10) 120.8(13) N(2)-C(10)-N(3) 119.0(11)

N(2)-C( 10)-C(9) 119.6(12) N(3)-C(10)-C(9) 121.4(13)

C(14)-C(13)-C(12) 120.0(0) C(13)-C(14)-C(15) 120.0(0)

C(14)-C(15)-C(16) 120.0(0) C( 15)-C(16)-C(17) 120.0(0)

C(16)-C(17)-C(12) 120.0(0) N(3)-C(12)-C(13) 120.1(5)

N(3)-C( 12)-C(17) 119.8(5) C(13)-C(12)-C(17) 120.0(0)

N(4)-C(18)-H(16) 119.1(7) N(4)-C( 18)-C(19) 121.7(12)

C( 18)-C(19)-C(20) 117.6(13) C(19)-C(20)-C(21) 120.2(12)

C(20)-C(21 )-C(22) 118.0(12) N(4)-C(22)-C(21) 121.7(11)

N(4)-C(22)-C(23) 113.7(11) C(21 )-C(22)-C(23) 124.5(12)
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Table 3.14/Cont.

N(5)-C(23)-C(22)

C(22)-C(23)-C(24)

C(24)-C(25)-C(26) .

N(5)-C(27)-N(6)

N(6)-C(27)-C(26)

C(30)-C(31)-C(32)

C(32)-C(33)-C(34)

N(6)-C(29)-C(30)

C(30)-C(29)-C(34)

C( 1S)-C(2S)-C(3S)

116.4(10)

121.6(11)

119.8(12)

118.1(10)

120.4(12)

120.0(0)

120.0(0)

120.5(6)

120.0(0)

109(2) .

N(5)-C(23)-C(24)

C(23)-C(24)-C(25)

C(25)-C(26)-C(27)

N(5)-C(27)-C(26)

C(31)-C(30)-C(29)

C(31)-C(32)-C(33)

C(33)-C(34)-C(29)

N(6)-C(29)-C(34)

N( 1S)-C(1S)-C(2S)

68

121.9(11)

117.7(12)

118.5(12)

121.4(12)

120.0(0)

120.0(0)

120.0(0)

119.4(6)

173(2)



Table 3.15: Fractional coordinates (xl04
) and equivalent isotropic th'ermal factors (J\2,xl03

)

for [Cu(112-mabipY)2 ](Cl04)2' NCCH2CH3

x/a ylb zfc !kq

Cu 3000(2) 2587(1) 8482 51

Cl(1) 8061(4) 3186(3) 7648(1). 65(1)

Cl(2) 6437(4) 7473(3) 9188(1) 81(1)

0(1) -1228(11) 2579(7) 7961(3) 105(3)

0(2) -3060(14) 3760(8) 7826(4) 138(4)

0(3) . -2752(12) , 2674(8) 7329(3) 115(3)

0(4) -627(14) 3700(7) 7480(3) 115(4)

0(5) 7383(19) -3239(11) 9153(9) 303(12)

0(6) 5472(20) -2426(9) 8819(4) 171(5)

0(7) 5465(21) -2740(23) 9460(5) 340(13)

0(8) 7416(19) -1778(10) 9275(4) . 176(5)

N(5) 1421(9) 1578(6) 8602(3) 41(2)

N(2) 4556(10) 2816(7) 8965(3) 44(2)

N(I) 3248(12) 3923(7) 8386(3) 52(3)

N(4) 2592(11) 2170(7) 7893(3) 47(2)

N(3) 5077(12) 1287(8) 9176(3) 57(3)

N(6) 1068(12) 1997(9) 9311(3) 67(3)

C(1) 2425(14) 4417(9) 8090(4) 59(4)

H(1) 1567(14) 4066(9) 7878(4) 118(8)*

C(2) 2643(17) 5363(10) 8057(4) 67(4)

H(2) 2029(17) 5751(10) 7806(4) 118(8)*

C(3) 3711(17) 5805(10) 8350(5) 73(4)

H(3) 3942(17) 6541(10) 8332(5) 118(8)*

C(4) 4407(15) 5291(10) 8657(5) 67(4)

H(4) 5223(15) 5616(10) 8889(5) 118(8)*
C(5) 4153(14) 4346(9) 8687(4) 52(3)

C(6) 4898(14) 3731(9) 9019(4) 52(3)

C(7) 5732(16) 4085(11) 9368(5) 73(4)

H(5) 5933(16) 4822(11) 9403(5) 118(8)*

C(8) 6316(21) 3456(13) 9667(5) 97(5)

H(6) 6935(21) 3701(13) 9953(5) 118(8)*
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Table 3.15 ICont.

C(9) 6083(17) 2541(12) 9610(4) 80(4)

H(7) 6620(17) 2217(12) 9890(4) 118(8)*

C(10) -4761(14) 2206(10) 9249(4) 54(3)

C(11) 5361(18) 645(10) 9527(4) 84(4)

H(8) 4956(18) 1001(10) 9806(4) 118(8)*

H(9) 6590(18) .384(10) 9585(4) 118(8)*

H(10) 4542(18) 73(10) 9455(4) 118(8)*

C(13) 5906(9) 1333(4) 8436(3) 51(3)

C(14) 5977(9) 922(4) 8037(3) 64(4)

C(15) 5220(9) 68(4) 7962(3) 66(4)

C(16) 4392(9) -375(4) 8285(3) 58(3)

C(17) 4321(9) 36(4) 8684(3) 63(4)

C(12) 5078(9) 890(4) 8759(3) 50(3)

H(11) 6491(9) 1994(4) 8495(3) 118(8)*

H(12) 6617(9) 1265(4) 7787(3) 118(8)*

H(13) 5275(9) -251(4) 7653(3) 118(8)*

H(14) 3807(9) -1037(4) 8226(3) 118(8)*

H(15) 3681(9) -307(4) 8934(3) 118(8)*

C(18) 3289(14) 2536(10) 7562(3) 60(3)

H(16) 4008(14) 3161(10) 7603(3) 118(8)*

C(19) 3093(16) 2149(10) 7157(4) 64(4)

H(17) 3618(16) 2471(10) 6884(4) 118(8)*

C(20) 2210(19) 1354(11) 7119(4) 79(5)

H(18) 2072(19) 1026(11) 6812(4) 118(8)*

C(21) 1513(16) 951(9) 7478(4) 67(4)

H(19) 792(16) 323(9) 7456(4) 118(8)*

C(22) 1740(13) 1389(8) 7857(4) 46(3)

C(23) 1077(14) 1061(8) 8261(4) 47(3)
C(24) 55(15) 282(9) 8278(4) 58(4)
H(20) -226(15) -120(9) 7997(4) 118(8)*
C(25) -571(15) 48(9) 8668(6) 74(4)
H(21) -1352(15) -553(9) 8695(6) 118(8)*
C(26) -198(16) 594(10) 9022(5) 70(4)
H(n) -644(16) 411(10) 9329(5) 118(8)*
C(27) 783(13) 1377(9) 8970(4) 48(3)
C(28) 1143(24) 1605(13) 9739(5) 127(7)
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Table 3.15 / Cont.

H(23) 1748(24) 2107(13) 9944(5) 118(8)*

H(24) 2043(24) 1132(13) 9618(5) 118(8)*

H(25) 254(24) 1223(13) 9916(5) 118(8)*

C(30) -227(11) 3266(8) 8925(3) 69(4)

C(31) -570(11) 4211(8) 8887(3) 103(6)

C(32) 67(11) 4832(8) 9188(3) 124(7)

C(33) 1047(11) 4509(8) 9526(3) 141 (8)

C(34) 1391(11) 3565(8) 9564(3) 103(5)

C(29) 753(11) 2943(8) 9263(3) 71(4)

H(26) -720(11) 2785(8) 8692(3) 118(8)*

H(27) -1329(11) 4461(8) 8625(3) 118(8)*

H(28) -199(11) 5564(8) . 9159(3) 118(8)*

H(29) 1540(11) 4991(8) 9759(3) 118(8)*

H(30) 2150(11) 3315(8) 9826(3) 118(8)*

N(1S) 8087(19) 1027(10) 433(5) 102(5)

C(1S) 8333(21) 1666(14) 635(6) 87(5)

C(2S) 8675(19) 2565(14) 850(5) 109(6)

H(1S) 9752(19) 2879(14) 720(5) 118(8)*

H(2S) 7642(19) 3029(14) 809(5) 118(8)*

C(3S) 9015(22) 2386(14) 1319(6) 129(6)

H(3S) 9142(22) 3077(14) 1448(6) 118(8)*

H(4S) 10010(22) 1957(14) 1440(6) 118(8)*

H(5S) 7859(22) 2093(14) 1412(6) 118(8)*

'" isotropic temperature factor.

!1q = 1/3 ~i ~j !L j 1li. a/ (at . aj )
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Chapter four

The synthesis and characterisation of dinuclear complexes of ruthenium, molybdenum and

rhodium containing bridging anionic 6-anilinobipyridyl or bipyridyl-6-one Iigands

Introduction

The aim of this study was to synthesise and characterise complexes in which the anionic ligands

6-anilino-2,2'-bipyridine (abipy) and 2,2'-bipyridin-6-one (obipy) bridge two metal centres via

either NCN- or NCO- chains'. The abipy and obipy ligands are formed by deprotonation of

Habipy and and Hobipy respectively, and like the amidopyridyl and oxypyridinate ligands should

be effective in bridging two metal centres. The reaction of abipy and obipy with precursors

containing the 'hard acid' Ru/+, Mo/+, Rh 24+ cores, and the relatively 'softer' R~2+ core were

studied with a view to achieving this end.

4.1 Ligand bridged complexes of ruthenium(I)

4.1.1 Introduction

A nu~ber of complexes of ruthenium(I) have been synthesised in which a dinuclear framework

is maintained by either OCO- , NCO- or NCN- chain bridgeg38-41 . Such examples include

(RUi0 2CCH3)iCO)iL)J where L= MeCN, CO, py, PPh3or AsPh/8, [Ruihp)2(CO)lL)2l where

L=Hhp, PPh3, MeCN, CO, P(OPh)341, and [Ruibmanapy)iCO)4l (bmanapy=2-benzylamido-7­

methyl-l ,8-naphthyridine)40. In the case of the acetate and hydroxypyridyl bridged dimers,

represented by the general formula [RuiXY)iCO)lL)2l, shown in Fig 4.1, the axial positions·

occupied by ligand L may easily be substituted by a variety of donor ligands as indicated.

- --.....
~ y

y..... / x.... /
.......... .. .

L--Ru RU--L
•••...... "'-.. •....... ""-

........ " ....'.... "
Oc C C C

. 00 0

...............x Y = 0 2CCH 3-, hp-

L = MeCN, PY, CO, PPh
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These axial positions may also be occupied by the oxygen atoms of the acetate groups on adjacent

ruthenium dimers to form polymeric compounds such as [{Rui02CCH3)iCO)4}nf8 and

[{Ruihp)iCO)4}J41. These polymers are however easily broken down in donor solvents to afford

the dimeric solvento species.

Thus far the synthetic routes to these ruthenium(I) dimers have in general been either via reaction

ofthe free ligand with [RulCO)12]40 as in eqn. 1, or via ligand metathesis involving the reaction

of [Rui02CCH3)iCO)lL)2] species with the sodium salt of the ligand39 as in eqn. 2. However

the polymeric species [{Ru2(02CCH3)iCO)4}n] and [{Ruihp) 2(CO) 4}n] have also been used

successfully .as starting materials for the synthesis. of these dimers41 .

[RulCO)12] + Hbmanapy -. [Ru2(bmanapy)iCO)4] 1

[Rui02CCH3)iCO)lMeCN)2] + 2Na hp -. [Ruihp)iCO)lMeCN)2] + Na02CCH3 2

The recently synthesised [Ru2(bmanapy)iCO)4] complex (where bmanapy = 2-benzylamido-7­

methyl-l,8-naphthyridine), shown in Fig. 4.2 appears to be the only example of a dinuclear

ruthenium(I) species in which the ruthenium atoms are bridged by a NCN- chain. This complex

is also unique in that it represents the first dinuclear ruthenium(I) species to be characterised

without additional axial ligands. The the naphthyridyl portion of the bmanapy ligand, in the

[Ruibmanapy)iCO)4] complex, displays uncharacteristic chelating behaviour in occupying the

axial sites of the Ru atoms. The bipyridyl fragment in general shows a higher preference toward

chelating then does the naphthyridyl fragment and thus the abipy and obipy ligands seem ideally

suited to this system.

Fig. 4.2 : Structure of [Ru2(bmanapY)2(CO)4J
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4.1.2 Synthesis and characterisation of [Ru2(J.1-L)2(CO)4], L =abipy (5) or obipy (6)

The reaction of three equivalents ofHabipy with [RuJCCO)nJ in toluene was found to lead to a

product, characterised as dinuclear [RuiJl-abipy)iCO)4] (5) in 25% yield. Other products from

the reaction, some being largely insoluble and presumably polymeric materials, have as yet not

been identified. The reaction is temperature dependent, the formation of insoluble polymeric

products being minimised by maintaining the reaction temperature below 50°C for a period of9

.days.

Complex 5 is obtained almost quantitativelyfrom the reaction of two equivalents ofHabipy with

[{Rul02CCH3)lCO)4}J in refluxing toluene. The corresponding reaction of two equivalents of

Hobipy with [{Rui02CCH3)iCO)4} n] in refluxing toluene affords [Ru iJl-obipy) iCO) 4] (6) in

80% yield. Table 4.1 lists the microanalytical data for complexes 5 and 6, which are consistent

with their formulation as [Ru2(Jl-abipy)iCO)4] and [Ru2(Jl-abipY)2(CO)4] respectively.

Table 4.1 : Microanalytical data for complexes [Ru2(J.1-abipY)2(CO)4] (5) and

[Ru2(J.1-obipY)2(CO)4] (6)

analysis: calculated (found)

Complex %C %H %N

[Ru2(J.1-abipY)2(CO)4] 53.60 (53.56) 3.00 (3.28) 10.41 (10.38)

[Ru2(J.1-obipy)2(CO)4) 43.91 (43.45) 2.15 (2.33) 8.53 (8.14)

"

The infrared spectra of5 and 6 exhibit four carbonyl stretches, though the shoulder at 1889 cm'l

in the spectrum of 5 is weak and is sometimes obscured by the more intense peak at 1923 cm'l.

