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Abstract 

Twenty nine new nitrogen~containing heterocyclic ligands have been prepared, and 

characterised. The ligands all contain a central arene core, to which are appended two or 

more heterocycles via spacer groups. Benzene, naphthalene, biphenyl, binaphthalene or 

triphenylene has been used as the central arene core, while the heterocycles used are 

pyridine, quinoline, 1 ,2,4~triazole, and benzotriazole. 

The coordination chemistry of the maj ority of these ligands has been investigated by 

their reactions with transition metals with the aim of constructing metallosupramolecular 

architectures. Such assemblies are constructed using the coordination bond as the major 

intermolecular interaction, as well as weaker secondary interactions including THl 

stacking interactions and hydrogen bonds. 

The cyclopalladation chemistry of some of these ligands, and of five previously 

prepared ligands, has also been investigated. In particular, a number of doubly 

palladated compounds containing six~membered chelate rings have been prepared. Such 

cyclopalladation reactions have been shown to be reversible. This. coupled with the 

appropriate reaction conditions, has allowed the regiochemistry of the products of tIle 

cyclopalladation reaction to be controlled in certain systems. 

Techniques used to characterise the ligands and complexes include NMR 

spectroscopy, mass spectrometry, elemental analysis, and X~ray crystallography. The X

ray crystal structures of thirty~six complexes have been accurately detelmined, and the 

structures of two further complexes have been determined with less accuracy. The 

variety of ligands resulted in the preparation of a range of complexes of diverse structural 

types. The structures determined include one- and two-dimensional coordination 

polymers, a triple helicate, macrocycles, chelate complexes and supramolecular boxes. 

The triple helicate is the first constructed from trigonal metal termini. The polymers 

include a molecular ladder that is the first to contain a ligand as the T-connector and 

metals as the linear COlmectors. 
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Introduction 

Supramolecular chemistry has been de tined as "chemistry beyond the molecule, 

bearing on the organized entities of higher complexity that results from the association of 

two or more chemical species held together by intermolecular forces". I Supramolecular 

chemistry is concemed with the aggregation of one or more chemical species to form 

larger architectures or 'supermolecules' that are held together by non-covalent 

interactions, such as hydrogen bonds,"'" coordination bonds,S electrostatic forces, van del' 

Waals interactions and 7t-7t interactions.6 

Traditional organic chemistry utilises the stepwise formation of covalent bonds 

between appropriate reactants to build molecules with defined structures. The stepwise 

nature of such a process is a major drawback. as each step CDn be timc-consuming and, 

when many steps are required to build a large molecule, the overall synthetic process can 

be very long. Also, if one step of the process is low-yielding, then the overall yield of 

the synthesis is corrcspondingly poor. In addition, purification of the product of each 

step is usually required, which also adds to the time-consuming nature of the synthesis. 

Supramolecular chemistry utilises the formation of non-covalent bonds between 

molecules to build architectures with desired properties. Rather than construction by a 

stepwise process, supramolecular chemistry utilises a convergent process where the 

necessary components of the desired architecture are mixed and spomaneously interact to 

fonn the desired architecture. Such a process is termed self~assembly. 

Traditional synthesis uses atoms as the building blocks and the covalent bond as the 

'glue' that holds them together. Tn contrast, supramolecular synthesis uses whole 

molecules or ions as the building blocks and the non-covalent interactions are the 'glue' 

that holds them together. 

Obviously, a random selection of molecules cannot be mixed together to gIve a 

desired architecture. Supramolecular synthesis requires the judicious choice of starting 

materials and reaction conditions for the construction of a specitic supermolecule. 

JvJolecular recognition is required tor a successful supramolecular synthesis. Molecular 

recognition is the ability of the multiple components to selectively interact with one 

another in a desired fashion, based on the complementary structural information encoded 

into each of the components. This ability of the molecules to 'recognise' each other leads 

to the self-assembly of a supramolecular architecture. The encoding of the structural 
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information into the stm1ing materials is generally achieved by including a domain in one 

molecule that can form a desired non-covalent interaction with a domain of another 

molecule. A domain can be a certain functional group or reactive site of a molecule. 

Thus, the careful design of starting materials of a complementary nature is usually 

essential for the successful construction of the desired supramolecular architecture. 

Supramolecular synthesis relies on the ability of the components to 'recognise' each 

other and to self-assemble into the desired supennolecule. This requires the assembly to 

be performed under thermodynamic control. The many components of a supramolecular 

system can potentially interact with each other in more than tile one desired way; 

therefore. there are usually many products possible from the mixing of the components. 

The interactions formed in a supramolecular system are kinetically labile. which enables 

the components to assemble and disassemble rapidly, thereby exploring the potential 

energy surface to find the one global minimum assembly, rather than various local 

minima assemblies. This allows mistakes in the assembly to be conected. which leads to 

the final assembly being relatively defect-free. The ability of a suprmnolecular assembly 

to correct errors usually results .in high-yielding syntheses. This ability is another 

advantage of supramolecular synthesis over traditional covalent synthesis. In a covalent 

synthesis, once an undesired covalent bond has been fonned it is (usually) kinetically 

inert and the error cmmot be conected, which results in poor yields of the desired product 

and the need for purification. 

Hydrogen bonds have been used extensively in suprmnolecular chemistry. In 

comparison to the covalent bond, the hydrogen bond is a "veak interaction and is 

kinetically labile. The hydrogen bond also has, directionality and. to a certain extent, is 

predictable, and therefore, is ideal for use in supramolecular assemblies. Some 

interesting supramolecular architectures have been constructed using hydrogen bonding, 

including a molecular tennis balF and a nanotube from a cyclic peptide. 8 

The construction of supramolecular architectures using the coordination properties 

of metals has been termed metallosupramoiecuiur chemistry.'! In recent years a vast 

number of supramolecular architectures have been constructed using the coordination 

bond, via metal-ion directed self-assembly, Such assemblies include helicates, III 

macrocycles, squares and cages,S,11 a cube,12 knots, catenanes and rotaxanes, 13-15 

cylinders,16-lx interpenetrating networks,19 and other polymers. 2u-n The use of transition 

metal ions in the construction of supramolecular architectures has many advantages over 

the use of the hydrogen boncl. Due to the greater strength of the metal-donor 
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coordination bond, relative to the hydrogen bond, fewer metal-ligand bonds may be used 

in place of several hydrogen bonds.5 Another advantage is the existence of a large 

number of transition metals with different properties which allows for the construction of 

a diverse range of assemblies. In general, transition metals have preferred coordination 

numbers and coordination geometries, which depend on their size, charge :md electronic 

structure. In addition, they have a range of binding strengths and kinetic labilities, 

variable affinities for different binding domains, and specific magnetic, electronic and 

spectroscopic properties that may be desirable in the final architecture. 10 This broad 

range of properties of transition metals means the supramolecular chemist is spoiled for 

choice when selecting an appropriate building block for a given architecture. 

X 
1 ('~ 

L-Ag-L L-Pd-L 
I 

N-Pd-L 
I 

X L 

(i) (ii) (iii) 

(iv) (v) 

Figure 1.1 Some geometries of metal fragments. 

A metallosupramolecular architecture consists of transition metals that are linked by 

bridging ligands. Therefore, the successful design of a metallosupramolecular 

architecture requires the judicious choose of both the metal ions and the ligands to be 

used. One of the main considerations in choosing the metal is the angle that is formed by 

the ligands to which it is coordinated. Some geometries of metal tragments are shown in 

Figure 1.1. For instance, if a metal is desired to act as a linear bridge between two 

ligands then linear two-coordinate AgO), (i), or trans-substituted Pd(II), (ii), could be 

appropriate choices. If two ligands are required to coordinate to a metal at 90° to each 

other, then cis-substituted Pd(II), (iii), would provide the required geometry. If three 

ligands are required to be mutually orthogonal at a metal then such a geometry could be 

provided by a facially-substituted octahedral metal such as Ru(II), (iv), or Fe(II). If four 

ligands are required to have a tetrahedral disposition about a metal then Cu(l), (v), would 
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be a suitable choice. To ensure the metal provides the required geometry to the bridging 

ligands it is often necessary to use auxiliary ligands. For instance, chelation of Pd(U) by 

ethylenediamine leaves two remaining binding sites which are at 90° to each other. or a 

facially coordinated tripodal ligand coordinated to an octahedral metal results in three 

mutually orthogonal sites available for coordination. 

~ 
N N 

/ "-
tv! !VI 

(i) (ii) (i i i) 

N~ 
/ N "-

!VI \ M 
!VI 

(iv) (v) (vi) 

Figure 1.2 Some coordination modes of ligands. 

For a ligand to be useful in the construction of a metallosupramolecular 

architecture it must eontain at least two binding sites, so that the ligand can act as a 

connector between two or more metals. Some potential binding modes of ligands are 

shown in Figure 1.2. A ligand that eoordinates through two donors is bidentate and can 

have both of the donors coordinated to one metal (chelation), (i), or to two metals 

(bridging), (ii). A ligand that is bidentate chelating caunot link two metals, and is of 

little use in constructing a supramolecular species. However. if a ligand contains two 

subunits, each capable of chelation, then the ligand can bridge two metals, (iii), and can 

be utilised in supramoleculur synthesis. A ligand with three donor atoms is tridentate 

and can be triply-bridging, (iv), triply-chelating, (v), or it can bridge two metals with two 

donors chelating one metal and the third coordinating to the second metaL (vi). 

The choice and design of a ligand is vitally important for the successful construction 

of a supramolecular architecture. Factors to be considered are the number, type and 

spatial distribution of the donor atoms.23 The number of donor atoms, and their 

ammgement, determines the number of metals to which a ligand can coordinate and the 

mode of coordination. Also, the nature of the donor atoms influences the type of metal to 
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which the ligand will coordinate. Through appropriate ligand design the spatial 

distribution of the donor atoms can be readily controlled. For instance, as shown in 

Figure 1.3, pyrazine, 1.1, and 4,4'-bipyridine, 1.2, are both linear bidentate bridging 

ligands, but they bridge metals that are separated by ~6.9A"" and ~11.5A, :!1.15,16 

respectively. As well as the distance between the donors, the bonding direction of each of 

the donor atoms can be readily controlled. While pyrazine is a linear bridging ligand, 

pyrimidine, 1.3, bridges two metals at an angle of ~ 120°. Another consideration is the 

flexibility of the ligand, which mayor may not be desirable, depending on the assembly 

to be constructed. The ligands shown in Figure 1.3 are all nitrogen-containing 

heteroaromatic compounds. Ligands of this nature are the most frequently used in 

metallosupramolecular chemistry, due to their compatibility with the low-valent 

transition metal ions that are used to direct the construction of supramolecular 

assemblies. The range of ligands that is available is vast as the tools of covalent 

synthesis allow a variety of properties to be included in an organic ligand. 

N~ 
~N 

1.1 1.3 

Figure 1.3 Pyrazine, 1.1, 4,4'-bipyridine, 1.2, and pyrimidine, 1.3. 

The selection of the ligands and metals to be used in a supramolecular assembly 

requires many considerations, as discussed above. The properties of the building blocks, 

such as coordination number, geometry and size, represent the 'information' that is 

required to construct a supramolecular assembly. The information is 'encoded' into eaeh 

component and this is the list of 'instructions' that the self-assembly process follows 

during the construction of a supramo lecular architecture. 

While many supramolecular assemblies have been designed and successfully 

constructed a large number of assemblies have been constructed by chance. 

Supramolecular chemistry is still a relatively new science, and all the factors that govern 

the self-assembly process are still not well understood. Thus, many interesting 

assemblies have been constructed when different architectures were intended. 

The ligand 2,2'-bipyridine, 1.4, is a very important ligand in coordination chemistry 

and its derivatives are widely used in supramolecular chemistry.n The first complexes of 

the ligand 2,2'-bipyridine were synthesised by Blau in 1898.18 Since that time, 2,2'-
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bipyridine and its derivatives have been used to form coordination complexes with 

almost all metal ions in the Periodic Table. 29 In forming a complex. 2.2'-bipyridine acts 

as a chelating ligand and forms a stable five-membered chelate ring (Figure 1.4). The 

stability of such complexes is partly due to the fact that 2,2'-bipyridine is both a a-donor 

and a 7t-acceptor. The lone pair of electrons on the nitrogen can form a a-bond "vit11 an 

unoccupied orbital of the metaL while the unoccupied Jfi'-orbitals of the aromatic system 

can interact \vith occupied orbitals of the metal via back-bonding. While 2.2'-bipyridine, 

itself, does not usually bridge two metals, its derivatives have been used to construct a 

wide range of supramolecuJar assemblies including cylinders. helicates and 

cryptands.16.17.23.29 

Q--{) Q-O 
" /' 

1.4 
M 

Figure 1.4 2,2'-Bipyridine, 1.4, and 2,2'-bipyridine as a chelating ligand. 