The infraredspectra of[Ruihp)iCO)iL)~when L=MeCN, PPh3, P(OPh)3' or Hhp all show four

carbonyl peaks which range from 1911 cm- I to 2044 cm'! 41. The pattern of intensities of the four

carbonyl peaks in these spectra are similar to those assigned for complexes 5 and 6.
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Table 4.2 : Spectroscopic data for [Ru2(Il-abipy)iCO)..] (5)and' [Ru2(Il-obipY)2(CO)..](6)

[Ru2(Il-abipY)2(CO)..] (5) [RU2(Il-obipY)2(CO)4] (6)

IRa (cm- l ) 2002(s), 1950(m), 1923(s), 2012(s), 1961(m), 1933(s),

1889(wsh), 1612(m), 1589(m), 1897(wsh), 1609(m), 1598(m),

1539(m), 1497(m),1470(m) 1544(m), 1497(m), 1468(m),

.770(w)

UV-visb (nm) 462, 279 369, 265

~ NMRc (ppm) 5.8-8.10 (l2H, m, abipy protons) 9.07 (IH, dbr, H6.), 8.0 (2H, m, H4.,

H3.), 7.5 (IH, m, Hs')' 7.25 (lH, m,

H4), 7.1 (lH, m, H3), 6.25 (lH, d,

Hs)

a= measured as KBr disc, b= measured in MeCN, c= complex 5 measured in CDCl3 and complex 6 measured

in CD2CI2. s= strong, m= medium, w= weak, wsh= weak shoulder in the context of IR spectroscopy.

Single crystals of 5 and 6 were obtainec,l for the purpose of structural characterisation and the

structures of5 and 6 where determined by X-ray diffraction methods. Figs. 4.3 and 4.4 depict the

ORTEP representations of complexes 5 and 6 respectively. The crystal structures of 5 and 6

consist of well separated dimers, there being no contact distances between atoms of adjacent

dimers less then the sum of the van der Waals radii for the atoms concerned. The molecules in the

crystals of 5 posses a crystallographically imposed two-fold rotation axis situated midway

between the two ruthenium atoms. The crystallographic asymmetric unit comprises two half­

dimers unrelated by the symmetry operations of the space group P2/n. Both dimers in 5 are very

similar and in describing the crystal structure in detail bond distances and angles are quoted as

averages for the two dimers.

As shown in fig. 4.3 complex 5 has two ruthenium centres bridged in a head-to-tail fashion by

the two abipy ligands. Each ruthenium has an irregular octahedral geometry in which the axial

sites opposite the Ru-Ru bond are occupied by nitrogen atoms of the bipyridyl fragment of the

abipy ligands. The equa~orial sites on each metal are occupied by the nitrogen atoms of the two

abipy ligands, which are mutually eis, and by two carbonlys which are also eis to one another.
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The Ru-Ru separation in complex 5 is 2.668(1) A.This separation is normal for a Ru-Ru single

bond and can be compared to values ranging from 2.639(1) to 2.759(4) A in analogous

ruthenium(I) dimers 46-49. The Ru-Na.x distance in 5 is found to be 2.17(4) A, which is shorter than

those in [Rulhp)zCCO)lHhp)~ which are 2.291(3) and 2.316(2) A. The Ru-Neq distances in 5 are

only slightly shorter than the Ru-Na.x distances, ranging from 2.123(3) to 2.150(3) A. The Ru-C

distances are all typically of the order of 1. 85 Aand no frans influence is observed by carbon

atoms trans to the anionic anilino nitrogens. The CIO-N3 length is 1.331(4) Awhich does not

appear unusually short for theseligands, as discussed in Chapters 2 and 3, and does indicate some

multiple bond character.

The angles about each Ru atom range from 75.9 to 102.5°. Distortions from the idealized value

of90° result from the geometric constraints imposed by the bridging ligands, which in 5 have a

N2-N3 bite distance ofca. 2.36 Athat is significantly shorter than the Ru-Ru separation distance

of 2.668(1) A. The bipyridyl fragment also induces strain which is evident from the small angle

of75.9° which it subtends at th~ Ru atmoms. These same forces are probably responsible for the

deviation of the groups about the ruthenium atoms from adopting a perfectly eclipsed

conformation. The torsion angles for N2-Ru I-Ru I'-N3 and C18-RuI-Ru l'~C17' are 12.7 and 7.7°

respectively. The two Ru equatiorial planes N2, N3', C17, CI8,Rul andN2', N3, CI7', CI8',

Ru I' are inclined to each another by 11.4 0, which is somewhat smaller then the equivalent

dihedral angles in [Ru2(CO)4(hp)2(PPh3)2f9 and [Ru 2(bmanapy) 2(CO) 4]40 which are 16.2 and

17.6° respectively.

The crystal structure of 6 depicted in Fig. 4.4 shows two ruthenium atoms bridged in a head to

tail fashion by the two obipy ligands. The structure of 6 is similar to that of 5, there being minor

differences in the bond lengths and angles, which are listed in Tables 4.12 and 4.13 respectively..

The angles about the Ru atoms range from 76.2 to 103°. The torsion angles N2-Rul-Ru2-01,

02-Rul-Ru2-N4, C21-Rul-Ru2-C22 and C24-Rul-Ru2-C23 are 8.5, 7.9, 5.6, and 3.3°

respectively. The two Ru equatorial planes N2, 02, C21, C24, Rul and 01, N4, C22, C23, Ru2

have a dihedral angle of 15.1°, which is similar to those in [Ru2(CO)lhp)2(PPh3)2]39 and

[RulbmanapY)2(CO)4ro. The Ru-Ru bond length in 6 is 2.671(1) A, which is statistically the

same as that in complex 5. The Ru-Na.x and Ru-Ncq distances are also very similar to those in 5.
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The C10-01 and C20-02 distances are 1.272(8) and 1.276(8) Arespectively which are short

compared to C-O single bonds which are normalll3of the order of 1.4 A. This suggests some

multiple bond character which is also found in analogous hp complexes. The N-O bite distance

of the obipy ligand in complex 6 is 2.29 A.

4.2 Abipy ligand bridged complexes of ruthenium (II,III)

4.2.1 Introduction

The number ofcomplexes containing the Rut core has increased substantially over the last three

decadesl
, since the first reported characterisation of [Rui02CCH3)4Cl]n in 196642. This multiply

bonded mixed valence species is an air stable polymer, the dimeric units of which are held together

by bridging chloro groups. The increasing number of reports ofRu2
5
+ complexes is largly due to

the success of the Rut acetate polymer as a suitable starting material for other Ru /+ complexes.

Work done to date has included substitution of the acetate groups by 2-substituted naphthyridyl

ligands 43,44, the hydroxypyridinate ligands 11,45 and amidopyridylligands 11,12,22.

Synthetic methods have included the reaction of the sodium or lithium salts of the ligands with

the acetate polymer in THF 43, the reaction of the free ligand with the acetate polymer in

methanol22, or the reaction of the free ligand with the acetate polymer as a melt 11,12. Yields vary

from very good to very poor, the reasons for which are not always obvious. Although the

metathesis reaction using the sodium or lithium salt has been used to effect 43, it has been regarded

as being inferior due to the tendency of the alkali metal ions to form chloride salts, thus breaking

down the polymer to yield intractable mixtures.

4.2.2 Synthesis and characterisation of [Ru2(Il-abipy)(02CCHJ)JCl] (7)

The reaction of Habipy with [Rui02CCH3)4Cl]n was found to produce a variety of products

which proved difficult to isolate. Thus reaction of one equivalent of Habipy with
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[Rul02CCH3)4CI]n in either methanol or acetonitrile at various temperatures was shown to afford

a mixture from which [Rul~-abipy)(02CCH3)3CI] (7) was isolated in very poor yields of< 10%.

A variety ofproducts (including 7) were also fonned by carrying out the reaction in a melt under

an argon atmosphere.. In all cases complex 7 was best purified by preparative column

chromatography using silica gel and acetone-glacial acetic acid mixtures, as eluants.

Although difficulty was experienced in obtaining accurate microanalytical data, single crystals

could be isolated and an X-ray crystal structure detennination confirmed the formulation of the

material as [Rui~-abipy)(02CCH3)3CI]. The infrared specrtrum, the data from which are

presented in Table 4.3, shows the characteristic ligand peaks as well as a symmetric v(C02) band

at 1439 cm-l due to the bridging acetates. The absence of a N-H stretch at 3390 cm-l confinns the

amido fonn ofthe ligand. The UV-vis spectrum of 7 shows intense abipy 1t-1t* bands in the UV

region and (W..CT) d1t(Ru)-+1t*(abipy) bands in the visible region as listed in Table 4.3. Due to

the poor solubility of 7 in organic solvents no lH NMR spectrum could be recorded.

Table 4.3 : Spectroscopic data for complex [Ru2(J,l-abipy)(02CCHJ)JCI] (7)

UV-visb (nm)

a= recorded as KBr disc

b= recorded in MeCN.

1595(w), 1479(w), 1439(s), 775(w), 690(m)

654,514,382,339,260,230

An ORTEP generated representation of the molecular structure of7 is depicted in Fig. 4.5. The

[Rui~-abipy)(02CCH3)3CI] molecules exist as isolated molecules in the crystal, there being no

contact distances between the molecules less then the sum ofthe van der Waals radii for the atoms

concerned. A single abipy ligand bridges two Ru metals by a NCN- chain and fonns a chelate

with one ruthenium atom (Ru1) via its bipyridyl fragment. The remaining equatorial sites of each

Ru atom are taken up by the oxygen atoms of the three bridging acetate groups, while the axial

site on Ru2 is occupied by a terminally bound chloro group. Excluding the axially bound Cl and

N atoms, each ruthenium atom has a nearly perfect square pyrarnidyl geometry; however

introduction ofthe axialligands gives each ruthenium a distorted octahedral geometry, with N1­

Ru1-N2 and N3-Ru2-CI angles being 75.9 and 101.8 0 respectively. The equatorial bonds adopt
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a near perfect eclipsed conformation when viewed down the Ru I-Ru2 axis with the average

torsi~n angles formed by the bridging ligands being 4.4r. The Ru I-Ru2 distance of2.294(2) A
is typical ofRu2

5+compounds and may be comp,ared with others which range from 2.24 to 2.32.

A. This bond length suggests some multiple bonding character and indeed bond order calculations

for the Ru/+ core, which has the ground state electronic configuration (a) 2('rt) 4(6) 2('rt*6*) 3,

indicate a bond order of2.5. The Ru-Nax di~tance of2.15(2) A is only 0.16 A longer then the

equatorial N2-Rul distance which is 1.99(2) A. This Ru:-Nax distance is short when compared to

the Ru-Nax distance in [R~(~CC~1(ap1(Hap)CI] which is 2.457(6) A22. Ru-Nax bonds are

. typically long in compounds containing the Ru/+ core due to the trans effect produced by the

electron density in the metal-metal bond. The Ru-O bond lengths in 7 range from 2.01(2) Ato

2.05(1) Awhich is typical of these species 12. The Ru-CI distance of2.535(5) Ais in agreement

with that reported for other Ru2C14+species 22.

4.3 Abipy ligand bridged complexes of molybdenum(II)

4.3.1 Introduction

The ability of ligands containing NCN-, NCS- 'or NCO- chains to bridge quadruply bonded

molybdenum(II) atoms is well known and such complexes have been well characterised 1-3. Those

compounds containing anionic arninopyridyl or anionic hydroxpyridylligands are important in that

they contain the shortest Mo-Mo bond lengths as discussed in Chapter I.

The majority ofcomplexes that contain a M02
4+core are synthesised either by the reaction ofthe

sodium or lithium salt ofthe Iigands with molybdenum acetate in THF 2or by reaction of the free

ligand with [MOi02CCH3)4] in methanol 51. In some cases [Mo(CO)6] is reacted with the free

ligand at high temperatu'res to yield species [M02(L)4] where L= an anionic bridging ligand 56.

Whereas the former method has lead to species ofthe type [MOl02CCH3)xCL)4 -x] where x ranges

from 0 to 3, the latter method produces tetrasubstituted dinuclear species exclusively.

Recently the reaction of the bis(pyridylimino) isoindoline (BAIl) ligand, shown in Fig. 4.6, with

[MOl02CCH3)4] was found to produce [M02(BAII)(02CCH3)3] in which the BAIl ligand bridges
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the Mo atoms via a NCN- chain whilst one of the pyridyl groups coordinates in an axial position

to complete a chelate SI. The [MoiBAIl)(02CCH3)3] complex is the only example of a derivative

of molybdenum acetate in which only one acetate group has been substituted by a bridging ligand.

Considering the mode ofcoordination of the BAIl ligand in the [MoiBAIl)(02CCH3)3] complex

it seems likely that the abipy ligand will coordinate in a similar manner.
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4.3.2 Synthesis and characterisation of [Moz(ll-abipy)(OzCCHJ)J] (8)

The reaction of 1 or 2 equivalents of Habipy with [Mo2(02CCH3)4] in refluxing methanol was

found to afford [Mo2(~-abipy)(02CCH3)3] (8) in good yield. This complex is a microcrystalline

green material which is oxidised in air over a period of weeks. It is moderately soluble in polar

organic solvents, but insoluble in nonpolar solvents such as ether. Solutions of 8 are highly air

sensitive and are oxidised in seconds.

The microanalytical data presented in Table 4.4 are consistent with the formulation of 8 as

[Mol~-abipy)(02CCH3)3]. The infrared spectrum of 8 shows the typical ligand peaks in the

aromatic region and the absence of the N-H stretch at 3990 cm-\ confirms the presence of the

amido form of the ligand. The IH NMR spectrum shows that the abipy ligand protons resonate
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in the 7 to 8 ppm range. The methyl protons on the acetate trans to the abipy ligand are shifted

further downfield than those cis to the abipy ligand. This phenomenon is also observed in the IH

NMR spectrum of [MolBAII)(02CCH3)3] 51.

Table 4.4 : Microanalrtical and spectroscopic data for [Moz(J.1-abipy)(OzCCDJ)J] (8)

%C 42.94 (42.62)

Analysis: calculated (found) %H 3.44 (3.41)

%N 6.83 (6.74)

IRa (cm-I) 1591(m), 1521(w), 1485(w), 1452(s),

1375(w), 1022(m), 765(m), 669(m)

UV-visb (nm) 607,451,397,340,288;264,233

oID NMRc (ppm) 6.96-8.05 (12H, m, abipy protons)

2.8 (3H, s, acetate) 2.5 (6H, s, acetates)

a= recorded as KBr disc b= recoreded In MeCN c= recorded In CDCl3 In the context of the IR spectrum m,

w; and s refer to intensity whereas in the context of the NMR spectIlUll m and s refer to multiplicity.

Single crystals of complex 8 were isolated and the X-ray crystal structure of 8 was determined.

Fig. 4.7 shows an ORTEP generated representation of complex 8. The dimers exist as separate

entities in the crystal, there being no contact distances less then the sum of the van der Waals radii

for the atoms concerned.

The two molybdenum atoms are bridged by three acetate groups and one abipy.1igand. The abipy

ligand che1ates via its bipyridyl fragment thus occupying one of the axial sites on one molybdenum

atom. The other molybdenum atom has one unoccupied axial site. Thus one molybdenum atom

(Mol) has a distorted octahedral geometry whilst the other (M02) has a slightly distorted square

pyramidal geometry. The angles about M02 range from 88.7 to 94.4 0, whereas those about Mo 1

range from 69.8 to 106.1 0

, the distortion in the geometry about Mo 1 only really arising from the

axially coordinated nitrogen which makes an angle of 18.2 0 with the Mo-Mo axis. The Mol-M02

bond length of 2.094(2) A in 8 is statistically indistinguishable from the Mo-Mo bond length}

reported for the parent acetatel.Table 4.5 presents some structural information of some Mot

complexes containing axially coordinating ligands.
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Table 4.5 : Structural data of some Mo24+ complexes containingaxially coordinating Iigands

0 0

Mo-Mo-Nu r) ref.Complex Mo-Mo (A) Mo-Nu (A)

[Moi02CCF3)4(PY)2] 2.129(2) 2.548(8) 171.0 53

[Moitbp)i02CCH3)2] . 2.147(3) 2.45 170.1 52

[MoiBAII)(02CCH3)3] 2.106(1) 2.466(7) 169.0 51
-

.[M02(~-abipy)(02CCH3)3] 2.094(2) 2.39(1) 161.8 this work

It is accepted that axialligation causes lengthening of the metal-metal bonds by occupation of

orbitals which have some antibonding character. In [Mol02CCH3)4] there is weak axial

coordination in each molecule by oxygen atoms of neighbouring molecules. In complex 8 axial·

coordination by oxygen atoms on adjacent dimers is not possible as Mo 1 is already axially

coordinated to one of the nitrogens of the bipyridyl fragment while M02 has a bulky phenyl group

from the abipy ligand blocking the approach oflarge molecules. The Mo-Nax bond length in 8 is

2.39(1) Awhich is relatively short when compared with Mo-Nax distances in the other complexes

presented in Table 4.5. Of the complexes in Table 4.5, 8 has the shortest Mo-Mo bond length.

This observation is not easily explained,since contrary to expectation, of the complexes in Table

4.5 the species containing the shortest Mo-Mo distance also has the shortest Mo-Nax distance.

What might be of significance however is the relatively large deviation of 18.2 0 of Nax from the

Mo:"Mo axis in complex 8. The N1-Mo1-M02 angle in 8 of 161.8 0 is slightly less then the Nax­

Mo-Mo angles in [M02(BAll)(02CCH3)3] and [MoltpbM02CCH3)2] which are 169.0 and 170.1 0

respectivelySl,s2. Even in the [MOl02CCF3)4(Py)2] complexs3 , in which the axially bound pyridyl

ligands are under no geometric strain, the Mo-Ma-Naz angles are 171.00
. It is possible that the

trans influence which the electron density in the Mo-Mo bond exerts on the axially coordinated

nitrogen is lessened by a greater the deviation ofNax from the Mo-Mo axis.

The average torsion angle formed by the bridging ligands with the Mo-Mo axis is 0.66 0
•
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4.4 Abipy ligand bridged complexes of rhodium(II)

4.4.1 Introduction

Dirhodium(II,II) compounds are well known and reviews covering dirhodium(II) chemistry are

numerous 55-57. The Rht .unit appears to be energetically favourable and mononuclear Rh(II)

species are comparatively rare 54. In addition to rhodium carboxylates, there are many Rht

species containing other bridging ligands. Anionic ligands containing either NCN-, OCN- or

NCS- chains are known to bridge the Rh/+ core 9,10,58-60 . Neutralligands containing NCN chains

are also known to bridge the Rh2
4
+ core as in [Rhibpnp)(02CCH3)3](pF6) (where bpnp = bis 2­

(2-pyridyl)-1,8-naphthyridine) and [Rh2(Pynp)i0 2CCH3)2](PF:6) 28. In the latter complex, depicted

in Fig. 4.8, the structure proposed has the pynp ligand coordinating in a mode' analogous to that

of abipy in complexes 7 and 8.

Fig. 4.8 : Proposed structure of [Rhz(pynp)(OzCCH3)3r

Synthetic routes to bridged Rh2
4

+ compounds have been via the reaction of the ligands with

rhodium(II) carboxylates 10 or reaction of the ligands with RhCI3 ·3H20 under reducing

conditions61 .The former method has proved more sucessful.

4.4.2 Synthesis and characterisation of [Rhz(lJ-abipy)(02CCH3)3(L)] L= H20, NCPh

The reaction ofone equivalent ofHabipy with [Rhi02CCH3)4] in refluxing methanol was found

to afford [Rhil.l-abipy)(02CCH3)iH20)] (9) in good yield. The reaction proceeds relatively
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slowly, presumably due to the competition between solvent and ligand molecules for the axial sites

on the rhodium dimers. The microanalytical data presented in Table 4.6 are consistent with the

formulation of 9 as [Rhlll-abipy)(02CCH3)3(H20)]. The infrared spectrum of9 shows typical

abipy peaks as well as a vS)'I1\ (C00 band at 1452 cm-I. The IH NMR spectrum exhibits peaks due

to the abipy protons and the acetate protons. The acetate protons cis to the abipy ligand appear

slightly upfield from those trans to the abipy ligand, as was the case in complex 8.

Table 4.6 : Microanalytical and spectroscopic data for [Rhl(,...-abipy)(OlCCHJ)J(HlO)] (9)

%C 40.81 (40.01)

Analysis: calculated (found) %H 3.58 (4.01)

%N 6.52 (6.06)

IRa (cm-I) 1610(m), 1575(s), 1490(m), 1463(m),

1425(s), 1344(w), 765(m), 698(m)

UV-visb (nm) 520,305,235

oIH NMRc (ppm) 6.05-9.6 (12H, m, abipy protons)

2.15 (3H, s, acetate) 1.78 (6H, s, acetates)

a= recorded as KBr diSC, b= recoreded in MeCN, c= recorded In CDCl3

Single crystals of [Rhlll-abipy)(02CCH3)lNCPh)] were grown by the slow diffusion of

petroleum ether 40-60°C into a solution of 9 in acetone/benzonitrile. The X-ray structure of

[Rhlll-abipy)(02CCH3MNCPh)] was determined and an ORTEP representation of the structure

is depicted in Fig. 4.8. The rhodium dimers exist as separate entities in the crystal, there being no

contact distances less then the sum of the van der Waals radii for the atoms in adjacent dimers

concerned.

Th.e Rh2
4
+ unit is bridged by three acetate molecules and one abipy ligand and contains one

terminally bound benzonitrile molecule. The bipyridyl fragment of the abipy ligand chelates to

Rhl, and in doing so one of the bipyridyl nitrogens occupies an axial position opposite the Rh-Rh

bond. The anionic anilino nitrogen is coordinated to Rh2 in an equatorial position, while the axial

position on Rh2 is occupied by a benzonitrile molecule. Each rhodium has a slightly irregular
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octahedral geometry. The angles about Rh I range from 78.5 to 102.1 0
, while those about Rh2

range from 86.4 to 95.1 0
• The Rh l-Rh2 distance of2.399(1) Ais typical for the Rh-Rh distance

in other Rht compounds which generally range from 2.35-2.45 A1. These Rh-Rh bonds, though

short, are accepted as being single bonds 1. The Rh I-N I and Rh2-N4 bond lengths are 2.19(1) and

2.25(1) A respectively, which are similar to the Rh-Nax bond lengths In

[Rh2(bpnp)(02CCH3)3](pFJ28. The Rh-Neq and Rh-Oeq bond lengths in 9 are slightly shorter then

the Rh-Nax distsances, all being typically of the order of2.0 Aas in [Rhibpnp)(02CCH3)3](pF6Y8.

4.5 Discussion

Complexes 5 - 9, all of which were characterised by X-ray crystallography, show the abipy or

obipy ligands bridging the metals via NCN- or NCO- chains with thebipyridyl fragment chelating

to one metal atom. In complexes 5 and 6 the abipy and obipy ligands bridge relatively' soft' Ru(I)

atoms whereas in complexes 7,8 and 9 the abipy ligand bridges the relatively 'hard' Ru/+, M02
4+

and Rht cores. With the exception ofthe molybdenum complex 8, the geometry about the metal

atoms is that of an irregular octahedron. In the case of complex 8, one molybdenum atom has

octahedral geometry while the other has square pyramidal. It does appear that in order for the

abipy and obipy ligands to adopt a bridging mode, the metal centres must favour octahedral

coordination. Certainly, attempts to form ligand bridged complexes of tetrahedral Cu(I) were

unsuccessful; here mononuclear Cu(I) species are formed where the bipyridyl fragment chelates

to the copper atom with the exocyclic nitrogen atom remaining uncoordinated (see Chapter 3).

Both Ru(I) compexes 5 and 6 have two bridging abipy ligands, whereas the acetate derived

species ofRu2
5+, M02

4+and Rh2
4+all only have one bridging abipy ligand. Although substitution

of the relatively 'hard' acetate groups by ligands containing both hard and soft donor groupsis

expected to be easier in the'softer' RU(I) species, it is nonetheless not entirely clear as to why

difficulty is experienced in obtaining disubstituted species of the harder metals. Examples of

complexes resulting from substitution of more than one acetate group for Ru/+, Mo/+ and Rh2
4+

are.known. For instance [Ru2(02CCH3)iap)iHap)CI]22, trans-[Moi0 2CCH3)2(mphamnp)2 ] 50

(where mphamnp = the amon of 2-acetamido-7-methyl-l,8-naphthyridine) and

[Rhibpnp)i02CCH3)2]28 all form as a result of the substitution of two acetate groups. These
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complexes contain both 'hard' (ap and mphamnp) and 'soft' (bpnp) ligands, ~hus explanation

based soley on 'hard' and 'soft' acid-base theory is not conclusive. The methods used for the

synthesis of these disubstituted species also vary substantially and have included the reaction of

the free ligand with [M(02CCH3)4] in methanol, reaction of the lithium salt of the ligand with

[M(02CCH3)4] in THF, and also the reaction of the ligand with [M(02CCH3)4] under mildly acidic

conditions. It is thus clear that disubstitution of the acetate groups by these ligands in these

species may depend on both the 'hardness' of the ligand relative to that of the acetate ligand, as

well as the method of synthesis.

The most successful route to complexes 5 - 9 has involved reaction of the free ligand with the

metal precursor. In certain cases the reaction of suitable metal containing precursors with the Li
. .

salt ofthe abipy ligand was attempted; however reaction was always slow and in all cases isolation

of the products was difficult. Nontheless, it may be possible by suitable manipulation of reaction

conditions, to effect the substitution of two acetate groups by the abipy ligand.

4.6 Experimental

4.6.1 Synthesis o![Ru2(Il-abipy)lCO)4] (5)

Method A: Habipy (57.4 mg; 0.2325 mmols) was added to a stirred solution containing·

Ru3(CO)12 (50.0 mg; 0.0779 mmols) in toluene (40 ml). The reaction was heated to 50°C for a

period of9 days, being frequently monitored by infrared measurements. After completion of the

reaction, the orange-red solution was filtered and evaporated to dryness to yield solid orange-red

material. The best purification method proved to be the recrystallisation of 5 from an

acetone/methanol solution. Yield = 23 mg (25%).

Method B: Habipy (100.0 mg; 0.405 mmols) was added to a stirred suspension containing of

[Ru(CO)i0 2CCH3)]n (87.4 mg; 0.405 mmols) in toluene (60 m1). Upon refluxing for 3.5 hrs the

reaction was complete, affording an orange-red solution. The solution was evaporated. to dryness

and the resulting orange-red material recrystallised from acetone/methanol at O°C. Yield =149

mg (91%).
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4.6.2 Synthesis o![Ruill-obipy)iCO)4] (6)

Hobipy (100.0 mg; 0.581mmols) was added to a stirred suspensIon containing of

[Ru(CO)i02CCH3)]n (125.4 mg; 0.581 mmols) in toluene (60 ml). After heating under reflux

for 4 hrs the reaction was complete, affording a yellow solution. The solution was evaporated to

dryness and the residue extracted in 20 ml of acetone. The acetone solution was left overnight at

O°C to afford yellow-orange crystals of6. Yield = 153 mg (80%).

Habipy (43.3 mg; 0.175 mmols) was added to a solution containing of[Rui02CCH3)4Cl]n (83.0

mg; 0.175 mmols) in methanol (50ml). The methanolic solution was brought to reflux for 2 hrs

after which no further reaction took place. The dark solution was concentrated to 10 rn1 and

passed through a short silica gel column using a 1:6 acetone:glacial acetic acid mixture. The dark

fraction (having an ~ value of 0.25 on tic plates using this mixture) was evaporated to dryness.