In addition to the derivatives of 2,2'-bipyridine, a large number of ligands containing 

a spacer between the two pyridine rings have been synthesised and used in 

metallosupramolecular chemistry. Such compounds are included in the general class of 

Ligands cunently being studied by the Steel group. The group is engaged in the study of 

the coordination chemistry of a series of polyheteroaryl-substituted arenes (1.5), which 

consist of various heterocyclic rings appended via spacer groups, X, to a central arene. 

1.5 

Figure 1.5 Schematic oftbe ligands currently being studied by the Steel group. 

Recently, Hartshorn has studied the chemistry of a group of ligands that contain a 

benzene ring as the central arene core and 2-substituted pyridines or I-substituted 

pyrazoles as the appended heterocycles. The ligands he studied contain the spacer 

groups, X = 0, OCH2, SCI-h or CH2•JIJ
.:;5 Some of the interesting assemblies he 

constructed include a ten-component molecular cage, a number of [2+2] macrocycles, 
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and a range of coordination polymers. One of Hartshorn's more lnteresting structures is 

the [2+2J macrocycle. 1.7. obtained from the reaction of 1.4-bis(2-pyridyloxy)benzene, 

1.6, and silver nitrate. which is shown in Figure 1.6.11 The most interesting feature of the 

structure is the close it-it stacking of the two benzene rings. Investigating the factors that 

lead to the assembly of this structure formed the basis of much of Hartsll0rn's research. 

o~~o 
I~··\ 

eN N~ 
I ~ 

1.6 

Figure 1.6 1.2-Bis(2-pyridyloxy)benzene, 1.6, and the [2+2J macrocycle. 1.7, from the 

reaction of 1.6 and silver nitrate. 

TI1e preferential formation of such a [2-'-2J macrocyclic structure. rather than a 

polymeric structure. is determined by the thermodynamics of the system. The self

assembly of such a macrocycle is performed under equilibrium thermodynamic control. 

Formation of discrete structures, such as the [2+2J macrocycle. is favoured over polymer 

f01111ation due to entropic factors. The loss of entropy on formation of discrete structures 

is smaller than the entropy loss associated with polymer formation. A discrete structure 

with the minimum number of components is favoured over a larger stmcture, since the 

energy cost for loss of several degrees of freedom for the components of the assembly 

will be smaller in the system with the fewer units.J6 Thus, for the assembly of very large 

multi-component structures, the use of rigidly preorganised components may be 

necessary to minimise the loss in the number of internal degrees of freedom that are 

required in the assembly process. 1(,]7 

The predominant synthetic strategy used in the work described in this thesis is to 

simply mix a solution of a metal with a solution of a ligand. Many of these reactions 

proceed under kinetic controL rather than thermodynamic control, which results in the 

almost immediate formation of a precipitate on mixing of the two solutions. Subsequent 

recrystallisation of the precipitate is under thermodynamic controL tl1LlS allowing the self

assembly of the most stable architecture Lmder the given conditions. This strategy can 

result in the product from recrystallisation being different to the product obtained from 
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the initial reaction. It is also possible that two or more different products can be obtained 

by recrystallising under slightly different conditions, as it is possible for the same 

components to assemble in ditJerent ways to construct different architectures. 

As mentioned emlier. Tt-Tt interactions have been used to construct suprumolecular 

architectures. Stoddart's group has syntllesised numerous supramolecular architectures 

such as rotaxanes and catenanes that utilise THe stacking as the major non-covalent 

interaction.3~ These structures contain T[-T[ stacking interactions between Tt-electron-rich 

aromatic units, sucb as dioxynaphthalenes cmd dioxybenzenes, and Tt-electron-poor 

aromatic units, such as bipyridinium. Such Tt-Tt interactions can be incorporated into 

metallosupramolecular architectures to assist in the assembly of such architectures. The 

T[-JT stacking between the benzene rings of 1. 7 is believed to contribute to the assembly of 

the macrocycle. There are two basic classes of T[-T[ interaction bet,veen two aromatic 

systems, shown in Figure 1.7. The face-to-face interaction, (i), has the two arene 

approximately rings parallel, as in 1.7,:19 while the edge-to-face interaction. (ii), has the 

two rings approximately perpendicular."o In the recent literature there has been much 

speculation as to the nature of such JT-Tt interactions and this has mainly focused on 

whether tbe significant factors are electrostatic or of a chmge-transfer nature."l-44 Hunter 

persuasively describes electrostatics as the main factor,.)) bur there appear to be a number 

of contributing factors, and no one model can explain all systems. 

~ 0 
< ) < 'I 

(i) (i i) 

Figure 1.7 Tt-Tt interactions: (i) face-to-face. and eii) edge-to-face. 

vVhiIe many supramolecular assemblies have been constructed using hydrogen 

bonding as the major non-covalent interactions, a number of assemblies utilise both the 

coordinate bond as the major interaction with hydrogen bonding providing a secondary 

interaction.4
(J.n Tile use of two dift'c::rent types of weak interactions tlH the construction of 

sLlpramolecular species has recently been termed hetero.\·uprumoleculur chemi,\'lIy.·I~ 

Thus, analysis of weaker intermolecular interactions, such as Ilydrogen bonds and JT-JT 
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interactions, can provide insight into the formation and packing of supramolecular 

assemblies. 

The research presented in this thesis builds on the work of Hartshorn. The ligands 

he used all contain a benzene ring as the central arene core, and pyridine and pyrazole as 

the attached heterocycles. The lig<U1ds described in this thesis have: lii pyridine as the 

heterocycle attached to a central arene core other than benzene, with the arenes used 

being naphthalene, biphenyl, binaphthalene and triphenylene; or (ii) benzene as the 

central arene core with the attached heterocycles being L2A-triazok benzotriazole, 

quinoline or benzothiazole. 

The coordination chemistry of these ligands has been systematically investigated by 

their reactions with silver(I), copper(II) and palladium(II). The tlwee metals have been 

chosen because or their different coordinative properties. Silver(I) has varied 

geometrical requirements, but has a preference to be two-coordinate (bent or linear) or 

three-coordinate (T-shaped or trigonal). Silver(I) has been successfully used in many 

supramolecular architectures, as described in a recent review . .J'J Cu(IIJ also shows a 

variety of bonding geometries with the most common being distortions of four

coordinate (square-planar or tetrahedral), five-coordinate (trigonal-bipyramidal or 

square-pyramidal) and six-coordinate (tetragonal).50 Previously rep 0l1ed 

metallosupramolecular complexes of eu(II) include helicates and a cage. 1Il,5 I 

Palladium(II) exhibits a relatively strict preference for a square-planar geometry and has 

been successfully utilisec1 to assemble many metallosupramolecular topologies, including 

squares, triangles and cages.5
,11.33 The coordination chemistry of the ligands is described 

in Chapters 2 - 4. 

Some of the ligands prepared during the course of this study are also amenable to 

fOlming organometallic derivatives. Therefore, the organometallic chemistry of these 

ligands has been investigated by studying their cyclopalladatioll reactions. Over the last 

three decades cycIopalladatec\ compounds have found applications in organic synthesis, 51-

5·1 and more recently in materials science, in particular as liquid crystals, i5-61 and as 

biologically active compounds.(,2.ll' The cyclopalladation chemistry of fourteen ligands is 

described in Chapter 5. 

The recent upsurge !l1 supramolecular chemistry is, in part, due to technological 

advances in X-ray crystallography. X-ray crystallography is the most reliable method for 

characterising supramolecular assemblies, as it unambiguously determines the structure 

of an assembly. The advent of the CCD area detector and increases in computer 
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processing speeds have allowed data-sets to be collected and solved far more quickly 

than previously. The speed of the data collection is particularly important in 

supramolecular chemistry, because the large structures require more data. The area 

detector allows a large data-set to be collected in less than a day. whereas the same data 

collection using a four-circle diffractometer could tak.e up to three or four days. This 

time saving has allowed many more stmctures to be collected. without incurring the 

wrath of crystallographers for using excessive amounts of instrument time. Other 

methods such as NMR spectroscopy and mass spectrometry are a·lso Llsed to characterise 

sllprmnoleeular assemblies. but they do not provide tIle same detailed stmctural 

information as X-ray crystallography. These techniques are often used to support a 

proposed structure, rather than to prove the structure. 

This thesis describes the coordination and/or organometallic chemistry of thirty four 

heterocyclic ligands, twenty nine of which have been prepmed for the tlrst time. Tile 

variety of ligands has resulted in the preparation of a large range of complexes, including 

thirty five that have been characterised by X-ray crystallography. The range of species 

produced includes chelate complexes, one- and two-dimensional coordination polymers, 

a triple helicate, macro cycles and supramolecular boxes. 
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Complexes of bis(2-pyridyloxy)- and bis(2-

pyridylmethoxy)naphthalenes 

2.1 Introduction 

16 

As discussed in Chapter 1, 22'-bipyridine, lA, is a very important ligand in 

coordination chemistry. Many ligands related to 1.4 have been synthesised that contain a 

linking group, or groups, between the two pyridine rings. A number of ligands 

containing a one atom linker (Y = C, N, 0, p, S) between the two pyridine rings have 

been synthesised, 2.1. and many complexes (with Pd, Cu. Co. W, Mo. Cr, Cd. Ag) of 

these ligands have been structurally -characterised. The predominant mode of 

coordination of these ligands is chelation, with the formation of six-membered chelate 

rings.M'72 Exceptions to this include a molybdenum complex containing a monodentate 

ligand that has a nitrogen linking atom/" and a metallopoiymeric silver complex 

containing a bridging ligand that bas a carbonyilinking group. ~~ 

nu 
N Y-Z N 

2.1 2.2 

Figure 2.1 Bis(2-pyridyl) ligands containing one- (2.1) and two-atom spacers (2.2). 

Expansion of the linker to two atoms, 2.2, results in the same predominance of 

chelated structures, 75,S? although, tor example. a metallopolymeric structure has been 

observed for a mercury complex. X] 

2.3 

Cu(ll) .. 
2.4 

Figure 2.2 1,3-Bis(2-pyridyl)propane, 2.3, and the [2+2] macrocyc1c formed on its 

reaction witll eu(H), 2.4. 
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Further expansion of the linker to incJude three atoms has been shown to result in the 

ligand coordinating in a bidentate bridging mode. A copper(II) complex of 1,3-bis(2-

pyridyl)propane, 2.3. has a discrete [2+2] macro cyclic structure. 2...1. (Figure 2.2). 

2.5 

Figure 2.3 1 ,3-Bis(2-pyridyloxy)benzene, 2.5. and its complex with silver nitrate. 2.7. 

Hartshorn expanded the range of bis(2-pyridyl) ligands. by incorporating a benzene 

ring into the linking group. As described in Chapter 1, such compounds ilTC included in 

the general class of ligands currently being studied by the Steel group (Figure 1.5). 

Hartshorn investigated the coordination chemistry of thc tluee isomeric bis(2-

pyridyloxy)benzenes [1,4-bis(2-pyridyloxy)benzene, 1.6, L3-bis(2-pyridyloxy)bcnzene, 

2.5. and L2-bis(2-pyridyloxy)benzene. 2.6], which have the spacer group X = O. As 

previously discussed. the ligand 1.6, on reaction with silver nitrate. tormed a [2-r2] 

macro cyclic complex. 1.7 (Figure 1.6).3 I This complex prompted an investigation of the 

structural features necessary in tl1e 1 igand for the formation of such [2+ 2J macro cyclic 

structures. J.l,35 

2.6 

Figure 2.4 1,2-Bis(2-pyridyloxy)benzene. 2.6, and its palladium chloride complex, 2.8. 