Recrystallisation from an acetone-pet ether mixture at O°C over a period of days proved the most

successfull method of work-up. Yield = 6 mg (9%).

Habipy (50 mg; 0.202 mmols ) added to a degassed suspension containing of [Moi02CCH3)4]

(86 mg; 0.202 mmols) in methanol (40 ml), under an argon atmosphere. After heating under reflux

for a period of 2 hrs, the solution was cooled and the resulting emerald green precipitate was

separated by filtration to afford 102 mg (82%) of complex 8.

4.6.5 Synthesis o![Rhill-abipy)(02CCH3)lNCPh)] (9)

Habipy (30 mg; 0.121 mmols) was added to a stirred suspension of of [Rhi02CCH3)4] (54 mg;

0.121 mmols) in methanol(50 ml). Upon heating under reflux for a period of4 hrs the resulting

red solution was cooled to 0°C to afford dark red crystals which were filtered and washed with

cold acetone. Yield = 56 mg (72%).
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Single crystal X-ray diffraction study of [Ru2(IJ.~abipY)2(CO)4]

Orange-red blocks of [Ruz(fl-abipy)z(CO)4l were grown by cooling of a solution of the compound

in a mixture ofacetone and methanol. The general approach used for the intensity data·collection

is described in Appendix A. Details of the crystallographic data are given in Table 4.7, the

interatomic distances in Table 4.8, the interatomic angles in Table 4.9, and the fractional

coordinates and equivalent isotropic thermal factors in Table 4.10. The observed and calculated

structure factors may be found on microfiche in an envelope fixed to the inside back cover. All

non hydrogens were made anisotropic and the phenyl rings were defined as rigid groups. All

hydrogen atoms were placed in calculated positions.

Yellow-orange rectangular plates of [Ruifl-obipY)iCO)4l C3H40 were grown by cooling ofa

hot solution of the compound in xylene. The general approach used for the intensity data

collectionis described in Appendix A. Details ofthe crystallographic data are given in Table 4.11,

the interatomic distances in Table 4.12, the interatomic angles in Table 4.13, and the fractional

coordinates and equivalent isotropic thermal factors in Table 4.14. The observed and calculated

structure factors may be found on microfiche in an envelope fixed to the inside back cover. All

non hydrogens were made anisotropic and the phenyl rings were defined as rigid groups. All

hydrogen atoms were placed in calculated positions. The solvent molecIe C3H40 is disordered and

is proposed to be a molecule of acrolein which is a known impurity in xylene.

Dark brown blocks of [Ruz(fl-abipy)(02CCH3)3CI] were grown by the slow diffusion of petroleum

ether 40-60 0
C into a solution of 7 in acetone. The general approach used for the intensity data

collection is described in Appendix A. Details of the crystallographic data are given in Table 4.15,

the interatomic distances in Table 4.16, the interatomic angles in Table 4.17, and the fractional

coordinates and equivalent isotropic thermal factors in Table 4.18. The observed and calculated

. structure factors may be found on microfiche in an envelope fixed to the inside back cover. All
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non hydrogens were made anisotropic and the phenyl rings were defined as rigid groups. All

hydrogen atoms were placed in calculated positions.

Emerald green plates of [M02(ll-abipy)(02CCH3)3l C3H60 were grown by the slow diffusion of

petroleum ether 40-60°C into a solution of 8 in acetone. The general approach used for the

intensity data collection is described in Appendix A. Details of the crystallographic data are given

in Table 4.19, the interatomic distances in Table 4.20, the interatomic angles in Table 4.21, and

the fractional coordinates and equivalent isotropic thermal factors in Table 4.22. The observed

and calculated structure factors may be found on microfiche in an envelope fixed to the inside

back cover. Only the Mo atoms were made anisotropic and the phenyl rings were defined as rigid

groups. All hydrogen atoms were placed in calculated positions.

Single crystal X-ray diffraction study of [Rh2(J.1-abipy)(02CCH3)3(NCPh)]

Dark brown blocks of(Rhlll-abipy)(02CCH3)lNCPh)] were grown by the slow diffusion of

petroleum ether 40-60°C into a solution of9 in a mixture ofacetone and benzonitrile. The general

approach used for the intensity data collection is described in Appendix A. Details of the

crystallographic data are given in Table 4.23, the interatomic distances in Table 4.24, the

interatomic angles in Table 4.25, and the fractional coordinates and equivalent isotropic thermal

factors in Table 4.26. The observed and calculated structure factors may be found on microfiche

in an envelope fixed to the inside back cover. All non hydrogens were made anisotropic and the

phenyl rings were defined as rigid groups. All hydrogen atoms were placed in calculated positions.

Examination of the final electron density difference map indicated the presence of a disordered
,

solvent molecule in the lattice. However, the disorder is so severe that it was not possible to

establish the nature of the solvent molecule, though the temperature factors did fit best a model

containing 5 carbon atoms. Eventually it was decided to simply exclude the solvent atoms from·

the refinement as this should only have a very small effect on the accuracy of the remaining

structural parameters.
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Table 4.7 : Crystal data and details of the crystallographic analysis for

[Rul(JI.-abipY)l(CO)4]

Formula

Molecular mass (g.mol-I)

Crystal system

Space group

a (A)

b (A)

c (A)

a CC)
pCC)
y CC)
V (A3)

Z

Dc (g.cm-3)

F (000)

A(Mo - Ku) (A)

Scan mode

w scan angle

Horizontal aperture width (mm)

Scattering range CC)
11 (cm-I)

Absorption corrections

Measured intensities

Unique intensities

Unique intensities [I> 30(1)]

Structure solution

Weighting scheme

R = ~(Fo-Fc)/~Fo

~ = ~wY:!(F0 - Fc)/~wY:!F0

(Li/o)max

Lipmax(eA-3)

Number of parameters

95

RU2C36H24N604

806.763

Monoclinic

P 2/n

19.769(3)

6.559(2)

19.802(7)

90

110.01(2)

90

3148(1)

4

1.70

1608

0.71069

w- 28

0.40 + 0.35tan8

2.7 + 0.1tan8

2 ~ 8 ~ 30

9.915

Semi empirical

5962

4138

3715

Direct and Fourier methods

1/[(02(F) + O.002F2)]

0.0235

0.0295

0.083

0.272

410



Table 4.8 : Interatomic distances (.6.) for [Ruz(ll-abipY)z(CO)4]

Molecule A

Ru(lA)-N(lA) - 2.182(3) Ru( lA)-N(2A) 2.123(3)

Ru(lA}·C(lA) 1.856(4) Ru(lA)-C(2A) 1.854(4)

Ru( 1A)-Ru(l A') 2.665(1) Ru(lA')- N(3A) 2.150(4)

N(3A)-C(11A) 1.412(3) N(3A)-C(lOA) 1.328(4)

N(lA)-C(IA) 1.353(5) N(lA)-C(5A) 1.339(4)

N(2A)-C(6A) 1.358(4) N(2A)-C(10A) 1.370(4)

O(IA)~C(2A) 1.144(4) O(2A)-C(IA) 1.139(4)

C(12A)-C(13A) 1.395(0) C(12A)-C(11A) 1.395(0)

C(13A)-C(14A) 1.395(0 C(14A)-C(15A) 1.395(0) .

C(15A)-C(16A) 1.395(0) C(16A)-C(11A) 1.395(0)

C(lA)-C(2A) 1.383(5) C(2A)-C(3A) 1.380(7)

C(3A)-C(4A) 1.374(6) C(4A)-C(5A) 1.397(5)

C(5A)-C(6A) 1.478(5) C(6A)-C(7A) 1.376(5)

C(7A)-C(8A) 1.401(5) C(8A)-C(9A) 1.363(5)

C(9A)-C(lOA) 1.429(5)

Molecule B

Ru(lB)-N(lB) 2.175(3) Ru(lB)-N(2B) . 2.129(3)

Ru(lB')-N(3B) 2.145(3) Ru( IB)-C( lA) 1.855(4)

Ru(IB)-C(2A) 1.847(4) Ru(IB)-Ru(lB') 2.671(0)

N(lB)-C(lB) 1.328(5) N(lB)-C(5B) 1.341(5)

N(2B)-C(6B) 1.371(4) N(2B)-C(10) 1.364(4)

N(3B)-C(10) 1.333(4) N(3B)-C(11B) 1.414(4)

O(3B)-C(IA) 1.139(4) O(4B)-C(2A) 1.140(4)

C(IB)-C(2B) 1.371(6) C(2B)-C(3B) 1.357(7)

C(3B)-C(4B) 1.361(7) C(4B)-C(5B) 1.401(5)
C(5B)-C(6B) 1.471(5) C(6B)-C(7B) 1.365(5)
C(7B)-C(8B) 1.402(6) C(8B)-C(9B) 1.363(5)

C(9B)-C(10) 1.426(5) C(12B)-C(13B) 1.395(0)

C(12B)-C(IIB) 1.395(0) C(13B)-C(14B) 1.395(0)

C(l4B)-C(15B) 1.395(0) C(l5B)-C(16B) 1.395(0)

C(16B)-C(1IB) 1.395(0)
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Table ,4.9 : Interatomic angles (A. ) for [Ru2(J.1-abipY)2(CO)4]

Molecule A

N( 1A)-Ru(1A)-N(2A) 76.3(1) N(1A)-Ru(1A)-C( lA) 91.3(1)

N(2A)-~u(1A)-C(1A) 97.1(1) N(1 A)-Ru( 1A)-C(2A) 101.4(1)

N(2A)-Ru(1A)-C(2A) 172.4(1) C(1A)-Ru( 1A)-C(2A) 90.1(1)

C(11A)-N(3A)-C(10A) 117.8(3) Ru( 1A)-N(1A)-C( lA) 125.3(3)

Ru( 1A)-N(1A)-C(5A) 114.2(2) C(1A)-N(1A)-C(5A) 119.5(3)

Ru(1A)-N(2A)-C(6A) 116.5(2) Ru(1A)-N(2A)-C( lOA) 122.5(2)

C(6A)-N(2A)-C(10A) 120.5(3) C(12A)-C(12A)-C(11A) 120.0(0)

C(12A)-C(12A)-C(14A) 120.0(0) C(12A)-C(14A)-C(15A) 120.0(0)

C(14A)-C(15A)-C(16A) 120.0(0) C(15A)-C(16A)-C(11A) 120.0(0)

N(3A)-C(11A)-C(12A) 120.6(1) N(3A)-C(11A)-C(16A) 119.4(1)

,C(12A)-C(11A)-C(16A) 120.0(0) , N(1A)-C(1A)-C(2A) 122.1(4)

C(1A)-C(2A)-C(3A) 118.1(4) C(2A)-C(3A)-C(4A) 120.3(4)

C(3A)-C(4A)-C(5A) 119.0(4) N(1A)-C(5A)-C(4A) 121.0(3)

N(1A)-C(5A)-C(6A) 116.2(3) C(4A)-C(5A)-C(6A) 122.8(3)

N(2A)-C(6A)~C(5A) 115.4(3) N(2A)-C(6A)-C(7A) 122:7(3)

C(5A)-C(6A)-C(7A) 121.8(3) C(6A)-C(7A)-C(8A) 118.0(3)

C(7A)-C(8A)-C(9A) 120.0(3) C(8A)-C(9A)-C( lOA) 120.8(3)

N(3A)-C(10A)-N(2A) 118.6(3) N(3A)-C(1OA)-C(9A) 123.5(3)

N(2A)-C(1OA)-C(9A) 117.8(3) Ru( 1A)-C(1A)-O(2A) 177.9(3)

Ru( 1A)-C(2A)-O( lA) 176.4(3)

Molecule B

N( 1B)-Ru( lB)-N(2B) 76.5(1) N(1B)-Ru(1B)-C(17B) 101.5(1)

N(2B)-Ru(1B)-C(17B) 172.6(1) N(1B)-Ru(1B)-C(18B) 93.1(1)

N(2B)-Ru(1B)-C( 18B) 97.7(1) C(1A)-Ru(1B)-C(18B) 89.5(1)

Ru(1B)-N(1B)-C(lB) 125.8(3) Ru(1B)-N(lB)-C(5B) 114.4(2)
C( 1B)-N(1B)-C(5B) 119.2(3) Ru(1B)-N(2B)-C(6B) 116.3(2)
Ru(1B)-N(2B)-C(10) 123.2(2) C(6B)-N(2B)-C(1O) 119.8(3)

C(10)-N(3B)-C(11B) 117.8(3) N(1B)-C(lB)-C(2B) 122.9(5)
C(lB)-C(2B)-C(3B) 118.6(5) , C(2B)-C(3B)-C(4B) 119.7(4)
C(3B)-C(4B)-C(5B) 119.7(5) N(1B)-C(5B)-C(4B) 119.9(4)
N(1B)~C(5B)-C(6B) 117.0(3) C(4B)-C(5B)-C(6B) 123.0(4)
N(2B)-C(6B)-C(5B) 115.0(3) N(2B)-C(6B)-C(7B) 122.3(4)
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Table 4.9/ Cont.

C(5B)-C(6B)-C(7B)

C(7B)-C(8B)-C(9B)

N(2B)-C(10)-N(3B)

N(3B)-C( 10)-C(9B)

C(12B)-C(13B)-C(14B)

C(14B)-C(15B)-C(16B)

N(3B)-C(11B)-C(12B)

C(12B)-C(11B)-C(16B)

Ru( 1B)-C(2A)-O(4B)

122.5(3)

120.2(4)

118.4(3)

122.6(3)

120.0(0)

120.0(0) .

120.6(1)

120.0(0)

176.3(3)

98

C(6B)-C(7B)-C(8B)

C(8B)-C(9B)-C(10)

N(2B)-C( 10)-C(9B)

C(13B)-C(12B)-C(11B)

C(13B)-C(14B)-C(15B)

C(15B)-C(16B)-C(11B)

N(3B)-C(11B)-C(16B)

Ru( IB)-C(1A)-O(3B)

118.4(4)

120.0(4)

119.0(3)

120.0(0)

120.0(0)

120.0(0)

119.4(1)

175.5(3)
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Table 4.10/ Cont.

H(6A) 2374(2) 6349(5) 5206(2) 77(3)*

C(9A) 2813(2) 5125(4) 6191(2) 42(1)

H(7A) 3309(2) 5785(4) 6355(2) 77(3)*

C(26A) 2722(2) 3895(4) 6640(2) 32(1)

C(1A) 1938(2) -300(5) 6626(2) 42(1)

C(34A) 1512(2) 261(4) 7722(2) 41(1)

Molecule B

Ru(1B) 2895 " 3966 3198 31

N(1B) 3719(2) 3441(4) 4227(2) 43(1)

N(2B) 3563(1)' 2303(3) 2930(1) 34(1)

N(3B) 2757(1) 1981(3) 1772(1) 37(1)

0(3B) 1893(2) 5898(3) 3693(2) 61(1)

0(4B) 3622(2) 6893(3) . 2992(2) 61(1)

C(1B) 3768(2) 4063(5) 4856(2) 62(1)

H(1B) 3326(2) 4776(5) 4889(2) 77(3)*

C(2B) 4350(3) 3837(6) 5469(3) 78(1)

H(2B) 4373(3) 4365(6) 5972(3) 77(3)*

C(3B) 4897(3) 2923(7) 5434(3) 83(1)

H(3B) 5358(3) 2721(7) 5912(3) 77(3)*

C(4B) 4866(2) 2285(6) 4794(3) 72(1)

H(4B) 5304(2) 1575(6) 4759(3) 77(3)*

C(5B) 4262(2) 2556(5) 4181(2) 48(1)

C(6B) 4167(2) 1836(4) 3479(2) 43(1)

C(7B) 4619(2) 711(5) 3391(2) 56(1)
H(5B) 5107(2) 411(5) 3824(2) 77(3)*

C(8B) 4426(2) -73(5) 2730(2) 57(1)

H(6B) 4774(2) -966(5) 2645(2) 77(3)*

C(9B) 3810(2) 319(4) 2187(2) 45(1)

H(7B) 3657(2) . -301(4) 1682(2) 77(3)*
C(10) 3363(2) 1541(4) 2286(2) 37(1)
C(12B) 2608(2) 1552(3) 511(1) 60(1)
C(13B) 2326(2) 675(3) -117(1) 80(1)
C(14B) 1944(2) -694(3) -114(1) 78(1)
C(15B) 1844(2) -1186(3) 517(1) 63(1)
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Table 4.10/ Cont.

C{16B)

C(llB)

H(8B)

H(9B)

H(10B)

H(11B)

H(12B)

C(lA)

C(2A)

2126(2)

2508(2)

2904(2)

2404(2)

1726(2)

1549(2)

2049(2)

2267(2)

3362(2)

-310(3)

1060(3)

2612(3)

1057(3)

-1372(3)

-2246(3)

-691(3)

5200(4)

5747(4)

1145(1)

1142(1)

509(1)

. -605(1)

-600(1)

519(1)

1633(1)

3480(2)

3065(2)

47(1)

40(1)

77(3)*
77(3)*
77(3)*
77(3)*

77(3)*
39(1)

39(1)

* isotropic temperature factor.

101



Table 4.11 : Crystal data and details of the crystallographic analysis for

[RU2(Jl-obiPY)2(CO)..] . C3H..O

Formula

Molecular mass (g.moI01
)

Crystal system

Space group

a (A)

b (A)

c (A)

a C)
PC)
y C)
V (A3)

Z

Dc (g.cmo3
)

F (000)

A (Mo - K a) (A)

Scan mode

w scan angle

Horizontal aperture width (mm)

Scattering range (0)

~ (cmol
)

Absorption corrections

Measured intensities

. Unique intensities

Unique intensities [1> 30(1)]

Structure solution

Weighting scheme

Ft == ~(Fo-Fc)/~Fo

Rw == ~w1;2(F0 - Fc)/~wY:zF0

(~/a)max

~Pmax(ek3)

Number of parameters

102

RU2C27 H18 N40 7

712.602

Monoclinic

P 2/c

12.614(3)

10.038(3)

21.745(5)

90

105.74(2)

90

2630(1)

4

1.80

1408

0.71069

w-28

. 0.52 + 0.35tan8

2.7 + 0.ltan8 .

2 ~ 8 ~ 30

11.807

Semi empirical

4816

3208

2527

Direct and Fourier methods

1/[(a2(F) + 0.0004F2
)]

0.0356

0.0362

1.132

0.2358
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· -~.

Ru(I)-Ru(2) 2.671(1) Ru(1)-N(1) 2.176(6)

Ru(1)-N(2) 2.136(5) Ru(I)-O(2) 2.118(4)

Ru( 1)-C(21) 1.842(8) Ru(1)-C(24) 1.813(8)

Ru(2)-N(3) 2.156(6) Ru(2)-N(4) 2.121(5)

Ru(2)-O(1) 2.124(4) Ru(2)-C(22) 1.819(8)

Ru(2)-C(23) 1.848(8) N(1)-C(1) 1.327(10)

N(I)-C(5) 1.353(9) N(2)-C (6) 1.372(9)

N(2)-C(10) 1.351(9) N(3)-C(11) 1.332(9)

N(3)-C(15) 1.346(8) N(4)-C(16) 1.380(8)

, N(4)-C(20) 1.349(9) O(1)-C(10) 1.272(8)

O(2)-C(20) 1.276(8) O(3)-C(21) 1.148(8)

O(4)-C(22) 1.147(8) O(5)-C(23) 1.146(8)

O(6)-C(24) 1.167(8) C(1)-C(2) 1.419(12)

C(2)-C(3) 1.358(12) C(3)-C(4) 1.454(12)

C(4)-C(5) 1.354(10) C(5)-C(6) 1.479(11)
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Ru(2)-Ru( 1)-N( 1) 157.1(2) Ru(2)-Ru( 1)-N(2) 84.0(2)

N(1)-Ru(I)-N(2) 76.2(2) Ru(2)-Ru( 1)-0(2) 84.8(1)

N(1)-Ru(1)-0(2) 82.6(2) N(2)-Ru(1)-0(2) 86; 1(2)

Ru(2)-Ru( 1)-C(21) 96.3(2) N(1)-Ru(1)-C(21) 103.1(3)

N(2)-Ru(1)-C(21) 177.7(3) 0(2)-Ru( 1)-C(21) 91.6(3)

Ru(2)-Ru( 1)-C(24) 93.6(3) N(1)-Ru(1)-C(24) 99.2(3)

N(2)-Ru(1)-C(24) 94.5(3) 0(2)-Ru(1)-C(24) 178.2(3)

C(21)-Ru( 1)-C(24) 87.8(3) Ru(1)-Ru(2)-N(3) 158.0(2)

Ru(1)-Ru(2)-N(4) 84.4(2) N(3)-Ru(2)-N(4) 76.3(2)

Ru(1)-Ru(2)-0(1) 85.0(1) N(3)-Ru(2)-0( 1) 83.3(2)

N(4)-Ru(2)~0(1) 86.7(2) Ru( 1)-Ru(2)-C(2) 94.5(2)

N(3)-Ru(2)-C(22) 97.4(3) N(4)-Ru(2)-C(22) 93.7(3)

O(1)-Ru(2)-C(22) 179.3(3) Ru( 1)-Ru(2)-C(23) 97.2(2)

N(3)-Ru(2)-C(23) 101.3(3) N(4)-Ru(2)-C(23) 175.9(3)

O(1)-Ru(2)-C(23) 89.7(3) C(22)-Ru(2)-C(23) 89.9(3)

Ru(1)-N(1)-C(1) 125.7(5) Ru(1)-N(1)-C(5) 116.3(5)

C(1)-N(1)-C(5) 117.8(7) Ru(1)-N(2)-C(6) 116.2(5)

Ru(1)-N(2)-C(10) 123.6(5) C(6)-N(2)-C(10) 120.2(6)

Ru(2)-N(3)-C(11) 126.0(5) Ru(2)-N(3)-C(15) 116.1(5)

C(11)-N(3)-C(15) 118.0(6) Ru(2)-N(4)-C(16) 116.8(4)

Ru(2)-N(4)-C(20) 123.3(5) C( 16)-N(4)-C(20) 119.9(6)

Ru(2)-0( 1)-C(10) 124.8(4) Ru( 1)-0(2)-C(20) 124.6(4)

N(1)-C(1)-C(2) 124.2(8) C( 1)-C(2)-C(3) 117.7(9)

C(2)-C(3)-C(4) 118.3(8) C(3)-C(4)-C(5) 119.0(8)

N(I)-C(5)-C(4) 123.0(8) N(l)-C(5)-C(6) 115.0(7)

C(4)-C(5)-C(6) 122.0(7)
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Table 4.14:Fractional coordinates (xl04
) and equivalent isotropic thermal factors (A?, xl03

)

for [Ru2(J.l-obipY)2(CO)4] . C3H40

x/a ylb z/c ~

Ru(l) 1458 2200(1) 1280 39

Ru(2) 2312 4549(1) 1088 37

N(1) 1201(4) 446(6) 1809(3) 47(2)

N(2) 1721(4) 2909(6) 2236(3) 39(1)

N(3) 3462(5) 6186(6) 1257(3) 41(1)

N(4) 3844(4) 3636(6) . 1535(3) 38(1)

0(1) 2206(4) 5015(5) 2022(2) 44(1)

0(2) 3118(3) 1555(5) 1571(2) 46(1)

0(3) 1152(5) 1113(7) -37(3) 85(2)

0(4) 2449(5) 3900(7) -219(3) 79(2)

0(5) 197(5) 6022(7) 560(3) 91(2)

0(6) -860(5) 3160(8) 835(3) - 92(2)

C(1) 1018(7) -780(9) 1576(4) 62(2)

H(1) 855(7) -1636(9) 1264(4) . 154(12)*

C(2) 951(7) 8079(10) 1949(5) 70(3)

H(2) 599(7) 8713(10) 1544(5) 154(12)*

C(3) 1035(7) 8266(9) 2579(5) 69(3)

H(3) 886(7) 8866(9) 2960(5) 154(12)*

C(4) 1243(6) -394(9) 2838(4) 66(2)

H(4) 1215(6) -1010(9) 3241(4) 154(12)*

C(5) 1324(5) 618(8) 2442(4) 48(2)

C(6) 1572(5) 1998(8) 2675(3) 44(2)

C(7) 1661(6) 2349(9) 3304(4) 59(2)

H(5) 1547(6) 1617(9) 3645(4) 154(12)*

C(8) 1908(7) 3670(10) 3486(4) 67(3)

H(6) 1961(7) 3978(10) 3969(4) 154(12)*

C(9) 2078(6) 4565(9) 3057(3) 52(2)

H(7) 2268(6) 5587(9) 3201(3) 154(12)*

C(10) 2008(5) 4176(8) 2415(3) 40(2)

C(11) 3210(7) 7464(8) 1131(4) 55(2)
-H(8) 2351(7) 7714(8) 935(4) 154(12)*
C(12) 3980(8) 8481(9) 1244(4) 66(2)

IOS
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Table 4.15 : Crystal data and details of the crystallographic analysis for

[Rul(ll-abipy)(OlCCH3)3CIl

Formula

Molecular mass (g.moIOI
)

Crystal system

Space group

a (A)

b (A)

c (A)

aC)

PC)
y C)
V (A3)

Z

Dc (g.cmo3
)

F (000)

A (Mo - Kit) (A)

Scan mode

w scan angle

Horizontal aperture width (mm)

Scattering range C) .

~ (cmol
)

Absorption corrections

Measured intensities

Unique intensities

Unique intensities [I> 30(1)]

Structure solution·

Weighting scheme

R = :E(Fo-Fc)/:EFo \

Rw = :Ew~(Fo-FJ/:Ew~Fo

(Ll/o)max

Llpmax(eA-3)

Number of parameters

107

RU2C22CIH21N306

661.017

Monoclinic

Cc

21.556(4)

12.851(3)

20.555(6)

90

102.53(2)

90

5558(2)

8

1.58

2616

0.71069

w-26

0.96 + 0.35tan6

2.7 + 0.1tan6

2 ~ 6 ~ 30

11.454

Semi empirical

4908

3844

2818

Direct and Fourier methods

1/[(02(F) + 0.03F2)]

0.1160

0.1134

1.446

4.519

305



Ru( 1)-Ru(2) 2.294(2) Ru(1)-N(1) 2.15(2)

Ru(1)-N(2) 2.00(2) Ru(1)-O(2) 2.043(13)

Ru(1)-O(4) 2.047(14) Ru(I)-O(6) 2.049(14)

Ru(2)-C1 2.535(5) Ru(2)-N(3) 1.96(2)

Ru(2)-O(l) 2.01(2) Ru(2)-O(3) 2.029(13)

Ru(2)-O(5) 2.02(2) N(l)-C(1) 1.41(3)

N(1)-C(5) 1.32(2) N(2)-C(6) 1.43(2)

N(2)-C(10) . 1.39(3) N(3)-C(10) 1.35(2)

N(3)-C(11) 1.46(2) C(1)-C(2) 1.41(3)

C(2)-C(3) 1.33(4) C(3)-C(4) 1.43(4)

C(4)-C(5) 1.31(3) C(5)-C(6) 1.47(3)

C(6)-C(7) 1.34(3) C(7)-C(8) 1.42(3)

C(8)-C(9) 1.45(3) C(9)-C(10) 1.41 (3)

C(12)-C(13) 1.395(0) C(12)-C(11) 1:395(0)

C(13)-C(14) 1.395(0) C(14)-C(15) 1.395(0)

C(15)-C(16) 1.395(0) C(6)-C(11) 1.395(0)

C(17)-C(18) 1.46(3) C(17)-O(1) 1.28(2)

C(17)-O(2) 1.23(2) C( 19)-C(20) 1.48(3)

C(19)-O(3) 1.24(3) C(19)-O(4) 1.33(3)