Replacement of the para substitution in the benzene ring by meta and artho 

substitution was investigated. The meta isomer, 2.5, on reaction with silver nitrate, gave 

a similar [2+2J macrocycle, 2.7 (Figure 2.3). that preserves the IT-IT stacking of the 

benzene rings that was observed in 1.7. The ortho isomer, 2.6. diclnot yield a structurally 
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characterised complex 011 reaction with silver nitrate. but it did yield n chelate complex 

on reaction with palladium chloride, 2.8. (Figure 2.4). 

Hartshorn made other structural modifications to 1.6 including tile replacement of 

the oxygen spacer group with X =: OCHz, CHzO and CHzS. For X= OCT-h the ligand 

obtained is 1.4-bis(2-pyridylmetboxy)benzene. 2.9. The ligands synthesised as a result of 

these modiilcations produced complexes vvith one-dimensional polymeric and [2+2] 

macrocyclic structures. Interestingly. the [2+2J macro cyclic structures do not contain the 

TC-TC stacking of the benzene rings a bserved in 1.7 or 2.7. 

Another interesting modii"ication made by Hrn1shorn was the fusion of a second 

benzene ring into the ligand by using a naphthalene as the central arene core, thus 

producing the compowld 1,4-bis(2-pyridyloxy)napllthalene. 2.10. Due to its poor 

solubility, no complexes 01'2.10 were prepared. 

o /,-Q-orV 
~N 

() 

2.9 
2.10 

N:J 
/ 

o 

Figure 2.5 Two ligands prepared by Hartshorn: lA-bis(2-pyridylmethoxy)benzene, 2.9, 

and lA-bis(2-pyridyloxy)naphthalene. 2.10. 

The naphthalene core lIas been used as a spacer in only a small number of ligands. 

The 2,7 -disubstituted naphthalene core has been incorporated into a ligand containing 

two ~-diketonate binding domains. On reaction with Cu(n), the ligand forms a [2+2] 

macro cyclic complex, 2.11, which is capable of binding guests within its cavity (Figure 

2.6).x. The 2,6-disubstituted naphthalene core has been llsed as a spacer to link two 

amine-containing macrocyclic binding domains. The ligand is capable of binding Hg(JI) 

in each of the macrocycles, 2.12.~5 The lA-disubstituted naphthalene core has been 

utilised in a cryptand ligand that binds two silver(I) or copper(l) ions in tetrahedral 

environments.u
, The 2,6-disubstituted naphthalene core has also been lLsed as a spacer to 

link two bipyridyl groups. 2.13. The ligand forms [2+2] macrocyclic complexes with 

tetrahedral Cu(I) and octahedral Zn(II) and Ni(II). Complexes of 2.13 with Cd(II) and 

Hg(II) have also been prepared. Analogues of 2. L3 incorporating the 1,5- and 2,7-

disubstituted napbtllalcnc cores have also been prepared.'n 
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2.12 
2.11 

Figure 2.6 Some ligands and complexes containing a naphthalene core. 

The 1.5-disubstituted naphthalene core has been incorporated into a crovvTI ether by 

Stoddart and coworkers. The crown ether forms a 2-catenane with a bipyridinium

containing macrocycle by utilising the TC-TC stacking ability of the naphthalene core. 3M A 

similar 2-catenane has been prepared using the same Crovv'11 ether and a Zn(II)-containing 

[2+ 2] macrocycle. The formation of this catenane is also assisted by TC-TC stacking of the 

naphthalene core. 88 

This chapter describes the preparation and complexes of bis(2-pyridyl)-substituted 

naphthalenes. These ligands contain naphthalene as the central arene core with two 

appended 2-pyridyl heterocycles and the spacer groups X = 0, OCH2. Whereas there are 

only three possible bis(2-pyridyloxy)benzenes, there are ten possible bis(2-

pyridyloxy)naphthalenes. By changing the disposition of the appended pyridine groups 

about the naphthalene core, it is possible that new topologies of coordination complexes 

might be accessible. Eight of the isomers are readily accessible from the appropriate 

dihydroxynaphthalene starting materials. The 1,2- and 1.8-dihydroxynaphthalenes are 

not readily available due to their instability. although 1,8-dihydroxynaphthalene can be 

prepared. Hartshorn previously prepared the 1,4- isomer, 2.10. Therefore, this chapter 

discusses the chemistry of seven new bis(2-pyridyloxy)naphthalenes, 201 - 207. In 

addition, the ligand 2,J-bis(2-pyridylmcthoxy)naphthalene, 208, has been prepared. 
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Figure 2.7 l'be new bis(2-pyridyloxy)naphthalenes, 201 - 207. 

2.2 Preparation of the ligands 

Preparation of bis(2-pyridyloxy)naphthalenes 

Hartshorn prepared the bis(2-pyridyloxy)benzene ligands l.6. 2.5 and 2.6 by 

nucleophilic aromatic substitution reactions. The appropriate dihydroxybenzene and two 

equivalents of 2-bromopyridine in tbe presence of potassium carbonate were heated at 

21 O°C to give the bis(2-pyridyloxy)benzene in modest yield,J' The ligand 1,4-bis(2-

pyridyloxy)naphthaiene, 2.10, could not be prepared by this melt procedure due to the 
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high melting point of 1,4-dihyroxynaphthalene (m.p. 206°C (dec.)). Instead N,N'

dimethylJonmllnide (DMF) was llsed as a solvent. This reaction gave 2.10 in similarly 

modest yield.~9 Given the ready availability of most of the dihydroxynaphthalene 

precursors a modest yield could be tolerated. so this method was used to prepare ncw 

bis(2-pyridyloxy)naphthalenes (Figure 2.7). The yields obtained whcn using this method 

ranged from 17 to 57%. although typically the yield was about 25'Yt,. These yields were 

considered barely acceptable, therefore efforts to increase the yields 0 f the reactions were 

madc . .\10reovcr, the development of illl improved method of preparation was considered 

imp0l1ant as the synthesis of the potential ligand 2.3.6.7.10.1 l-hexakis(2-

pyridyloxy)triphenylene (sce Chapter 3) would require thc attachment of six pyridyl 

groups to the 2,3 ,6,7.1 OJ I-hexahydroxytripheny lene precursor. Given that the addi tion 

of two pyridyl groups to a dihydroxynaphthalene core gave low yields. it was envisaged 

that the addition of six pyridyl groups to a hexahydroxytriphenylene core would be even 

lower yielding. Therefore a more etIicient method of preparation would be required. 

Efforts to improvc the yields focussed on varying the solvent and the base used for 

the reaction. Changing the solvent to toluene resulted in no product being obtained. 

Sodium hydride and sodium methoxide were each used to prepare a disodium alkoxide 

salt before addition of the 2-bromopyridine, but poor yields resulted. Preparation of a 

potassium salt using potassium carbonate before the addition of 2-bromopyridine resulted 

in a slight increase in yield. Performing the reaction under a nitrogen atmosphere or for a 

much longer time did not result in an improved yield. 

OH /(2C03 

Div1F 

8r 

° '--ON ! '-.: 

202 ~ 

Figure 2.8 Preparation of 1.S-bis(2-pyridyloxy)nnphthalene. 202. via the DMF method. 

A search of the literature uncovered a procedure used to prepare cyano-containing 

polyoxyarylene polymers from dihydroxynaphthalenes and 2,6-dichlorobenzonitrile in 
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98% yield. 90 Given the similarity of halopyridines to halobenzonitriles in nucleophilic 

aromatic substitution reactions. this preparation was investigated. The reaction 

conditions employed were to prepare a potassium salt of the dihyclroxynaphthalene in a 

sUlpho\ane/toluene (2: I) solvent mixture under nitrogen. followed by addition of 2-

bromopyridine and heating at 180-200°C for up to 3 days. This method proved 

successful giving much improved yields and yielding crude product of greater purity than 

did the DMF reactions. The only problem encountered with this method was that the 

product was occasionally reluctant to crystallise from the sulpholane/waterlacetone 

solution, instead prefelTing to separate as an oil. 

OH 
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Figure 2.9 Preparation of 1.7-bis(2-pyridyloxy)naphthalene. 204. via the sulpholane 

method. 

F or the preparation of 1.7 -bis(2-pyridy loxy)naphthalene, 204. the yield was 

increased from 24%, for the DMF method, to 67% for the sulpholane method and 

similarly, for 2,6-bis(2-pyridyloxy)naphthalene, 206, the yield increased fI'om 30% to 

75%. While the yield for the preparation of L3-bis(2-pyridyloxy)naphthalene, 201, via 

the sulpholane method was only a modest 24(%, this was an improvement on the DMF 

reaction, which was even lower yielding, and the crude product required significant 

purification to give an overall yield of only 5-10(%. There was only a modest increase in 

yield fI'om 30(% to 37% for the preparation of 2,7-bis(2-pyridyloxy)naphthalene, 207. 

The 57% yield of 2.3-bis(2-pyridyloxy)naphtbalene, 205, fI'om the DMF reaction was 

acceptable and this ligand was not made via the sulpholane method. The only ligand 

where a similar yield from both methods was obtained was in the preparation of 1,6-

bis(2-pyridyloxy)naphthalene, 203, where the yield from the sulpholane method was 

29%, while a 33% yield was obtained fi·om the DMF method. This was, in part, due to 

the difficulty in removing the suJpil01ane £1'0\11 the product. Sulpholune is a high-boiling 

solvent so it is dit1icuJt to ['emove under reduced pressure, and it is also ditlicult to 
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remove by partition, therefore sulpholune is present in the recrystullisation process. It 

proved difficult to crystallise 203 from the sulpholane/water!ncetone mixture. This 

problem was not encountered in thc DMF method, as the product easily crystallised from 

an acetone/water solution that contained only a small amount of DMF from the reaction. 

A trial attempt at preparing L8-bis(2-pyridyloxy)naphthalene was made using a very 

small amount of a freshly prepared sample of L8-dihydroxynnphthrdene. The sulpholane 

method was employed, but none of the desired product 'vvas identified in the IH NMR 

spectrum on work-up, therefore tllis reaction wns not pursued any further. 

The development of an improvcd method of preparation of these ligands was 

successful. and this facilitated the preparation of related ligands, which are described 

elsewhere in this thesis. 

Preparation of 2,3-bis(2-pyriuylmcthoxy)naphthalene 

The preparation of 2,3-bis(2-pyridylmethoxy)naphthalene. 208. was undertaken, in 

part. as a trial for the preparation of 2,3,6,7,lO.11-hexakis(2-pyridylmethoxy) 

triphenylene, 306, (see Chapter 3). The ligand 306 requires the attachment of 

pyridyllllethyl (picolyl) groups to three cis-disposed diols. 2.3-Dihydroxynaphthalene 

contains one cis-disposed diol functionality, to which two pyridyllllethyl groups could be 

attached to give 20S. 

~OH 

1_ I~ II 
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Figure 2.10 Preparation of 2,3 -bis(2-pyridyllllethoxy)naphthalcne, 20S. 

The related ligand 1,4-bis(2-pyriclylmethoxy)benzenc, 2.9. was previously preparcd 

by Hartshorn under phase-transfer catalysed conditions from I A-dihydroxybenzene and 

2-picolyl chloride hydrochloride. l
'l Therefore. 2,J-dihydroxynuphthalene was reacted 

with 2-picolyl chloride hydrochloride under the same conditions: however, a mixture of 

unidentified products was obtained ii"om the reaction. Instcad. the ligand was prcpared 

from the reaction of 2,3-dihydroxynaphthalene with 2-picolyl chloride hydrochloride in 

DMF in the presence of sodium hydroxide, conditions that were used to prepare alkylated 
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benzotriazoles and 1,2,4-triazoles (see Chapter 4). The reaction proceeded cleanly to 

give 208 in the satisfactory yiel d of 61 %. 

The ligands were all characterised by melting point, elemental ~malysis, mass 

spectrometry and IH and 13C N:\tlR. Tn addition. the ligands were reacted with transition 

metals to prepare coordination complexes, (see below) and tile subsequent X-ray 

structure determinations of these complexes confirmed the structures of the ligands. 

2.3 Characterisation of 1,6-his(2-pyridyloxy)uaphthaJcnc, 203. by NlVIR 

spectroscopy 

Full characterisation of the ligands by N:\tlR required the use of many one- and two

dimensional techniques. As an illustrative example, the assignments of the IH and l3C 

NMR spectra of 1,6-bis(2-pyridyloxy)naphthalene, 203, are discussed here. Throughout 

this thesis the splitting patterns of multiplets in IH spectra are described in terms of their 

two- and three-bond coupling. While four- or five-bond couplings are not med to 

describe the appearances of l11ultiplets. in some circumstances these couplings provide 

useful information that has been used to assign spectra. The assigned IH spectrum and 

atom labelling are shown in Figure 2.11. Note that the naphthalene protons are given 

unprimed labels, and the pyridine protons are given primed and double-primed labels. 