C(21)-C(22) 1.49(3) C(21)-O(5) 1.26(3)

C(21)-O(6) 1.27(3)
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Ru(2)-Ru(I)-N(l) 165.8(5) Ru(2)-Ru( I)-N(2) 89.9(4)

N(l)-Ru(l)-N(2) 75.9(6) Ru(2)-Ru(l )-0(2) 89.4(3)

N(I)-Ru(I)-0(2) 90.5(5) N(2)-Ru( I)-0(2) 92.5(6)

Ru(2)-Ru(I)-0(4) 91.3(4) ·N(I)-Ru(I)-0(4) 102.8(6)

N(2)-Ru(1)-0(4) 178.5(6) 0(2)-Ru(l)-0(4) ·88.2(6)

Ru(2)-Ru( I)-0(6) 89.1(4) N(l)-Ru( l)-O(6) 91.5(6)

N(2)-Ru(l)-0(6) 90.2(6) 0(2)-Ru(l)-0(6) 176.9(5)

0(4)-Ru( I)-0(6) 89.1(6) Ru(l)-Ru(2)-CI 168.0(2)

Ru(l)-Ru(2)-N(3) 89.6(5) CI-Ru(2)-N(3) 101.8(5)

Ru(l)~Rua)-O(I) 87.6(4) CI-Ru(2)-0( I) 88.3(4)

N(3)-Ru(2)-0(1) 91.9(7) Ru(I)-Ru(?)-0(3) 87.0(3)

CI-Ru(2)-0{3) . 81.6(4) N(3)-Ru(2)-0(3) 176.5(6)

O( 1)-Ru(2)-0(3) 88.8(6) Ru(I)-Ru(2)-0(5) 88.9(4)

CI-Ru(2)-0(5) 94.4(4) N(3)-Ru(2)-0(5) 91.9(7)

0(1)-Ru(2)-0(5) 174.8(6) 0(3)-Ru(2)-0(5) 87.2(6)

Ru(I)-N(l)-C(I) 124(2) Ru(l)-N(1)-C(5) 117.6(13)

C( l)-N(1 )-C(5) 118(2) Ru(1 )-N(2)-C(6) 119.5(14)

Ru( 1)-N(2)-C(10) 122.3(l2) C(6)-N(2)-C(10) 118(2)

Ru(2)-N(3)-C(10) 125(2) Ru(2)-N(3)-C(Il) 121.0(11)

C(10)-N(3)-C(1I) 113(2) N(l)-C(1)-C(2) 121(2)

C( I)-C(2)-C(3) 115(2) C(2)-C(3)-C(4) 125(2)

C(3)-C(4)-H(4) 122(2) C(3)-C(4)-C(5) 115(2)

N(1)-C(5)-C(4) 126(2) N( l)-C(5)-C(6) . 114(2)

C(4)-C(5)-C(6) 120(2) N(2)-C(6)-C(5) 112(2)

N(2)-C(6)-C(7) 121(2) C(5)-C(6)-C(7) 126(2)

C(6)-C(7)-C(8) 121(2) C(7)-C(8)-C(9) 119(2)

C(8)-C(9)-C( I0) 117(2) N(2)-C( I0)-N(3) 113(2)

N(2)-C(10)-C(9) 123(2) N(3)-C( I0)-C(9) 124(2)

C(13)-C(12)-C(lI) 120.0(0) C(12)-C(13)-C(14) 120.0(0)
C(13)-C(14)-C(15) 120.0(0) C(14)-C(15)-C(16) no.O(O)

C(15)-C(16)-C(ll) . 120.0(0) N(3)-C(1 l)-C(12) 120.6(9)
N(3)-C(II)-C(16) 119.4(9) C(12)-C(1I)-C(16) 120.0(0)
C(18)-C(17)-0(1) 119(2) CC 18)-C(17)-0(2) 119(2)
O(1)-C(17)-0(2) 122(2) C(20)-C(19)-0(3) 125(2)

C(20)-C(19)-0(4) 113(2) 0(3)-C(19)-0(4) 121(2»
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Table 4.17/ Cont.

C(22)-C(21)-O(5)

O(5)-C(21)-O(6)

122(2)

124(2)

C(22)-C(21 )-O(6)

Ru(2)-O( 1)-C( 17)

110

115(2)

121.7(13)



Table 4.18 : Fractional coordinates (xl04
) and equivalent isotropic thermal factors (A,.z,

x10J) for [Ruz(f.1-abipy)(OzCCHJ)JClj

x/a y/b z/c !Ieq

Ru(1) 3217(1) 2645(1) 2547(1) 36

Ru(2) 3395(1) 3456(1) 3565(1) 39

Cl 3428(3) 4071(5) 4744(3) 62(1)

N(1) 3147(8) 2236(13) 1519(8) 44(4)

N(2) 3598(7) 3860(14) 2169(7) 38(4)

N(3) 3737(8) 4666(14) 3178(8) 46(4)

0(1) 2502(7) 4011(12) 3305(6) 51(4)

0(2) 2327(6) 3280(12) 2320(6) 41(3)

0(3) 3046(7) 2154(10) 3915(6) 46(3)

0(4) 2836(7) 1377(12) 2918(7) 52(4)

0(5) 4258(7) 2771(13) 3798(6) 49(3)

0(6) 4097(7) 1968(14) 2817(6) 50(4)

C(1) 2901(10) 1287(19) 1237(13) 58(6)

H(1) 2636(10) 788(19) 1500(13) 125(27)*

C(2) 2907(13) 1039(21) 570(10) 65(7)

H(2) 2735(13) 300(21) 351(10) 125(27)*

C(3) 3179(18) 1752(30) 252(13) . 105(11)

H(3) 3196(18) 1580(30) -258(13) 125(27)*

C(4) 3446(13) 2715(22) 531(12) 69(7)

H(4) 3660(13 3263(22) 247(12) 125(27)*

C(5) 3402(10) 2876(15) 1150(9) 37(4) .

C(6) 3682(10) 3816(17) 1499(10) 44(5)
C(7) 3941(9) 4605(21) 1230(9) 51(6)
H(5) 3959(9) 4582(21) 709(9) 125(27)*
C(8) 4191(10) 5490(18) 1615(10) 47(5)
H(6) 4424(10) 6105(18) 1401(10) 125(27)*
C(9) . 4109(11) 5579(20) 2293(13) 61(6)
H(7) 4272(11) 6263(20) 2585(13) 125(27)*
C(10) 3832(10) 4720(17) 2550(10) 41(5)
C(12) 4548(6) 5460(10) 4087(7) 54(6)
C(13) 4779(6) 6310(10) 4489(7) 60(6)
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Table 4.18/ Cont.

C(14) 4458(6) 7259(10) 4396(7) 92(9)

C(15) 3905(6) 7358(10) 3901(7} 78(8)

C(16) 3674(6) 6509(10) 3498(7) 57(6)

C(1l) 3995(6) 5560(10) 3591(7) 46(5)

H(8) 4796(6) 4725(10) 4159(7) 125(27)*

H(9) .5206(6) 6233(10) 4873(7) 125(27)*

H(10) 4637(6) 7916(10) 4708(7) 125(27)*

H(ll) 3657(6) 8093(10) 3828(7) 125(27)*

H(12) 3246(6) 6586(10) 3114(7) 125(27)*

C(17) 2139(11) 3799(16) 2738(10) 44(5)

C(18) 1478(11) 4143(24) 2605(12) 65(6)

H(13) 1188(11) 4567(24) 2881(12) 125(27)*

H(14) 1352(11) 3328(24) 2591(12) 125(27)*

H(15) 1399(11) 4442(24) 2103(12) 125(27)*

C(19) 2846(11) 1389(17) 3565(10) 51(6)

C(20) 2640(15) 391(20) . 3813(12) 75(7)

H(16) 2538(15) 787(20) 4241(12) 125(27)*

H(17) 3148(15) 8(20) 3864(12) 125(27)*

H(18) 2439(15) -382(20) 3781(12) 125(27)*

C(21) 4427(10) 2154(17) 3396(11) 45(5)

C(22) 5063(11) 1653(28) 3545(12) 80(8)

H(19) 5485(11) 2046(28) 3812(12) 125(27)*

H(20) 5067(11) 1624(28) 3021(12) 125(27)*

H(21) 5053(11) 871(28) 3735(12) 125(27)*

;re isotropic temperature factor.
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Table 4.19 : Crystal data and details of the crystallographic analysis for

[Mo2(J.1-abipy)(02CCH~)3). C3H60

Formula

Molecular mass (g.moIOI
)

Crystal system

Space group

a (A)

b (A)

c (A)

a CO)
pCO)
y CO)
V (A3)

Z

Dc (g.cm-3
)

F (000)

A (Mo - K tt) (A)

Scan·mode

w scan angle

Horizontal aperture width (mm)

Scattering range (0)

Il (cm-I)

Absorption corrections

Measured intensities

Unique intensities

Unique intensities [I> 30(1)]

Structure solution

Weighting scheme

R == ~(Fo-Fc)l~Fo

~ = ~wlh(F°-FJ/~wY2F0

(~/o)max

~PmaxCek3)

Number of parameters

113

M02C2sH27N307

673.384

Monoclinic

P 2/c

8.536(4)

. 17.882(26)

17.215(8)

90

91.90(5)

90

2626(4)

4

1.70

1352

0.71069

w- 20

0.80 + 0.35tanO

2.7 + O.1tanO

2 ~ 0 ~ 30

9.881

Semi empirical

4539

2996

2151

Direct and Fourier methods

1/[(02(F) + 0.01F2)]

0.0784

0.0881

9.604

1.980

173



Mo( 1)-Mo(2) 2.094(2) Mo(l)-N(I) 2.399(14)

Mo(1)-N(2) 2.156(13) Mo(1)-0(1) 2.110(11)

Mo(1)-0(3) 2.120(11) Mo(1)-0(5) 2.126(11)

Mo(2)-N(3) 2.086(12) Mo(2)-0(2) 2.131(12)

Mo(2)-0(4) 2.095(13) Mo(2)-0(6) 2.097(12)

N(1)-C(l) 1.38(2) N(1)-C(5) 1.36(2)

N(2)-C(6) 1.34(2) N(2)-C(10) 1.39(2)

N(3)-C(10) 1.35(2) N(3)-C(11) 1.43(2)

0(1)-C(17) 1.25(2) 0(2)-C(17) 1.27(2)

0(3)-C(19) 1.28(2) 0(4)-C(19) 1.27(2)

0(5)-C(21) 1.27(2) 0(6)-C(21) 1.26(2)

C(1)-C(2) 1.37(3) C(2)-C(3) 1.35(3)

C(3)-C(4) 1.36(3) C(4)-C(5) 1.39(2)

C(5)-C(6) 1.48(2) C(6)-C(7) 1.34(2)

C(7)-C(8) . 1.42(2) C(8)-C(9) 1.36(2)

C(9)-C(10) 1.43(2) . C(12)-C(13) 1.395(0)

C(12)-C(1l) 1.395(0) C(13)-C(14) 1.395(0)

C(14)-C(15) 1.395(0) C(15)-C(16) 1.395(0)

C(16)-C(11) 1.395(0) C(17)-C(18) 1.53(2)

C(19)-C(20) 1.47(3) C(21)-C(22) 1.48(3)

O( 1S)-C(2S) . 1.24(3) C(lS)-C(2S) 1.46(4)

C(2S)-C(3S) 1.48(4)
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Mo(2)-Mo(l)-N(1) 162.1(4) Mo(2)-Mo(1)-N(2) 92.3(3)

N( 1)-Mo(1)-N(2) 70.4(5) Mo(2)-Mo(1)-O( 1) 91.8(3)

N(l)-Mo(l)-O(l) 105.6(5) N(2)-Mo( 1)-O(1) 175.9(5)

Mo(2)-Mo(1)-0(3) 91.2(3) N(1)-Mo(1)-0(3) 85.3(4)

N(2)-Mo(1)-0(3) 92.3(5) 0(1)-Mo(1)-0(3) 87.5(4)

Mo(2)-Mo(1)-0(5) 92.0(3) N(1)-Mo(l)-0(5) 92.7(4)

N(2)-Mo(1)-0(5) 91.0(5) 0(1)-Mo(1)-0(5) 88.9(4)

0(3)-Mo( 1)-0(5) 175.3(4) Mo(1)-Mo(2)-N(3) 94.2(3)

Mo( 1)-Mo(2)-0(2) 90.9(3) N(3)-Mo(2)-0(2) 174.9(5)

Mo(1)-Mo(2)-0(4) 92.8(4) N(3)-Mo(2)-0(4) 91.9(5)

0(2)-Mo(2)-0(4) 88.3(5) Mo(1)-Mo(2)-0(6) 91.7(3)

N(3)-Mo(2)-0(6) 90.2(5) 0(2)-Mo(2)-0(6) 89.2(5)

0(4)-Mo(2)-0(6) 174.9(5) Mo( 1)-N( 1)-C( 1) 127.1(11)

Mo(1)-N(1)-C(5) 115.5(10) C(1)-N(1 )-C(5) 116.8(14)

Mo(1)-N(2)-C(6) 123.4(11) Mo(1)-N(2)-C(10) 116.8(10)

C(6)-N(2)-C(10) 119.8(13) Mo(2)-N(3)-C(10) 119.7(10)

Mo(2)-N(3)-C(11) 118.7(8) C(10)-N(3)-C(11) 121.3(12)

Mo(1)-O(1)-C( 17) 118.4(11) Mo(2)-0(2)-C( 17) 117.7(11)

Mo( 1)-0(3)-C( 19) 116.7(10) Mo(2)-0(4)-C( 19) 116.7(12)

Mo(1)-0(5)-C(21) 115.0(11) Mo(2)-O(6)-C(21) 117.0(12)

N(1)-C(1)-C(2) 122(2) C(1)-C(2)-C(3) 120(2)

C(2)-C(3)-C(4) 120(2) C(3)-C(4)-C(5) 120(2)

N(1 )-C(5)-C(4) 122(2) N(1)-C(5)-C(6) 113.8(14)

C(4)-C(5)-C(6) 125(2) N(2)-C(6)-C(5) 116.4(14)

N(2)-C(6)-C(7) 122(2) C(5)-C(6)-C(7) 121(2) .