203 

H6', H6" [-[8 H4 HS 1-13 H7 I H2 HS' ,H5" H3' ,H3" 

~ I · H4.H4· II II I ~ljlL J L~~!~ U~I ~L~jlul uU~~ II 
1 I iii I II! i I I iii i i j I ' , , ! ! i i j , i ' j I I ! t Iii 1 i . i I Iii I . ! Iii, I ! i I! ,I I iii iii I I i 

X.2 8.0 7.~ 7.6 7.4 7.2 7.0 ppm 

Figure 2.11 IH NMR spectrum of 203. The peak marked with an asterisk is due to the 

solvent. 



25 

The molecule contains 14 protons, all of which are in ditlerent chemical 

environments. The molecule has two pyridine rings, which ditfer only in [hdr position of 

substitution in the naphthalene ring. The chemical shifts of their respeclive protons are 

very similar. and so the two pyridine rings are not distinguished. Therefore, the 

assignation of primes and double-primes to the two pyridine rings is arbitrary. 

A number of assignments can be made by initial inspection of the I H spectrum: 

- the multiplet at 8.20 ppm has a chemical shift typical of H6 of a pyridine ring. The 

multiplet has hyperfine coupling, typical of a pyridine proton. and has an integral of two, 

therefore the signal arises due to the two pyridine H6 protons. They ha\'e been labelled 

H6' and H6" to indicate that the two protons belong to dit1erent rings: however, they are 

not assigned to a specifIC pyridine ring. 

- the 'singlet' at 7.61 ppm. of integral one. which shows splitting due to four-bond 

coupling, can be assigned to H5, as this is the only proton with no three-bond coupling. 

-the triplet at 7.48 ppm, of integral one, can be assigned as J-D. The pyridine protons 

H4', H4", HS' and HS" give rise to triplets, but, because of the similarity of the two rings, 

the shifts of [-{4' and H4" are expected to be coincident (or very nearly). as will be the 

shifts for ES' and BY. H3 is the only other proton that gives rise to a triplet, allowing 

assiglU11ent of this peak to H3. This assigmnent is confIrmed later. 

The ID TOCSY experiment~l was used extensively during the characterisation of 

compounds in this thesis. The TOCSY experiment involves the selectiye irradiation of a 

proton resonance, followed by a mixing time that allows magnetisation to be transferred 

from Olle proton to another. Magnetisation is only transferred along protons within an 

isolated spin system. Incremental increasing of the mixing time allows magnetisation to 

be passed stepwise through a spin system. Tlu'oughout this work, the mixing times used 

are 0.005, 0.01, 0.02, 0.04, 0.06, 0.08 seconds. The TOCSY experiment allows 

identification of protons within a spin system and is particularly useful as it allows the 

identification of peaks that may be overlapped by other proton resonances. 

A number of peaks are isolated in the above IH spectrum that can be irradiated in a 

lD TOCSY experiment: 

- irradiation of the multiplet at 8.20 ppm allows the assignment of the pyridine rings. 

Magnetisation is transferred sequentially fi'om H6'/H6" to HS'/HS" to H4'/H4" and finally 

to H3'/H3" (FigLLre 2.120)). This enables the assignment of HS' and HS" as a multiplet at 

6.97 ppm, H4' and H4" as a 111LLltiplet at 7.71 ppm aml HT and H3" as a multiplet at 6.93 

ppm. 
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- irradiation of the doublet at 8.05 ppm isolates a doublet-doublet spm system 

(Figure 2.12 (ii)). The only two-proton spin system in the molecule contains H7 and H8. 

Based on chemical shift, H7 is tl1e doublet at 7.27 ppm and H8 is the doublet at 8.05ppm 

with H7 being adjacent to the electron-donating oxygen at tl1e c)-position of the 

naphthalene. In addition H7 shows hyper1ine splitting due to four-bond coupling (to H5), 

whereas H8 shows no sllch splitting. 

( i) 

1-13',113" 

H4',H4" 

115',115" 

~----------------------~~ 

, I j , • i I Iii \ iii iii i i , tit ii' , , , ! I! I , i .. , i I i , . • I I j; , J' t 
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Figure 2.12 1 D-TOCSY spectra of 203. Mixing times ll1crease from 0.005s for the 

bottom spectrum of each set. 

- inadiation of the doublet at 7.18 ppm isolates a doublet-triplet-doublet spin system 

(Figure 2.l2(iii)) that must be H2-H3-H4. H2 and H4 can be distinguished by chemical 

shift. H2 is more upfield. being adjacent to the oxygen at the i-position of the 

naphthalene ring, and therefore is the doublet at 7.18 ppm. The triplet at 7.48 ppm is the 

previously assigned HJ, and the doublet at 7.67 ppm is H4. 

A possible method of confirming the assignment of H4 would be the observation of 

a nOe effect between H4 and H5. but the chemical shifts of the two protons are too close 

to selectively inadiate H4 or H5. The nOe experiment was used in the assignment of 

other compounds. 

The assigned 13C spectrum of 203 with atom labelling is shown in Figure 2.13. 

Assignment of the protonated carbon atoms can be acl1ieved by way of tl1e 2D GHSQC 

experiment, which correlates the shifts of carbon atoms and their attacbed protons. 

Because the assignment of the IH spectrum is complete, the assignment of the protonated 

carbons using the GHSQC spectrum is trivial (Figure 2.14). The peak at 139.36 ppm is 

due to both C4' and C4" of the pyridine rings. The other peaks due to pyridine carbons 

are resolved. 
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Figure 2.14 GHSQC spectrum 01'203. 
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The non-protonated carbon peaks can be assigned by way of tbe 2D GHMBC 

experiment. This experiment correlates carbon shifts to proton shifts that are more than 

one bond apart. The experiment llsed is optimised for 3 Jell coupling, but, at times, 
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correlations due to +.TcI-l and 2.TcI-l coupling are also seen. though they are usually less 

strong. This experiment can also be used to confirm the shifts of protons or protonated 

carbons when other experiments may be inconclusive. The GH~vIBC spectlUlTI of 203 is 

shown in Figure 2.1S. This spectrum allows the assignment of the remaining peaks in the 

lJC spectrum: 
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Figure 2.15 GHMBC spectrum of203. 

6: 
q I 

I 
& 4 

0 

150 

~ I I~ 

a ~ 
; ~ 

. 
t , . 

~ a d~ g 
~ 

140 130 1~0 ppm 

- the two peaks at 163.99 ppm and 163.36 ppm have shifts consistent with C2 of a 

pyridine ring. They correlate to H4'/H4" and less strongly to H6'/H6", therefore they can 

be positively assigned to C2' and C2". 

The two peaks at 152.28 and 150.08 ppm have shifts consistent with naphthalene 

carbons bonded to an oxygen. 

- the peak at 152.28 ppm correlates to H7. HS eJ('l') and H8. therefore it can be 

assigned to e6. 

-the peak at 150.08 ppm correlates to Il2 e.JCl-I), H7 tfcH). I:J3, HS (rClI), and H8, 

therefore it can be a..<;signed to C 1. 

The two peaks at 135.81 and 124.78 ppm have shifts consistent with quaternary 

naphthalene carbons not bonded to an oxygen. 
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- the peak at 135.81 ppm correlates to H3, H4 e.Jm ) and E8, therefore it can be 

assigned to C4a. 

- tile peak at 124.78 ppm correlates to H2. H7. H3 C'Jc,d. H5. and H4, therefore it 

can be assigned to Cga. 

2.4 Complexes of the bis(2-pyridyloxy)naphthalenes 

Complexes of 1,3-his(2-pyridyloxy)naphthalene, 201 

Silver, copper and palladium complexes of 201 were prepared by reaction with 

silver(I) nitrate, copper(II) chloride and palladium(II) chloride. respecti\·ely. The copper 

complex, 210. was obtained directly from the reaction mixture. as a green precipitate. in 

83% yield and clUalyses as [201.CuCl.z]. This complex is soluble in DrvlF und DMSO, but 

efforts to produce X-ray quality crystals of the complex proved unsuccessfuL Dii:fusion 

of benzene into a DMSO solution of 210 yielded green crystals that \-vere detern1ined to 

be Cu(DMSO)2Cb (m.p. ·-·130°C, tiL m.p. 153-155°C92). The palladium complex, 211, 

was obtained directly fro111 the reaction mixture. as a yello\v solid. in 87% yield and 

analyses as [201.PdChYz(I-hO)]. This complex is soluble in DMF and DMSO, but no 

fUlther characterisation was carried out. The silver C0111 p lex. 209. \vas obtained as 

colourless crystals, in 67% yield. by diffusion of diethyl ether into the l11cthanolic 

reaction mixture. These crystals analyse as [201.AgNOJ]. This composition could 

cOlTespond to a [2+ 2] macrocycle. as was found for tile analogoLls 1,3-bis(2-

pyridyloxy)benzene,J4 or to a metallopolymer. Due to the reduced symmetry of the 

ligand, there are four possible isomers for a [2+2J macro cycle (Figure 2.16). Isomers (i) 

and (ii) have both naphthalene ring systems lying on the same side of the silver-pyridine 

coordination plane (cisoid). Isomer (i) has C2 symmetry_ with the rotation axis lying 

between the two naphthalenes and running perpendicular to the silver-pyridine 

coordination plane. Isomer (ii) has Cs symmetry_ with the mirror plane lying between the 

t\VO naphthalenes and perpendicular to the silver-pyridine coordination plane. Isomers 

(iii) and (iv) have the naphthalene ring systems on opposite sides of the silver-pyridine 

coordination plane (transoid). Isomer (iii) has C2 symmetry with the rotation axis 

coincident with the silver-silver vector. Isomer (iv) lws C sym11letry. with a centre of 

inversion at the mid-point of the silver-silver vector. Isomers (i) and (iv) can be 

described as 'head-to-tail' isomers as each silver atom is coordinated to two pyridines of a 

different nature (i.e. one is l-sLlbstituted and the other is 3-substitUled at the naphthalene). 
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Isomers (ii) and (iii) can be described as 'head-to-head' isomers as each silver atom is 

coordinated to pyridines of the same nature (i.e. they are botb 1- or 3-substituted at the 

naphthalene). In contrast, tbe previously studied ligand 1.3-bis(2-pyridyloxy)benzene, 

2.5. could give rise to just two isomers (cisoid and transoid) and the structure was found 

to be the cisoid isomer, 2.7 (Figure 2.3). Given the various possible structures a single

crystal X-ray structure determination was carried out to determine the nature of this 

complex. 
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Figure 2.16 Potential Isomers of [2+2] macro cycles from the reaction of 201 and 

J\gN03. 

Structure of 209 

Unfol1unately crystals ot' this complex proved to be twinned. Nevertheless, a 

structure solution was obtained. although this could not be retlned to an acceptable level. 

'rhe complex crystallises in the non-centrosymmetric orthorhombic space group P2 1212 1• 

While the poor refinement renders a full description of the structure impossible, some 

structural features arc worthy of comment here. There are four ligands and four silver 

nitrates in the asymmetric unit and the molecular structure is a [2+21 dimeric macro cycle. 

so there are two dimers in the asymmetric unit. While one of these dimers is disordered. 

the other dimer is well behaved and is worthy of discussion. Each silver atom is 
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coordinated to two pyridine nitro gens with silver-nitrogen bond distances in the range 

2.21-2.36A, and one silver atom is coordinated to an oxygen of a nitrate counter anion 

(Ag-O 2.59A). These bond distances are usual for such coordination.JU4.35.93.96 The 

intramolecular silver-silver separation is 9.83A which is slightly longer than the distance 

in the analogous dimer 2.7.]4 The macro cycle has both naphthalene rings on the same 

side of the silver-pyridine coordination plane in the manner of isomer 0), i.e. a cisoid, 

head-to-tail arrangement, (Figure 2.16). Therefore the dimer has approximate C2 

symmetry. The two naphthalenes are involved in a ]1-]1 stacking interaction, with the 

mean-planes of the two naphthalenes separated by 3 .50A and inclined at an angle of 1.60
• 

This stacking interaction gives rise to the cisoid arrangement in preference to a transoid 

arrangement which lacks such an interaction. Such a stacking interaction was also 

observed in the 1 J-bis(2-pyridyloxy)benzene dimer, where the benzene rings were 

separated by 3.60(1)A. The disorder associated with the other dimer concerns the 

naphthalenes and it is thought that the disorder is due to the co-occurrence of both (i) and 

(ii) isomers in the crystal. Such a mixture is not unexpected, since selective formation of 

one specific isomer would require subtle molecular recognition to distinguish between the 

two pyridyl rings of the ligand. which differ only slightly in their structural envirOlIDlent. 