C(6)-C(7)-C(8) 121(2) C(7)-C(8)-C(9) 118(2)

C(8)-C(9)-C(10) 120(2) N(2)-C(10)-N(3) 116.9(14)

N(2)-C(10)-C(9) 118.9(14) N(3)-C(10)-C(9) 124.2(14)

C(13)-C(12)-C(11) 120.0(0) C( 12)-C(13)-C(14) 120.0(0)

C(13)-C(14)-C(15) 120.0(0) C(14)-C(15)-C(16) 120.0(0)

.C(15)-C(16)-C(11) 120.0(0) N(3)-C(11)-C(12) 122.8(6)

N(3)-C(11)-C(16) 117.2(6) C(12)-C(11)-C(16) 120.0(0)

O( 1)-C(17)-0(2) 121(2) O(1)-C(17)-C(18) 121(2)

0(2)-C(17)-C(18) 118(2) 0(3)-C(19)-0(4) 123(2)

0(3)-C(19)-C(20) 117(2) O(4)-C( 19)-C(20) 121(2)
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Table 4.21/ Cont.

Q(5)-C(21)-Q(6)

Q(6)-C(21 )-C(22)

Q( 1S)-C(2S)-C(3 S)

124(2)

117(2)

117(3)

Q(5)-C(21 )-C(22)

Q(lS)-C(2S)-C( IS)

C(1S)-C(2S)-C(3S)

116

118(2)

126(3)

116(3)



Table 4.22 : Fractional coordinates (xl04
) and equivalent isotropic thermal factors (N,

xlOJ) for [Mo2(Il-abipy)(02CCHJ)J] , CJH60

Xla ylb z/c ~

Mo(l) 2021(2) 1969(1) 4282(1) 25

Mo(2) 1524(2) 3107(1) 4415(1) 26

N(1) 2423(14) 665(8) 4553(9) 31(3)

N(2) ·1051(14) 1694(8) 5386(9) 28(3)

N(3) 506(14) 2968(7) 5490(8) 22(3)*

0(1) 3009(13) 2156(7) 3192(7) 34(3)*

0(2) 2504(14) 3351(7) 3321(8) 39(3)*

0(3) 4299(13) 2117(6) 4787(7) 31(3)*

0(4) 3725(15) 3328(7) 4940(8) 41(3)*

0(5) -177(13) 1769(6) 3702(7) 33(3)*

0(6) -677(14) 2984(7) 3852(7) 35(3)*

CCl) 3300(20) 166(10) 4138(11) 39(4)*

H(1) 3806(20) 346(10) 3602(11) 46(12)*

C(2) 3532(21) -556(11) 4377(12) 43(5)*

H(2) 4155(21) -941(11) 4015(12) 76(12)*

C(3) 3008(22) -780(12) 5071(12) 48(5)*

H(3) 3263(22) -1339(12) 5277(12) 76(12)*

C(4)' 2125(20) -307(10) 5497(11) 35(4)*

H(4) 1655(20) -491(10) 6040(11) 76(12)*

C(5) 1884(17) 422(9) 5246(9) 22(4)*

C(6) 1010(18) 997(9) 5672(10) 28(4)*

C(7) 337(19) 839(10) 6347(11) 31(4)*

H(5) 393(19) 277(10) 6576(11) 76(12)*

C(8) -475(18) 1398(9) 6755(10) 35(4)*

H(6) -1130(18) 1258(9) 7261(10) 76(12)*

C(9) -427(21) 2112(10) 64'86(11) 33(4)*
H(7) -984(21) 2553(10) 6803(11) 76(12)*

C(10) 386(18) 2278(9) 5795(9) 25(4)*

. C(12) 650(12) 3734(5) 6690(6) 36(4)*

CC 13) 280(12) 4395(5) 7072(6) 43(5)*
C(14) -626(12) 4940(5) 6690(6) 51(6)*

f
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Table 4.22/ Cont.

C(15) -1161(12) 4823(5) 5925(6) 39(4)*

C(16) -790(12) 4162(5) 5542(6) 30(4)*

C(11) 115(12) 3617(5) 5925(6) 27(4)*

H(8) 1351(12) 3312(5) 6986(6) 76(12)*

H(9) 694(12) 4485(5) 7664(6) 76(12)*

H(10) -913(12) 5452(5) 6986(6) 76(12)*

H(ll) -1862(12) 5245(5) 5629(6) 76(12)*

H(12) -1205(12) 4072(5) 4950(6) 76(12)*

C(17) 3018(19) 2807(10) 2931(10) 29(4)*

C(18) 3747(19) 2980(9) 2152(10) 31(4)*

H(13) 4449(19) 2673(9) 1751(10) 76(12)*

H(14) 4460(19) 3404(9) 2438(10) 76(12)*

H(15) 2777(19) 3242(9) 1839(10) 76(12)*

C(19) 4649(21) 2775(10) 5030(11) 31(4)*

C(20) 6232(27) 2881(15) 5379(15) 63(7)*

H(16) 6541(27) 3466(15) 5422(15) 76(12)*

H(17) 6997(27) 2605(15) . 4983(15) 76(12)*

H(18) 6358(27) 2625(15) 5946(15) 76(12)*

C(21) -1046(23) 2338(11) 3621(12) 37(5)*

C(22) -2603(28) 2244(14) 3224(15) 56(6)*

H(19) -2679(28) 1673(14) 3022(15) 76(12)*

H(20) -2556(28) 2617(14) 2731(15) 76(12)*

H(21) -3621(28) 2375(14) 3555(15) 76(12)*

O(IS) 3883(22) 5553(12) 7414(13) 105(7)*

C(1S) -4949(37) 4413(18) 6957(18) 109(10)*

H(lS) -5906(37) 4060(18) 7128(18) 76(12)*

H(2S) -5161(37) 4980(18) 7141(18) 76(12)*

H(3S) -3868(37) 4214(18) 7227(18) 76(12)*

C(2S) 4215(31) 5125(16) 6879(17) 76(8)*
C(3S) 3733(37) 5353(19) 6077(19) 109(11)*
H(4S) 4162(37) 4788(19) 6016(19) 76(12)*
H(5S) 4655(37) 5744(19) 5953(19) 76(12)*
H(6S) 2751(37) 5441(19) 5676(19) 76(12)*

lilt isotropic temperature factor.

!Ieq = 1/3 ~i ~j !L j 11;' 11/ (ai • aj )
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Table 4.23 : Crystal data and details of the crystallographic analysis for

[Rh2(11-abipy)(02CCH3)3(NCPh)]

Formula

Molecular mass (g.mol"l)

Crystal system

Space group

a (A)

b (A)

c (A)

«C)

PC)
y C)
V (A3

)

Z

Dc (g.cm-3
)

F (000)

A (Mo - KIl) (A)

Scan mode

w scan angle

Horizontal aperture width (mm)

Scattering range CO)

Il (cm-I)

Absorption corrections

Measured intensities

Unique intensities

Unique intensities [1> 30(1)]

Structure solution

Weighting scheme

R = ~(Fo-Fc)l~Fo

Rw = ~wY2(Fo-FY~w1;2Fo

(~/o)max
o 3

~Pma....(eA- )

Number of parameters

119

Rh2C2JI27N406

733.367

Monoclinic

Cc

42.438(11)

8.458(3)

19.259(6)

90

115.81(2)

90

6223(4)

8

1.57

3176

0.71069

w-20

0.38 + 0.35tanO

2.7 + O.HanO

2 =:;; e =:;; 30

10.066

Semi empirical

5892

3621

2589

Direct and Fourier methods

1/[(02(F) + O.006F2)]

0.0595

0.0646

1.392

1.533

.376



Table 4.24 : Interatomic distances (A) for [Rh2(J.1~abipy)(02CCH3)3(NCPh)]

Rh(1)-Rh(2) 2.399(1) Rh(l)-N(l) 2.190(10)

_ Rh(1)-N(2) 1.975(10) Rh(l)-O(l) 2.051(9)

Rh(1)-O(3) 2.059(9) Rh(1)-O(5) 2.033(8)

Rh(2)-N(3) 2.037(10) Rh(2)-N(4) 2.256(11)

Rh(2)-O(2) 2.076(8) Rh(2)-O(4) 2.027(9)

Rh(2)-O(6) 2.026(8) N(l)-C(1) 1.34(2)

N(1)-C(5) 1.34(2) N(2)-C(6) 1.39(2)

N(2)-C(10) 1.37(2) N(3)-C(10) 1.34(2)

N(3)-C(11) 1.389(14) N(4)-C(23) 1.14(2)

O(1)-C(17) 1.258(14) O(2)-C(17) 1.278(14)

O(3)-C(19) 1.30(2) O(4)-C(19) 1.23(2)

O(5)-C(21) 1.270(14) O(6)-C(21) 1.268(14)

C(1)-C(2) 1.38(2) C(2)-C(3) 1.37(2)

C(3)-C(4) 1.36(2) C(4)-C(5) 1.41(2)

C(5)-C(6) 1.46(2) C(6)-C(7) 1.39(2)

C(7)-C(8) 1.34(2) . C(8)-C(9) 1.35(2)

C(9)-C(10) 1.44(2) C(12)-C(13) 1.395(0)

C(12)-C(1l) 1.395(0) C(13)-C(14) 1.395(0)

C(14)-C(15) 1.395(0) C(15)-C(16) 1.395(0)

C(16)-C(1l) 1.395(0) C(17)-C(18) 1.51 (2)

C(19)-C(20) 1.50(2) C(21)-C(22) 1.48(2)

. C(23)-C(24) 1.42(2) C(25)-C(26) 1.395(0)

C(25)-C(24) 1.395(0) . C(26)-C(27) 1.395(0)

C(27)-C(28) 1.395(0) C(28)-C(29) 1.395(0)

C(29)-C(24) 1.395(0)
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Table 4.25: Interatomic angles (0 ) for [Rh2(f.l-abipy)(02CCH3)3(NCPh)]

Flh(2)-Flh(I)-~(I) 169.0(3) Flh(2)-Flh(I)-~(2) 91.4(3)

~(I)-Flh(I)-~(2) 78.5(4) Flh(2)-Flh(I)-()(I) 88.0(2)

~(I)-Flh(I)-()(I) 102.1(4) ~(2)-Flh(I)-()(I) 179.3(3)

Flh(2)-Flh(I)-()(3) 86.5(3) ~(I)-Flh(1)-()(3) . 97.8(4)

~(2)-Flh(1)-()(3) 90.8(4) ()(I)-Flh(I)-()(3) 89.6(4)

Flh(2)-Flh(I)-()(5) 88.3(2) ~(I)-Flh(I)-()(5) 87.4(3)

~(2)-Flh(I)-()(5) 89.6(4) ()(I)-Flh(I)-()(5) 90.0(4)

()(3)-Flh(I)-()(5) . 174.8(3) Flh(1 )-Flh(2)-~(3) 86.4(3)

Flh(1)-Flh(2)-~(4) 176.3(3) N(3)-Flh(2)-N(4) 95.1(4)

Flh(1)-Flh(2)-()(2) 87.3(2) N(3)-Flh(2)-()(2) 173.5(4)

.~(4)-Flh(2)-()(2) 91.3(4) Flh(1 )-Flh(2)-()(4) 88.8(2)

~(3)-Flh(2)-()(4) 88.2(4) N(4)-Flh(2)-()(4) 94.6(4)

. ()(2)-Flh(2)-()(4) 90.0(4) Flh(I)-Flh(2)-()(6) 87.5(2)

~(3)-Flh(2)-()(6) 92.1(4) N(4)-Flh(2)-()(6) 89.1(4) .

()(2)-Flh(2)-()(6) 89.3(4) ()(4)-Flh(2)-()(6) 176.3(3)

Flh(1)-~(1 )-C(1) 128.7(9) Flh(1)-N(1 )-C(5) 110.6(8)

C( l)-~(1)-C(5) 119.0(12) Flh(I)-N(2)-C(6) 118.6(9)

Flh(1)-~(2)-C(10) 120.0(7) C(6)-~(2)-C(10) 121.5(11)

Flh(2)-~(3)-C(10) 122.7(9) Flh(2)-~(3)-C(11) 119.2(8)

C(10)-~(3)-C(11) 118.0(10) Flh(2)-N(4)-C(23) 174.9(12)

Flh(1)-()(1)-C(17) 121.0(8) Flh(2)-()(2)-C( 17) 119.9(8)

Flh( 1)-()(3)-C(19) 119.9(8) Flh(2)-()(4)-C(19) 120.4(8)

Flh( 1)-()(5)~C(21) 118.7(7) Flh(2)-()(6)-C(21) 119.8(7)

~(1)-C(1)-C(2) 122(2) . C( 1)-C(2)-C(3) 121(2)

C(2)-C(3)-C(4) 116.6(14) C(3)-C(4)-C(5) 122(2)

~(1)-C(5)-C(4) 119.3(14) N(1)-C(5)-C(6) 117.5(11)

C(4)-C(5)-C(6) 123.2(14) N(2)-C(6)-C(5) 113.5(12)

N(2)-C(6)-C(7) 119.2(14) C(5)-C(6)-C(7) 127.3(13)

C(6)-C(7)-C(8) 120.0(13) C(8)-C(9)-C(10) 119.5(13)

~(2)-C(l0)-N(3) 118.9(11) N(2)-C( 10)-C(9) 117.4(11)

~(3)-C(10)-C(9) 123.6(12) C(13)-C(12)-C(11) 120.0(0)

C(12)-C(13)-C(14) . 120.0(0) C(13)-C(14)-C(15) 120.0(0)

C(14)-C( 15)-C(16) 120.0(0) C(15)-C(16)-C(11) ·120.0(0)

~(3)-C(11)-C(12) 120.0(6) N(3)-C(II)-C(16) 119.9(6)

C(12)-C(11)-C(16) 120.0(0) ()(1)-C(17)-()(2) 123.5(12)
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Table 4.25/ Cont.