Complexes of 1,5-bis(2-pyridyloxy)naphthalene, 202 

Silver, copper and palladium complexes of 202 were prepared by reaction with 

silver(I) nitrate, copper(II) chloride and palladium(II) chloride, respectively. The copper 

complex. 213, was obtained directly from the reaction mixture as a blue precipitate in 

89% yield and analyses as [202.CuCh]. While the complex is soluble in DMF and 

DMSO, attempts to grow crystals yielded only powder or microcrystalline material. 

Therefore further characterisation was not undertaken. The palladi um complex, 214, was 

obtained directly from the reaction mixture as a yellow precipitate in 96% yield. 

Subsequent diffusion of methanol into a DMSO solution of 214 gave a pure sample that 

analyses as [202.PdCh]. The complex is also soluble in DMF, but no further 

characterisation was performed. The silver complex, 212, was obtained from the reaction 

mixture as a pale brown solid in 77% yield. Slow evaporation of an acetonitrile solution 

of 212 gave colourless crystals that analyse as [202.AgN03]. Again this stoichiometry is 

consistent with a [2+2] 11lacrocycle or with a metallopolymer. Due to the number of 
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possible structures, a single-crystal X-ray structure determination was performed to 

ascertain the exact structure of 212. 

Crystal structure of212 

The complex crystallises in the centro symmetric monoclinic space group P2,/c. The 

structure is a one-dimensional metallopolymer with a zig-zag shape. The asymmetric 

unit contains two half-molecules of 202, each of which lies about a centre of inversion, 

and one silver nitrate. The asymmetric unit and connected atoms are labelled and shown 

as part of the polymeric chain in Figure 2.17. 

Figure 2.17 Perspective view of the polymeric chain of 212, including the labelled 

asymmetric unit. Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and 

angles CO): Ag1-N11 2.190(5), Ag1-N51 2.230(4), Ag1-011 2.555(4): N11-Ag1-N51 

155.5(2), N11-Ag1-011 116.0(2), N51-Ag1-011 86.9(2). 

The silver atom is coordinated to two pyridine nitro gens, and the nitrate ion in a 

monodentate fashion. The silver-donor bond lengths are within the expected range for 

compounds of this nature.JU4.35.'J1-% The geometry at silver is best described as distorted 

T-shaped. 
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The polymer chain propagates along the crystallographic ([ axis. The silver-silver 

separations are 11.366(2) and 11.S2S(2)A for two silvers bridged by ligands 

(Agl"'AglA, Agl"'AgJ B) and S.930(2)A for two silvers along the edge of the polymer 

(AgIA"'AglB), which is the Cl cell dimension. A view dovvn the direction of propagation 

of the po lymer (not shown) gives the impression the naphthalene ring systems are 7!-7! 

stacked. However, as shown in Figure 2.IS, the naphthalenes are not involved in 7!-7! 

stacking. I'he naphthalene mean-planes are inclined at 26.6°(6), and the mid-points of the 

naphthalenes are separated by 4.4 7( l)A. a distance too large for an attractive interaction. 

The mean-planes of the pyridines are inclined to the naphthalenes at angles of 86.9(6)° 

and 103.3(6)° (for the rings containing NIl and NSL respectively). The mean-planes of 

the two pyridine rings coordinated to the sil vcr atom are inclined at an angle of 18.S (6)°. 

\ 

Figure 2.18 Polymeric chain 01'212 shovving 7!-7! stacking between pyridine rings. 

While there is no 7!-7! stacking of the naphthalene rings, tbe pyridine rings are 

involved in such interactions. The first of these interactions is a weak intra-chain 

interaction. As can be seen in Figure 2.1S. the centroid of one pyridine ring lies over an 

atom of another pyridine ring in an 0 tIset fashion, wllich is reported to be the most stable 
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arrangement for two IT-IT stacked benzene rings.'J7,9R This is only a weak interaction with 

tile pyridine-pyridine separation being 3.85(l)A while the angle between them is 13.5(6)°. 

A much stronger inter-chain interaction exists between two pyridine rings (of the type 

containing N51). The two rings are related by a centre of inversion. so are necessarily 

paralleL and are separated by only 3.31(1). Again the rings are otrset. In addition, there 

is a weak interaction between the nitrate anion and a silver atom of the adjacent chain 

[2.646(4)A], so that the nitrate anion bridges two silver atoms of ditferent polymeric 

chains. with the inter-chain silver-silver separation being 6.86S(2)A. The IT-IT interaction 

and the bridging interaction of the nitrate are the dominant intermokcular interactions 

responsible for the crystal packing of this complex. 

Complexes of 1,6-his(2-pyridyloxy)naphthalene, 203 

Silver, copper and palladium complexes of 203 were prepared by reaction with 

silver(I) nitrate. copper(II) chloride and palladium(II) chloride. respecti"ely. The copper 

complex. 216, was obtained from the reaction mixture as a blue-green solid in 92% yield. 

An analytically pure sample was obtained by ditIusion of acetone into a DMF solution of 

216, which analyses as [203.CuCh], but no further characterisation "vas canied out. The 

palladium complex, 217, was obtained directly from the reaction mixture as a yellow 

solid in 85% yield and analyses as [203.PdCb, Yz(I-hO)]. While \'apour diffusion of 

acetonitrile or acetone into a DMSO solution of 217 gave small yellow crystals, crystals 

of sufficient size to perform a single-crystal X-ray structure determination could not be 

obtained. hence further characterisation was not obtained. The silver complex, 215, was 

obtained by diffusion of diethyl ether into the mcthanolic reaction mixture, as colourless 

crystals, in 89% yield. The crystals analyse as [203.AgN03], Once again, this 

stoichiometry is consistent with a [2+2] macrocycle or with a mctallopolymer. To 

detennine the exact nature of this complex a single-crystal X -ray structure analysis "vas 

performed. 

Crystal structure of215 

The complex crystallises in the ccntrosymmetric triclinic space group P-l and is a 

one-dimensionulmetallopolymer. Within the asymmetric unit there are two ligands, two 

silver nitrates, a water molecule with 64% occupancy allll a lotal of 2.1 methanol 



3G 

molecules disordered over five sites. The labelled asymmetric unit and the next unit of 

the polymer are shown in Figure 2.19. 

Each silver is coordinated to t\\10 pyridine nitrogens, with each of tile pyridines being 

of a slightly different nature. One pyridine is I-substituted at the naphthalene and the 

other pyridine is 6-substituted at the naphthalene. Again, this requires remarkable 

molecular recognition for the silver to distinguish tile two pyridines, which differ only 

slightly in tllcir structural environment. Ag2 is weakly coordinated by tile partial 

occupancy water molecule. The silvcr-donor bond lengths are usual fiJI' this type of 

compound.'!; The geometry at Agi is bent wllile the geometry at Ag2 is distorted T

shaped when the water is coordinated, or bent when the water molecule is not 

coordinated. 

030 

C66 

1" 
N61 

Ag2A 

· · · · · 

012 
~o 
011t;~ 

013 

C15 

Figure 2.19 Perspective view of the labelled asymmetric unit of 215 as part of the 

polymeric chain. Hydrogen atoms and solvent are omitted tor clarity. Selected bond 

lengths (A) and angles (0): AgI-NII 2.194(8), AgI-NGl' 2.17.3(7'). Ag2-Nll' 2.180(8), 

Ag2-N61A 2.]]5(8), Ag2-0JO 2.517(9); N1I-AgI-NGI' 159.9(]), Nll'-Ag2-N61A 

15SACJ), Nll'-Agl-OJO 88.2(J), N61A-AgI-OJO 110.J(J). 
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There are only weak TH! interactions between the naphthalenes. Rather than being 

stacked on one another, they are offset, and are inclined towards eadl otller at an angle of 

17.7(9)°. The closest contacts are between C6' and C8 of adjacent ligands [3.48( l)A] 

and between C l' and C5 of adj acent ligands [3 AO(1)A]. The pyridine rings are inclined 

to the naphthalenes at angles of 94.8(9)°, 102.9(9)°, 86.9(9)° and 97.7(9)° for the 

pyridines containing NIl, N61. NIl' and N61' respectively. The two pyridine rings of 

each Iigand bend U'vvay below the naphthalene planes, so that each ligand has a bowed 

shape, which gives a concave or trough shape to each polymer chain. There is little 

twisting of the pyridines at eacb silver atom with the pyridines coordinated to Ag 1 lying 

at 12.8(9)° to each other and the pyridines coordinated to Ag2 lying at 7.6(9t to each 

other. The main intra-chain interactions are 7t-7t stacking interactions between pyridines 

of different ligands. A pyridine of the type containing N61' forms a 7t-7t stacking 

interaction with a pyridine of the type containing NIl. The rings are offset so that the 

centroid of one ring lies over an atom of the other ring. Their mean-planes are inclined at 

12.8(9t and are separated by 3.53(1)A. A pyridine of the type containing N61 fonns a 

similar interaction with a pyridine of the type containing NIl '. Their mean-planes are 

inclined at 7.6(9)° and are 3.62(l)A apm1. 

Figure 2.20 View down the crystallographic u axis of two a~jacent chains of 215. The 

disordered solvent that occupies the channel between the t:hains has been omitted. 
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The polymer chains propagate along the crystallographic a mas by way of a 

translation. This results in tbe AgI"'AgIA (and Ag"'Ag2A) separation being 7.900(3)A 

which is the a unit cell dimension. The AgI'''Ag2 separation is 10.746(3):.\. 

The inter-chain packing is dominated by TC-TC stacking between pyridines of the type 

containing NIl' (not shown). Two of these pyridine rings lie about a centre of inversion 

so that they are necessarily parallel. They are otIset slightly and are separated by 

3.47(1)A. The chains have a trough-like shape and they pack in columns so that the 

concave face of one chain is next to the concav:e face of a neighbouring chain. This 

results in chmmels naming parallel to the chains within which reside the disordered 

methanol solvent molecules (Figure 2.20). 

Complexes of 1,7-his(2-pyridyloxy)naphthalene, 204 

Silver, copper and palladium complexes of 204 have been prepared by reaction with 

silver(I) nitrate, copper(II) chloride and palladium(II) chloride. respectively. The 

palladium complex. 220, was obtained directly from the reaction mixture as a yellow 

solid in 97% yield mld analyses as [204.PdChY2(H20)]. DitIusion of acetonitrile into a 

DMSO solution of 220 gave small yellow crystals. An attempt was made to perf0TI11 a 

single-crystal X-ray structure analysis, but the crystals did not diffract suffIciently for this 

to be successful. No further characterisation of this complex was made. 

The silver complex, 218. was obtained. by diffusion of diethyl ether into the 

methanolic reaction mixture, as colourless crystals in 82% yield. The complex analyses 

as [204.AgN03], consistent with the complex being a [2+2] macro cycle or a 

metallopolymer. To determine the structure of 218 a single-crystal X-ray structure 

analysis was performed. 

The copper complex, 219, was obtained from the reaction mixture as a blue-green 

microcrystalline solid, in 83% yield, and analyses as [204.CuCh, \rS(CH30H)]. Diffusion 

of acetone or acetonitrile or diethyl ether into DMF solutions of 219 produced crystals, 

but they were too small for single-crystal X-ray structure analysis. Crystals suitable for 

X-ray analysis were eventually grown by layering a methanol solution of copper chloride 

on top of an acetone solution of 204. 

Crystal structure of 218 

The complex crystallises 111 the non-centrosymmetric orthorhombic space group 

Pna2 1 • The structure of 218 is a one-dimensional helical metallopolymer. The 
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asymmetric unit contains one ligand and a silver nitrate with nitrate anion disordered 

over two orientations. The labelled asymmetric unit is show-n in I. 

The silver atom is coordinated to two pyridine nitrogens, und to a nitrate oxygen 

which has an occupancy of 0,48. The silver-donor bond lengths are usual for such a 

compound:)) The geometry at silver is bent when the nitrate is non-coordinated or 

distolied T-shaped when the nitrate is coordinated. 

Figure 2.21 Perspective view of the labelled asymmetric unit of 218. Selected bond 

lengths (A) and angles CO): AgI-Nl' 2.238(2), AgI-Nl "A 2.246(3), I-OIIA 2.365(8); 

Nl I-Nl "A 154.3(1), Nl'-Ag-O II A 109.1 (3), N I "A-Ag 1-0 II A 96.5(3). 

The silver ato111 is coordinated to two different types of pyridine. One type is 

substituted at the naphthalene (contains Nl '), while the other type is 7 -substituted at the 

naphthalene (contains N I "). This requires the silver ato111s to recognise the two different 

types of pyridine during the crystallisation process. The angle between the mean-planes 

of the two pyridines at the silver is 104.6(5)°. The two pyridines are inclined to the 

naphthalene at 51.0(St and 96.S(5)0 for the pyridines substituted at the 1- and 

naphthalene positions, respectively. 

The polymer chain propagates along the erystallographic c axis and the length of the 

repeat unit of the chain is tbe length of the c axis. Therefore tbe silver-silver separation 

(AgJ'''AgIA) is 5,464(1)A (the c cell dimension). A view down tbis axis gives the 
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impression that the naphthalenes are 1t-1t stacked and that the pyridines are 1t-1t stacked, 

but this is not the case. While the naphthalene mean-planes are only 3.13(1)A apart and 

necessarily parallel, the naphthalenes are offset so there is no 1"(-1"( interaction between 

them. mean-planes of the pyridines (I-substituted at naphthalene) are 3.35(1)A apart 

but are onset, and similarly, the mean-planes of the other type of pyridine (7-substituted 

at the naphthalene) are 3.21 (l)A apart but are offset so there is no 1"(-1"( stacking between 

them. There is no interaction between the two different types of pyridine. nor is there any 

interaetion between 1t systems of different chains. 

Figure 2.22 View down two helical chains of 218. The helix on the left has chirality 

while the helix on the right has chirality M. 

Each chain is helical in nature, as shown in Figure is possible because of 

the unsymmetrical nature of the 1.7 -disubstituted ligand and the absence of a centre of 

inversion within a chain. The pitch of the helix is the repeat unit of the chain 

[5.464(1)A]. Individual chains are related by a glide plane so that adjacent chains 

opposite chirality, thus the crystal is racemic. A number of helical polymeric 

Ag(l) complexes have been synthesised from the achiral ligands 2,4'-bipyridine,99 

pyridazine, 100 bis[3-(2-pyridyl)pyrazol-l-yl]phosphinate 'O' and 5,5'-dicyano-2,2'

bipyridine. ,o1 One-dimensional helical polymers containing Ag(I) have also been made 

using chiralligands. ,o3 
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Crystal structure of 219 

The crystals of this complex diffracted only weakly. However a data-set was 

collected from which a solution was obtained and retined to an R-factor. R 1 , of 0.096. 

The structure contains a large amount of solvent, which was disordered over many sites, 

and this is believed to be the reason for the poorly diffracting crysmls and the subsequent 

poor retinement. Piguet lll in his recent review of helicates reiterated the earlier comments 

of Atvvood l
!J4 on some of the clitnculties encountered in the study of supramolecular 

compounds by X-my erystallography. These types of compound are on the boundary of 

small and large molecule crystallography. While tbe supramolecular architecture is 

rarely disordered, cOllnterions and solvent can be subject to serious disorder. The 

modelling of this disorder can pose a major problem with the common result being 

relatively low resolution and R-factors higher than in small molecule crystallography. 

While disordered solvent and counterions can lead to higher R -t11ctors. the structure of 

the supramoiecular architecture is usually unambiguous and still worthy of discussion. 

Figure 2.23 Perspective Vlew of the asymmetric unit and connecred atoms of 219. 

So lvent and disordered solvent are omitted for clarity. Selected bonel lengths (A) and 

angles (0): Cui-NIl 2.022(9), Cul-N71' 1.98(1), Cul-Cll 2.263(3). Cul-Cl2 2.261(4), 

Cu2-N71 2.07(1), Cu2-N II' 2.02( I), Cu2-C13 2.304(3), Cu2-C14 2.349(4), Cu2A-CI4 

2.681(4); NII-Cul-N71' 161.3(5), NII-Cul-Cll 93.3(3), Nll-Cul-eI2 92.7(3), N71'

Cul-Cli 92.4(3), N71'-Cul-CI2 92.5(3), Cll-Cul-CI2 146.1(1), N71-Cu2-Nll' 166.8(5), 

N71-Cu2-CI3 88.2(3), N71-CLi2-C14 90.7(3), N71-Cu2-CI4A 97.1(4), NII'-Cu2-C13 
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88.0(3), N11'-Cu2-CI4 91.3(3), Nl1'-Cu2-CI4A 96.1(3), CI3-Cu2-CI4 172.1(1), C13-

Cu2-CI4A 101.1(1), CI4-Cu2-CI4A 86.8(1). Cu2-CI4-Cu2A 93.2( 1). 

Complex 219 crystallises in the centro symmetric monoclinic space group P2,/c with 

two ligands, two copper chlorides and disordered methanol in the asymmetric unit. The 

methanol is disordered over six sites with a total occupancy of 3.35. One asymmetric 

unit contains a [2+2] macrocycle. which. with another [2+2] macrocycle. forms a dimeric 

structure via a chloro-bridge. The overall structure is, therefore, a discrete tetranuclear 

complex. The labelled asymmetric unit and connected atoms are shO\vn in Figure 2.23, 

while the tetranuclear structure is shown in Figure 2.24. 

One [2+2] macro cycle consists of two molecules of ligand 20-L each of which 

bridges tvvo copper chloride moieties, with the Cu1"'Cu2 separation being 7.752(2)A. 

Each copper atom is coordinated to two pyridine nitro gens and to two chlorines, with the 

copper-donor bond lengths being similar to those of related complexes. 5o The [2+2] 

macro cycle is joined to a second macro cycle by bridging chlorines to form a tetranuclear 

structure with Cu2 coordinated to a third chlorine (CI4A), and Cl4 coordinated to a 

second copper (Cu2A). The chloro-bridge is not symmetrical, with the Cu-Cl bond 

lengths differing by 0.332(4)A. Chloro-bridges of this nature are relatively common for 

Cu(Il) complexes.5o The two macro cycles are related by a centre of inversion which is 

located in the middle of the chloro-bridge. The resulting geometry at CuI is distorted 

between square-planar and tetrahedraL while the geometry at Cu2 is distorted square

pyramidal. 

Figure 2.24 Tetranuclear structure of 219. 
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The two independent ligands have similar conformations, with only slight 

differences between them. The pyridine rings containing N 11 and N71 are inclined to the 

linking naphthalene at angles of 87(n and 82(1)", while the rings conraining NIl' and 

N71' are inclined to their linking naphthalene at angles of 91 (I) and 79( 1)0. The pyridine 

rings coordinated to CuI are inclined to each other at 7(1 )0, while the pyridines 

coordinated to Cu2 are inclined to each other at 1 D( 1 )". The two pyridine rings 

coordinated to each copper huve different substitution at the naphthalene. resulting in the 

two ligands bridging the two coppers in a head-to-tail fashion. This requires molecular 

recognition by the copper to distinguish the subtle differences between the two types of 

pyridine. Three of the linking ether oxygen utoms are pulled out [he planes of the 

naphthalenes towards the copper atoms. The deviations of the oxygens from the 

naphthalenes are 0.18(2), 0.00(2), 0.11(2), and 0.15(2)A for 01. 07. 01' and 07', 

respectively. The oxygens are 2.79-2.93 (l)A from the copper atoms. distances that do 

not represent bonding interactions. 

Figure 2.25 Top view of complex 219. 

As is observed in the [2+21 macrocyclic structures of silver complexes (1.7. 2.7, 

209), there is a 1!-/[ stacking interaction between the two naphthalene spacer groups. 

These are inclined to each other at 10(1)" and are separated by 3.53(2)A. a distance whicll 

is slightly longer than the distances in the silver [2+2] macrocycles. The naphthal.enes 

stack so that a bond or an at0111 of one ring lies over the centre of a ring of the other 

naphthalene (Figure 2.25). The 7T-IT stacking of the naphthalenes coupled with the head-
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to-tail bridging of the two ligands results in the four pyridine rings being on the same side 

of the stacked naphthalenes, which gives a curved shape to each [2+2] macrocycle. Two 

macrocycles are linked about a centre of inversion, in a head-to-bead manner, which 

gives the tetranuclear complex un S-shape. 

The only intermolecular interactions are weak Cl .. · H bydrogen bonds with lengths in 

the range 2.79-2.88(2)A. The disordered methanol occupies some of tbe space between 

neighbouring molecules. 

It is interesting that ligand 204 forms a [2+2J macrocyclic structure with copper(U), 

"vhilst it forms a one-dimensional polymer with silver(I). Substituting the copper 

chloride for silver nitrate in the macrocyclic strueture 0 t' 219 ","ould not impose an 

unf~lVourable geometry upon silver, although the possibility of dimerisation through a 

chloro-bridge would be lost. It is interesting that the silver nitrate complex of 204 is a 

polymer. rather than a thermodynamically more stable discrete [2+2] macro cyclic 

structure. when it seems apparent that such a structure is possible. There are millly subtle 

inf1uences that affect the self-assembly of these types of complexes, and the balance 

between them is fine, so that predictions of supramolecular structure. in these systems at 

least, are not easy to make. 

Complexcs of 2,3-his(2-pyridyloxy)naphthalcne, 205 

Silver, copper and palladium complexes of 205 were prepared by reactions with 

silverer) nitrate, copper(Il) chloride and paJladium(TI) chloride. respectively. Numerous 

attempts were made to prepme the silver complex, 221. mostly unsuccessfully, due to 

unreacted ligand crystallising out of the reaction mixture. The complex was eventually 

prepared as a white microcrystalline solid by vapour diffusion of diethyl ether into a 

concentrated methanol solution containing 205 and silver nitrate. The complex was 

found, by elemental analysis, to have the interesting compositiol1 [(205)2.(AgNO])]J. 

The reactiol1 was repeated using the appropriate stoichiometry aneL 221 was obtained in 

57% yield. Attempts to grow crystals suitable for X-ray structure uetermination failed, 

however, and the exact nature oftllis interesting complex remains undetermined. 

The copper complex, 222, was obtained tj:om the reaction mixtUl'e, in 73% yield, as a 

blue-green microcrystalline soliel. Crystals were grown by diiIusiol1 of diethyl ether into 

a DMF solution of 222 and analyse as [205.CllCI2.Y;(El20).Y;([~hO)I. Once again, this 

stoichiometry is consistent with the formation of a l11etallojJulymer or a [2+2] 

mucrocycle. At the time, this was the tirst copper complex to furnish crystals suitable for 
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single-crystal X-ray structure analysis, therefore a structure determination was performed 

to determine the exact nature of the complex. 

The palladium complex. 223, was obtained directly tj'om tile reaction mixture Ll1 

94% yield. as a yellO\v precipitate. The complex analyses as [205.PdC12]. The complex 

is slightly soluble in chloroform. dichloromethane and acetonitrile \\'hich suggests that 

the complex may be monomeric rather than polymeric. although both topologies are 

consistent with the stoichiometry determined by elemental analysis. The lH NMR 

spectrum of 223 in CDCb has seven signals indicating that tl1e two-fold symmetry of the 

ligand is retained in the complex in solution. Significant coordination induced shifts are 

observed in the complex. in comparison with the tj'ee ligand. with ull nftl1e proton signals 

shifting downfield from the positions observed in the Ij'ee Jigand. The naphthalene 

proton shifts differ by only 0.1 ppm or less. but larger differences are observed for the 

pyridine protons. The largest observed shift is 0.62 ppm for 116', with the doublet 

appearing at 8.73 ppm in 223. FAB mass spectrometry of223 revealed a cluster of peaks 

around 457 a.m.u., \vhich is consistent with [205.PdClt, corresponding to the loss of a 

chloride from a monomeric complex. Small crystals were obtained by slavv evaporation 

of an acetonitrile solution of 223 and an X-ray structure determination was attempted. 