0(1)-C(17)-C(18)

0(3)-C(19)-0(4)

O(4)-C( 19)-C(20)

0(5)-C(2l)-C(22)

C(26)-C(25)-C(24)

C(27)-C(28)-C(29)

C(23)-C(24)-C(25)

C(25)-C(24)-C(29)

118.8(12)

124.1(12)

121.2(13)

117.5(11)

120.0(0)

120.0(0)

112.0(6)

120.0(0)

0(2)-C( 17)-C(18)

0(3)-C(19)-C(20)

0(5)-C(21)-0(6)

O(6)-C(21)-C(22)

C(26)-C(27)-C(28)

C(28)-C(29)-C(24)

C(23)-C(24)-C(29)

122 .

117.7(12)

114.7(13)

125.3(11)

117.2(11)

120.0(0)

120.0(0) .

117.8(6)



Table 4.26: Fractional coordinates (xl04
) and equivalent isotropic thermal factors (A,2,

xl03
) for [Rh2(J.1-abipy)(02CCH3)3(NCPh)] .

x/a y/b z/c ~

Rh(I) 6829 6111(1) 359(1) 37

Rh(2) 6246 6725(1) 179(1) 36

N(1) 7357(2) 5208(13) 677(6) 49(3)·

N(2) 6942(2) 5145(12) 1373(6) 39(2)

N(3) 6399(3) 5938(14) 1278(6) 52(3)

N(4) 5686(3) 7179(14) -48(7) 55(3)

0(1) 6705(2) 7107(12) -700(5) 52(2)

0(2) 6151(2) 7534(11) . -913(5) 50(2)

0(3) 6968(2) 8310(11) 860(5) 55(2)

0(4) 6417(2) 8905(11) 619(5) 49(2)

0(5) 6646(2) 3990(10) -156(5) 43(2)

0(6) 6107(2) 4520(10) -260(5) 46(2)

C(1) 7539(3) 5179(19) 256(9) 61(4)

H(1) 7455(3) 5915(19) . -251(9) 109(12)*

C(2) 7828(4) 4225(22) 445(13) 87(6)

H(2) 7964(4) 4198(22) 84(13) 109(12)*

C(3) 7946(4) 3290(24) 1087(13) 89(6)

H(3) 8176(4) 2556(24) 1254(13) 109(12)*

C(4) 7763(4) 3344(20) 1514(11) 80(5)

H(4) . 7847(4) 2639(20) 2032(11) 109(12)*

C(5) 7464(3) 4304(16) 1308(8) 47(3)

C(6) 7259(3) 4364(15) 1751(8) 53(3)
C(7) 7351(4) 3754(17) 2482(9) 59(4)
H(5) 7599(4) 3154(17) 2774(9) 109(12)*
C(8) 7131(4) 3902(19) 2811(8) 56(4)
H(6) 7209(4) 3421(19) 3382(8) 109(12)*
C(9) 6819(3) 4647(17) 2455(7) 53(3)
H(7) 6650(3) 4778(17) 2740(7) 109(12)*

C(10) 6710(3) 5250(15) 1687(7) 41(3)
C(12) 6131(3) 7524(10) 1914(6) 69(5)
C(13) 5889(3) 7679(10) 2222(6) 76(5)

.. C(14) 5687(3) 6384(10) 2231(6) 72(5)
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Table 4.26/ Cont.

C(15) 5727(3) 4934(10) 1933(6) 73(5)

C(16) 5969(3) 4779(10) 1625(6) 55(4)

C(11) 6170(3) 6074(10) 1616(6) 47(3)

H(8) 6287(3) 8526(10) 1907(6) 109(12)*

H(9) 5858(3) 8801(10) 2452(6) 109(12)*

H(10) 5501(3) 6504(10) 2469(6) 199(12)*

H(11) 5571(3) 3932(10) 1940(6) 109(12)*

H(12) 5999(3) 3657(10) 1394(6) 109(12)*

C(17) 6401(3) 7610(15) -1112(8) 44(3)

C(18) 6325(5) 8346(18) -1881(9) 67(4)

H(13) 6046(5) 8450(18) -2066(9) 109(12)*

H(14) 6373(5) 7738(18) -2319(9) 109(12)*

H(15) 6440(5) 9510(18) -1791(9) 109(12)*

C(19) 6731(4) 9239(14) 887(8) 50(4)

C(20) 6866(5) 10795(17) 1280(10) 75(5)

H(16) 6675(5) 11080(17) 1490(10) 109(12)*

H(17) 6843(5) 11619(17) 831(10) 109(12)*

H(18) 7126(5) 10873(17) 1748(10) 109(12)*

C(21) 6327(3) 3647(15) -358(7) . 40(3)

C(22) 6203(3) . 2076(16) -716(9) 54(4)

H(19) 6398(3) 1454(16) -831(9) 109(12)*

H(20) 5987(3) 2399(16) -1255(9) 109(12)*

H(21) 6111(3) 1320(16) -392(9) 109(12)*

C(23) 5411(4) 7382(17) -107(8) 51(4)

C(25~ 4842(2) 8724(12) -779(5) 62(4)

C(26) 4511(2) 9061(12) -833(5) 69(4)

C(27) 4398(2) 8341(12) -328(5) 86(6)

C(28) 4617(2) 7285(12) 230(5) 84(6)

C(29) 4949(2) 6949(12) 283(5) 72(5)

C(24) 5061(2) 7669(12) -222(5) 50(4)

H(22) 4929(2) 9281(12) -1170(5) 109(12)*

H(23) 4341(2) 9878(12) -1264(5) 109(12)*

H(24) 4142(2) 8601(12) -369(5) 109(12)*
H(25) 4530(2) 6728(12) 620(5) . 109(12)*
H(26) 5119(2) 6132(12) 715(5) 109(12)*

124



Table 4.26/ Cont.

... isotropic temperature factor.
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Appendix A

General experimental details

AI) Instrumentation

Carbon, hydrogen and nitrogen analysis were perfonned by the Microanalytical Laboratory of the

Chemistry Department at the University of Natal in Pietermaritzburg and by Galbraith

Laboratories, Knoxville, Tennessee, U.S.A. Infrared spectra were recorded on a Shimadzu FT­

1400 infrared spectrometer. 'H and 13 C NMR spectra were recorded on a'Gemini 200 MHz

spectrometer. Deuterated solvents were employed in all cases. Mass spectra were recorded on a

Hewlet-Packard Gas Chromatographic-Mass Spectrometer (HP5988A). Absorbti'on spectra were

recorded on a Shimadzu UV-2101PC UV-Vis Scanning Spectrophotometer.

A2) Experimental techniques

All reactions, unless otherwise stated, were perfonned under an atmosphere of dry nitrogen gas,

using standard Schlenk techniques. All solvents were freshly distilled and dried prior to use, using

sta~dard proceedures3s
. In the case of tne molybdenum work both methanol and acetone' were

freeze-thawed under a(gon prior to their use.

A3) Crystal structure dete.rmination

a) Data collection:

The intensities of the reflections were measured at 22°C with an Enraf-Nonius CAD-4

diffractometer using graphite monochromated Mo-Ka radiation.

Cell constants were obtained by fitting the setting angles of25 high-order reflections (6 >lr).

Three standard reflections were measured every' hour to check any possible decomposition of the

crystal. An w-26 scan with a variable speed up to a maximum of5.49°.min-' was used. The w-
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angle changed as aa, be. litt and bb were'detennined for each crystal by a critical evaluation of peak

shape for several reflections with different values ofe using the program OTPLOT (Omega-Theta

plot~ Enraf-Nonius diffractometer control program, 1988). Where applicable, a linear decay

correction was applied using the mean value linear curves fitted through three intensity control

reflections, measured at regular time intervals. Data were corrected for Lorentz and polarization

effects, and where possible for absorbtion by the psi-scan (semi empirical)method67
.

b) Structural solution refinement:

Direct methods or the Patterson function where used to solve the phase problem. Once a suitable

phasing model was found, successive applications of Fourier and difference Fourier techniques

allowed the location ofthe remaining non-hydrogen atoms. Hydrogen atoms were not located in

any of the structures reported in this thesis. Weighted full-matrix least-squares methods were

always used to refine the structure~ the weighting scheme was chosen so as to find the smallest

. variation of the mean value ofw(Fo-FJ2 as a function of the magnitude ofFo . R, l\. and the

weighting scheme are defined as follows:

L 0)
1121Fo-Fcl

Rw =---:-----:--
L oj/21 Fol

and Cl} = 1.0/ [e2(F) + gF2], where g is a variable.

Scattering factor data were taken from "International Tables for X-rayCrystallography", Kynoch

Press, Birmingham, Vol. 4 (1974), pp94,149. For all the structure solution calculations, the

programs SHELX-76 68 and SHELX-8S'9 were employed. Mean plane and torsion angle

calculations were performed using the programs PLANE and TORSION of the SDS package70.

Plotting of structures was performed using the program ORTEP-II 71 while the tabulation of

. fract}onal coordinates, thermal parameters, interatomic distances and angles was achieved using

the program TABLES 72.
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Appendix B

Sources ofchemicals

Bl) Commercially available chemicals:

The following chemicals were all purchased from the indicated supplier and were all used without

further purification.

I) Chemicals obtained from SAARchem.:

Aniline, piperidine, PCls, MgS04, K3[Fe(CN)d, H20 2, acetic anhydride.

ii) Chemicals obtained from Fluka:

2,2'-bipyridine, RuCI3'3H20, MeI, HPF6, Cu(CI04h6H20, benzonitrile.

iii) Chemicals obtained from Strem Chemicals:

Mo(CO)6, Ru3(CO)I2'

iv) Chemicals obtained from E.Merk:

POCh, glacial acetic acid.

v) Chemicals obtained from Acros:

N-methylaniline.
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B2) Chemicals synthesised by published methods:

The following chemicals were synthesised by literature methods:

Compound Literature references

[Cu(MeCN)4](PF6) 64

[{RulCO)102CCH3)2}n] 38

[RulO2CCH3)4Cl]n 42

[M02(02CCHJ)4] 65

6-chloro-2,2'-bipyridine 34

2,2'-bipyridin-6-one 66

In the preparation of2,2'-bipyridin-6-one, purification of the N-oxide by HPLC was found to be

unnecessary, instead recrystallisation of the N-oxide from ether-petroleum ether 60-80°C gave·

sufficiently pure material. In the preparation of [Rul02CCHJ)4Cl]n best results were achieved by

using a large excess of acetic anhydride and heating the reaction mixture ofRuCI3'3H20, glacial

acetic acid and acetic anhydride to 150°C.

B3) Other sources:
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Appendix C

Calculation of the minimum distance of the a-protons from the copper atom in [Cu(112­

pipbipY)2t

Assumption: the minimum distance of the a-protons from the copper atom illustrated in Fig. A

can be calculated by assuming symmetrical rotation ofthe piperidyl group about the N3·CIO axis.

eu

/\
N
'\

Fig. A

Hypothesis: the minimum distance ofany Ha from Cu is achieved when Cu, Cl 0, N3 and Ha are

coplanar.

y

Proof: Consider Fig.B:

o

Cu

C10

L

x

Fig. B

The distance L between eu and Ha for a cartesian set of axes (x, y, z) is given by the general

equation:

L = [ (Xcu· XHa)2 + (Ycu· YHa)2 + (Zcu· ZHa)2 r12

= [(Xcu)2 - 2(XcJ(xHa) + (XHa)2 + (ycu)2. 2 (YCJ(YHa) + (YHa)2 + (ZcJ2

• 2(ZcJ(ZHa) + (ZHa)2 ]1/2 . - (1) .
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The Htt atom is free to rotate about the Cl O-N3 axis by an angle e subtended at N3. Since

rotation is by definition about the x-axis, the XHtt coordinate is constant and only the YHtt and ZHtt

coordinates ofHtt are variable. The R.H.S. of eqn. Ibecomes:

[ (XcJ2- 2(XcJ(xHtt) + (XHtt)2 + '(Ycu)2 - 2 (YCJ(YHtt) + (YHtt)2 + (Zcu)2
const.· const. const. const. var. var. const.

- 2(ZcJ(ZHtt) + ( ZHJ2 ]112
var. var.

If Cu, Cl 0, and N3 lie in the Zplane where Z= 0, then the R.H. S. of eqn. 1 becomes:

The R.H.S. of eqn 1 becomes:

By inspection of Fig. B YCu is always in the same quadrant as YHtt and will have the same sign.

Thus L is smallest when YHtt is maximum which will occur when It is in the same plane as Cu,

CIO and N3.

Calculation of minimum Du-Cu distance.

Cu

Ha

2.071

Fig. C
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In Fig. C the Cu, Cl 0, N3 and Het atoms are coplanar and alllengths are given in A. The Het-N3

and Het-ClO distances are the average distances of the four a-protons from N3 and CIO

respectively. The distances between atoms were calculated using the eqn. 73
:

distance = [ (Axa)2 + (Aybl + (AZC)2 + 2abAxAycosy + 2acAxAzcosP + 2bcAyAzcosa ]112

where Ax, Ay, Az are fractional coordinates obtained from Table 3.10 and a, b, c, a, pand y are

the unit cell parameters listed in Table 3.9.

Let th~ angle Cu-CIO-N3 = <t>

then cos <t> = (a2_b2_c2) / (-2bc) = [(3.262)2- (3.089)2 - (1:405)2] / -2(3.089)(1:405)

= 0.100848

.. <t> = 84.2IZO

Let the angle Het-CIO-N3 = lJ1

then cos lJ1 = [( 2.071)2 - (2.683)2 - (1:405)2 ] / -2(2.683)(1:405)

= 0.64775

:. lJ1 =49.628 0

Let the angle Cu-CIO-Het = W

then w = <t> -lJ1 =84.21ZO - 49.628 0

= 34.584 0

then the Cu-Het distance = ( b2+ c2- 2bccos W )112

= [ (3.089)2 + (2.683)2 ~ 2(3.089)(2.683)Cos(34.584°) r12

= 1:759 A
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