Ho\vever. only a partial data-set was collected due to decomposition of the crystal in the 

X-ray beam. Larger crystals were obtained directly from the reaction of 205 and 

Pd(CfhCK)2Ch in acetonitrile and one of these crystals was usell to perform another 

structure analysis. A rapid collection using a CCD area detector allowed a full data-set to 

be obtained and a complete refinement of the structure was possible. The structures from 

the two collections were identical. 

Crystal structure of 222 

The complex crystallises in the centrosymmetric monoclinic space group P2 1/c. The 

structure is a one-dimensionalmctaJ]opolymer. Contained within the asymmetric unit are 

one ligand. one copper chloride and a half,occupancy dicthyl ether soh'ate molecule that 

is disordered over two conformations. The labelled asymmetric unit (excluding the 

solvate) is shown as part of the polymeric chain in Figure 2.26. 
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Figure 2.26 Perspecth"e VIew of part of the polymeric chain of 222. The 

asymmetric unit is labelled. Solvent and hydrogen atoms are omitted for clarity. 

Selected bond lengths (A) and angles n: Cu1-Cll 2.253(1), Cu1-C1:2 2.293(1), Cul-N21 

2.017(3), Cu1-N31A 2.018(3): N21-Cu1-N31A 158.8(1), N21-Cul-Cll 91.35(9), N31A

Cul-Cll 91.85(9), N21-Cu1-CI2 90.54(9), N31A-Cu1-CI2 90.82(9). CII-Cul-C12 

167.57(4). 

The copper atom is coordinated to two chlorines and to two pyridine nitro gens from 

different ligands. The copper-donor bond lengths are similm to those found in related 

complexes.5
{) The geometry at copper is best described as distorted square-planar. 

The polymer chain propagates along a glide plane in the direction of the 

crystallographic c axis. There are no intra-chain stacking interactions. The naphthalenes 

are inclined to each other so that their me'.li1-planes are at 37.7(4)° and they are displaced 

from one another so that there is no TH1 interaction betvveen them. The pyridine rings are 

inclined to the naphthalene at angles of 82.1(4)° and 119.9(4)° (1'01' the pyridine rings 

containing N21 and N31 respectively). The two pyridines coordinated to a copper atom 

are inclined such that their mean-planes are at 43.1(4)". As with the naphtllalenes, the 

pyridines are displaced so that there are no stacking interactions between them. There are 

also no inter-chain stacking interactions. The only inter-chain interactions are all weak, 

there being Cl .. ·C! contacts [3.412(3)J, CU"'Cl contacts [2.942(2)A] and C-H·"Cl 

hydrogen bonds [2.82(2)A], 
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Crystal structure of223 

The complex crystallises 111 the centrosymmctric space group P2,/n with the 

asymmetric unit containing one [205.PdCh] unit. The structure is monomeric and is 

analogous to the PdCh complex of L2-bis(2-pyridyloxy)benzene, 2.8:"1 

Figure 2.27 Perspective view of complex 223, Selected bond lengths (A) and angles (0): 

Pdl-N21 2.045(2), Pdl-N31 2.055(2), Pdl-ell 2.289(1), Pdl-C12 2.287(1); N21-Pdl

N31 86.12(8), N21-Pdl-Cll 91.46(6), N21-Pdl-C12 175.51(6), N31-Pdl-Cl1 176.17(6), 

N31-Pdl-C12 90.05(6), Cll-Pdl-C12 92.24(3). 

The palladium is cis-chelated by two pyridine nitrogens, to form a nine-membered 

chelate ring, and is coordinated to two chlorines. These bond lengths are similar to those 

in related literature compounds.]464.'1J5.,o6 The geometry at pallGdium is approximately 

square-planar. The pyridine rings are inclined to the naphthalene with their mean-planes 

forming angles of 116.0(3)° and 95.6(3)°, lor the pyridines containing N2l and N31, 

respectively. The pyridines are inclined to each other at an angle of 66.4(3t. The 

coordination plane (defined by N21, N3 L Cll Gnd C12) is inclined to the naphthalene at 

an angle of 34.1(3)°. The naphthalene is endo to the palladium, with the palladium atom 

sitting over the naphthalene ring. and there is a weak coordinative interaction between the 

naphthalene and the palladium. This interaction is best defined by the distance between 
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the centre of the C2-C3 bond and the palladium atom which is 2.S16(3)A. This 

represents a slightly stronger interaction than the benzene-palladium interaction found in 

the PdCh complex of 2.8. where the separation is 2.S79(3)A. Further evidence of this 

interaction is the slight deviation of the palladium atom. by (J.OS L(3)A. out of the 

coordination plane towards the naphthalene, resulting in a slight pyramidalisation of the 

palladium. This results in the displacement of 03 from the naphthalene plane by 

O.137(4)A on the opposite side to the palladium. while 02 remains in the naphthalene 

plane (displacement O.004(4)A). This intramolecular interaction bet\veen the palladium 

d:2 orbital and the benzene T( orbitals is analogous to those proposed to account for the 

intermolecular packing of palladium complexes containing aromatic ligands. 

The intermolecular packing of this structure is dominated by the T(-J't stacking of two 

naphthalene rings (Figure 2.2S). The two naphthalenes are positioned about a centre of 

inversion. so are necessarily paralleL and their mean-planes are separated by 3 .44( 1)A. so 

that two monomers form a T(-T( stacked dimer. The naphthalenes are slightly offset so 

that the C4A-CSA bond of one naphthalene lies over the centre of a ring of the other 

naphthalene. In addition there are a number of weak intermolecular C -H"'Cl hydrogen 

bonds [H"'Cl 2.69 - 2.sS(l)AJ that contribute to the crystal packing of this complex. 

Figure 2.28 Perspective view of two molecules of 223, showing the T(-T( stacking 

between naphthalenes. 
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In conclusion, the ligand 2,J-bis(2-pyridyloxy)naphthalene. 20S, bas been shown to 

be versatile. It has been fOLind to be capable of bridging two metals to form a polymer in 

222. and is also capable of chelation to a metal [n 223. 

Complexes of 2,6-bis(2-pyridyloxy)naphthalene, 206 

Reactions of206 with silver(I) nitrate, copper(II) chloride and palladium(II) chloride 

yielded silver. copper and palladium complexes. respectively. The copper complex, 225, 

was obtained directly £i'om the reaction mixture, as a blue solid. in 99% yield. The 

complex was fOLlnd to analyse us [206.CuCh]. Vapour ditfusion II ['methanoL acetonitrile 

or benzene into D.tviSO solutions of 225 yielded small blue needles: 110wever they could 

not be grown sufficiently large for analysis by X-ray crystallography. No further analysis 

of the complex was undertaken. The palladium complex. 226. precipitated from the 

reaction mixture, as a yellow solid. in 94(yt) yield. Elemental anal vsis revealed the 

complex to have the stoichiometry [206.PdCh.l!3(I-hO)]. Small yellow needles were 

obtained by vapour diffusion of acetone or chloroform into DMSO solutions of 226. but 

again. they were too small for analysis by X-ray crystallography. The silver complex. 

224, was obtained as colourless crystals from methanoL in 79% yield. The crystals 

analyse as [206.AgN03 i. a composition which. once again. suggests a metallopolymer or 

a [2-1-2:1 macro cycle structure. The crystals were not stab Ie and underwent loss of 

crystallinity, even in the mother liquor, within a few days. However. it was possible to 

perf 01111 a single-crystal X-ray structure detennination on freshly prepared crystals. 

Crystal structure of 224 

While the crystal proved to be twinned. a data set conesponcling to a monoclinic 

setting was abstracted from the larger pool of clata and provided a clear solution and a 

reasonably satisfactory refinement. 

The complex crystallises in P2dc. which is a centrosymmetric monoclinic space 

group. The basic structure of the complex is a [2-1-2] macrocycle: however, the [2-1-2] 

units are joined by silver-silver interactions to give a polymeric superstructure. Two 

ligands and two silver nitrates combine to form a [2+2J mucrocycle. which. with a 

methanol solvent molecule, constitutes the asymmetric unit (Figure 2.29). 
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Figure 2.29 Perspective view of the aSYlllmetric unit of 224. [~ydrogen atoms are 

omitted for clarity. Selected bond lengths (A) and llilgles (0): Agl·~21 2.250(5). AgI

N61' 2.230(6), AgI-0IIA 2.59(9), Ag2-N61 2.224(6), Ag2-N21' 2.238(6): N21-Agl

N61' 156.1(2), N21-AgI-0IIA 111.8(3), N61'-AgI-0IIA 85.0(3). N61-AgI-N21' 

151.4(2). 

Two ligands bridge two silvers to form the [2+2J macrocycle. Each silver atom is 

coordinated to two pyridine nitrogens, and one silver atom is additionally coordinated to 

a nitrate oxygen which has occupancy of 0.55. The nitrate is disordered over two sites 

with the second site being considered non-coordinating and having an occupancy of 0.45. 

All four silver-pyridine bond lengths are similar and are within the expected range for 

such compounds.'>3 The geometry at Agl is distorted T-shaped when the nitrate is 

coordinating, or bent when the niu'ate is non-coordinating, while the geometlY at Ag2 is 

bent. 

The two ligands have similar conformations with subtle differences between them 

that remove any crystallographic symmetry. The pyridine rings containing N21 and N61 

are inclined to their connecting naphthalene at angles of 101.5(6) and 89.9(6t, 

respectively, while the pyridines containing N21' and N61' are inclined to their 

connecting naphthalene at angles of 106.8(6) and 102.2(6)°, respectively. The ether 

oxygens are each pulled out of the plane of the naphthalene towards the silver atoms. 

The displacements from the naphthalene planes are 0.157(6), 0.124(6), 0.263(6) and 
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0.303(6)A for 02, 06, 02' and 06', respectively. This results in Ag"'O separations in 

the range 2.936(6) to 3.043(6)A which are not considered bonding interactions. 

Again. a feature of the structure is the 1t-1t stacking of the naphthalene cores, as 

previously seen in 209 and 219. The naphthalene planes are nearly parallel, being 

inclined to each other at 1.S(6)0, and are separated by 3.4s(1)A. The naphthalenes are 

offset slightly, so that two bonds of one naphthalene sit over the centroids of the rings of 

the other naphthalene (Figure 2.30). The separation of the naphthalenes is slightly longer 

than the distance between the central benzene rings [3.33 (l)A] in the archetypal silver 

nitrate complex with I ,4-bis(2-pyridy loxy) benzene, 1.7,' I and the distance between the 

layers in graphite (3.3 SA). The displacement of the ether oxygens was also a feature of 

this earlier structure. The silver-silver separation in the earlier complex is I 0.3 84(1 )A, 

while in the current structure. the incorporation of a naphthalene spacer increases the 

separation to 12.578(1)A. 

Figure 2.30 Top view of224. 

The structure of 224 is similar to the earlier silver nitrate complex with 1,4-bis(2-

pyridyloxy)benzene, 1.7; however the earlier structure is discrete, while 224 is 

polymeric. Each [2+2] macrocycle of224 isjoined in a head-to-tail fashion to two other 

macro cycles via silver-sit ver interactions resulting in the formation of a one-dimensional 

polymer (Figure 2.31). The silver-silver separation (AgI'''Ag2A) between macrocycles 

is 3.183(1)A. Silver-silver interactions of this nature have recently been observed in 

other silverer) complexes with pyridine-containing ligands. Two dinuclear double 

helicates were found to be joined in a tail-to-tail manner to form a tetranuclear dimer, 

with sil ver-sil vel' separations of 3.107 and 3.1 56A.lI!7 while two silver-containing 
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triangles were found to form a dimer with silver-silver separations of 3.227 kiDS The 

head-to-tail arrangement results in 7t-7t stacking interactions between the pyridine 

containing N21 of one macrocycle with the pyridine containing N21' of the next 

macrocycle. The two pyridine rings are inclined at 14.8(6)° and are separated by 

3.53(l)k The rings are offset so that the centre of a bond sits over the centre of the 

other ring. 

Figure 2.31 View of the polymeric structure of 224 showing the 7t-7t stacking 

interactions between pyridine rings. 

Complexes of 2,7-his(2-pyridyloxy)naphthalene, 207 

The ligand, 207, was reacted with silver(I) nitrate, copper(II) chloride, palladium(II) 

chloride and cadmium(II) chloride to give silver, copper, palladium and cadmium 

complexes, respectively. The copper complex, 228, precipitated from the reaction 

mixture, as a blue solid, in 93% yield. The complex analyses as [207.CuCb]. The 

complex is soluble in DMF and DMSO, but attempts to grow crystals only resulted in the 

formation of powders. Therefore no other characterisation of 228 was made. The 

palladium complex, 229, was obtained from the reaction mixture, as a yellow solid, iIi 

77% yield and analyses as [207.PdCh,2/3(H20)]. Small crystals were grown by vapour 

diffusion of benzene into a DMSO solution of229, but they were not suitable for analysis 

by X-ray crystallography. 

Reaction of 207 with silver nitrate, initially with a 1: 1 stoichiometry, yielded a white 

crystalline material, which on recrystallisation, by diffusion of diethyl ether into an 

acetonitrile solution of the product, gave colourless crystals of 227. The crystals were 

found, by elemental analysis, to have the composition [(207)2.AgN03]. This composition 

was interesting, since all the other bis(2-pyridyloxy)naphthalene-silver complexes have 
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composition [L.AgNOJ ]. Therefore, structure determination by X-ray crystallography 

was performed. The reaction was subsequently repeated with ligand:silver stoichiometry 

of2: I and 217 was obtained in 81 % yield. 

Recently there has been an increased interest 111 the coordination chemistry of 

cadmium due to its role in biological systems. A number of one-, two- and three

dimensional polymers have been prepared using cadmium. Complexes using CdX2 (X = 

CL Br) typically f01111 one- or two-dimensional halo-bridged polymers with six

coordinate cadmium(II),109 although structures with five-coordinate cadmium(II) are also 

known. illl.111 A reaction of 207 with cadmium chloride was carried out to determine 

whether such a structure could be obtained from a bis(2-pyridyloxy)naphthalene. 

Reaction of 207 with cadmium chloride gave 230 directly from the ethanolic reaction 

mixture, as pale yellow crystals in 56% yield. The complex analyses as [L.edCh]. The 

crystals were of suitable quality for a single-crystal X-ray structure determination to be 

carried out. 

Crystal structure of 227 

The complex crystallises in the centrosymmetric orthorhombic space group Pbca and 

is a molecular box consisting of four ligands and two silver nitrates. The asymmetric unit 

contains two ligands and one silver nitrate with the molecular box consisting of two of 

these units about a centre of inversion. The labelled asymmelric unit is shown in Figure 

2.32, while the full structure of the box is shown in Figure 2.33. 

Each silver atom coordinates to three pyridine nitro gens. Two of the four ligands act 

as bidentate bridges between two silver atoms, while the other two are monondentate. 

That is, only six of the ~ight available pyridine nitro gens are coordinated to a silver atom. 

The contormations of the monodentate ligands are quite remarkable in that they fold 

arolmd to complete the two sides of the box, rather than being oriented away from the 

other ligands. This is due to a THl: interaction between a non-coordinated pyridine ring 

and a coordinated pyridine ring. These two pyridine rings are inclined at 21.7(7)° to each 

other and are separated by 3.45(l)A. This interaction holds the side t1aps of the box in 

place. 
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Figure 2.32 Asymmetric unit of 227. Selected bond lengths (A) und angles (0): 1-

N21 2.302(5). AgI-N21' 2.376(5). AgI-N7IA 2.258(4); N21-AgI-N'1' 98.1(2), 1-

AgI-N71A 138.5(2), N21'-Ag1-N71A 114'c)(2). 

Figure 2.33 Perspective view of tile molecular structure of 227. 

The length of the box is defined by the Ag"'Ag separation [Agl'''AglA 

12.258(1)A]. The distances between the mean-planes of the symmetry-related 

naphthalenes are 2.75(1)A for tbe bridging ligands, and 6.47(1)/\ for the mOl1odentate 
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ligands. There is no It-lt stacking between the naphthalene cores as they are considerably 

offset from one another. The pyridine rings of the bridging ligand Ltre inclined to the 

naphthalene at angles of 97 A( 5)° (for the pyridine containing N21) and 69 .6( 5)° (for the 

pyridine containing N71). The pyridine rings of the monodentate ligand are inclined to 

the naphthalene at angles of97A(5)0 (for the coordinated pyridine) and 124.4(5)° (for the 

non-coordinated pyridine). The two independent naphthalene ring systems are inclined to 

one aliother at an angle of 64.2(5)L1. 

The geometry at silver is best described as distorted T-shLtped. although the silver 

atom is slightly pyramidalisecJ. The silver atom sits out of the plane of the three 

coordinating nitrogens by 0.3 92( 5 )A. The three coordinated pyridi ne rings are inclined to 

the coordination plane at angles of 100.3(5),21.8(5) and 83.0(5)° t()[ the rings containing 

N2L N21' and N71A. respectively. The pyridines of the bridging nLtphthalenes are those 

most OLlt ofthis plane, as the ligands "stretch" to bridge the two silvers. The pyridine of 

the mono dentate ligand is less restricted and can rotate more into the plane of 

coordination, as the ligm1d is less "stretched". This shows the flexibility inherent in the 

ligand due to the presence of the oxygen atom spaccr. 

The shortest intennolecular interaction between boxes is a C-I+"?( hydrogen bond 

between the nitrogen of the non-coordinated pyridine and the hydrogen Jrrached to C6 of 

an adjacent naphthalene. with the H· .. N distance being 2A5(1)A and the C-H"'N angle 

being 166.8(7)A. Such C-Ho"l\T interactions are now recognised. at least by some 

workers, to make important contributions to moleeular aggregations. I 12 

As mentioned previously, many novel molecular architectures have been constructed 

via the reaetions of silverer) salts with various heterocyclic ligands.~9 However, the 

molecular stoichiometry, dimensions and topology of complex 227 are different from any 

previously reported structure. 

Crystal structure of 230 

The complex crystallises 111 the centrosymmetric triclinic space group P-l. The 

complex is a metallopolymer consisting of [2+-2] macrocyclic subunits. The contents of 

the asymmetric unit are one ligand, one cadmium chloride and a partial occupancy water 

molecule. Two of these units torm a [2 +2J dimeI', about a centre of inYcrsion, which is 

the repeat unit of the polymer (Figure 2.34). These dimers are linked by chloro-bridges 

between cadmium atoms to give the polymeric structure of the complex (Figure 2.35). 
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Figure 2.34 Perspective vie,,,, ,md atom labelling of the [2+2J macro cyclic structure of 

230. Selected bond lengths (A) and angles (0): Cd1-).l21 2.311(2), Cd1-N71A 2.320(2), 

Cdl-Cll 2.512(1), Cd1-C12 2.534(1), Cd1-CI2B 2.775(1); N21-Cd1-N71A 159.3(1), 

)J21-Cdl-C11 89.8(1), N21-Cdl-CI2 100.1(1), N2l-Cdl-CI2B 86.7( 1), N71A-Cdl-Cll 

92.3(1), N71A-Cdl-CI2 98.4(1), N71A-Cdl-CI2B 85.1(1), Cll-Cdl-CI2 110.9(1), C11-

Cd1-CI2B162.6(1), C12-Cdl-CI2B 86.5(1), Cdl-eI2-CdlB 93.5(1). 

Each cadmium is five-coordinate, being coorciinated to two pyridine nitrogens and to 

three chlorines, two of which bridge to another cadmium. The chloro-bridge forms about 

a centre of inversion, but the bridge is not symmetrical wi th one chlorine being more 

strongly bonded to one of the cadmiums. The cadmium-cadmium separation is 

3.869(1)A (Cdl·"Cd1B). The geometry at cadmium is distorted between square

pyramidal and trigonal bipyramidal. 

Each ligand acts as a bidentate bridge between two cadmium atoms. The ligand 

adopts a similar conformation to the bridging ligand in 227, above, with the result being 

that the cadmiums are separated by 12.227(1)A (Cdl"'CdlA), a distance similar to that 

observed for the silver-silver separation (l2.258(1)A) in 227. The pyridine rings are 

inclined to the naphthalene at angles of 83.2(2) and 79.0(2)° for the pyridines containing 

N21 and N71, respectively, while the mean-planes of the two pyridines coordinated to a 

cacimium make an angle of 19.3(2)°. While the mean-planes of the naphthalene cores are 

separated by 3 .30( 1 )A, the two naphthalenes are offset so that there is no 1t-1t stacking 

interaction between them, as in 227, as shown in Figure 2.35. 
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The chains pack parallel to each other with no stacking interactions between them. 

The only inter-chain interactions are weak C-I-I"'Cl hydrogen bonds bet\veen Cll and H5 

and H25 ofditferent chains "vith I-I"'CI separations 0[2.82(1) und 2.83(1)A. 

Figure 2.35 The polymeric structnre of 230. 

Complexes of2,3-bis(2-pyridylmethoxy)naphthalene, 208 

The ligand 208 was reacted with silver(I) nitrate. copper(lI) chloride and 

palladium(II) chloride to prepare silver, copper and palladium complexes. respectively. 

The palladium complex, 233. was initially prepared using palladium chloride dissolved 

in 2M HCI; however, the product of this reaction was a non-uniform ye1low and brown 

solid. Instead, reaction of 20S with Pd(CH]CN)2Cb resulted in a uniform yellow solid 

bcing obtained in50% yielcL \vhich analyses as [208.PclCh.Y4([-hO)I. \\7hile the complex 

is soluble in DMSO, attempts at recrystallisation only producedpo\vders. 

The silver complex, 231, was obtained as colourless crystals directly from the 

reaction mixture in 92% yield. Elemental analysis of the crystals revealed the complex 

to have the formulation [208.AgN03]. The crystals were of suitable guality for analysis 

by X-ray crystallography. 

The copper complex. 232. was prepared in 93% yield as tiny green crystals. 

Subseqnent recrystallisation by vapour diffusion of acetonitrile or cliethyl ether into a 

DMF solution of 232 gave large green crystals that, by elemental analysis, have the 

composition [208.CuCh]. An X-ray structure determination was performed on a crystal 

grown by diffusion of diethyl ether into DMF. 
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Crvstal structure of231 

The complex crystallises in the centrosYl11ll1etric monoclinic space-group P2[/c as a 

discrete monomeric complex. One molecule of the ligand. 208. and one silver nitrate are 

contained in the asymmetric unit (Figure 2.36). 

Figure 2.36 Labelled contents of the asymmetric unit of 231. Selected bond lengths (A) 

and angles C): Agl-N21 2.190(3), Ag1-N3l 2.l82(3), i\gl-020 2 . .543(3), Agl-030 

2 . .545(2); N2l-Agl-N31 163.7(1), N2l-Agl-020 68.2(1), N2l-Agl-030 127.4(1), N3l

Ag1-020 128.0(1), N31-Agl-030 68.8(1), 020-Agl-030 59.2(1). 

The silver atom is coordinated to the two pyridine nitrogens and weakly to the two 

ether oxygen atoms so that the ligand acts as a tetraclentate donor, forming three flve

membered chelate rings. The nitrate anion is non-coordinating and is disordered over 

two orientations. While the four donor atoms and the silver are all approximately 

coplanar (maximum deviation 030 O.027(4)A), the geometry is greatly distorted from 

square-planar. This unusual geometry is imposed onto the silver by the geometrical 

requirements of the ligand. This binding mode is similar to that reported for silver(J) 

complexes of 2,2':6',2":6".2"'-quaterpyriciine,IIJ and more recently 1,3-bis[3-(2-

pyridyl)pyrazol-l-ylJpropane. II' The former complex has a slight helical nature, while 

the latter has a slight distortion toward tetrahedral geometry due to the flexibility of the 
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trimethylene bridge. The Schiff base ligand, 1 ,2-bis(2' -pyridy lmethyleneimino )benzene, 

has been shown to bind in a similar fashion to nickel(II), with additional coordination of 

water in the two axial posi tions. 115 

While the complex is approximately planar, there is a slight bowing of the complex 

with the naphthalene and the pyridine mean-planes lying out of tile coordination plane by 

6.4(3), 9.7(3) and 9.9(3)°, respectively. All deviations are to the same side of the 

coordination plane creating a very shallow bowl. The pyridine rings arc inclined to the 

naphthalene at angles of 8.2(3) and l3.3(3? for the rings containing N21 and N31, 

respectively, while the pyridines are inclined to each other at 19.5(3t. 

Two mononuclear cations pack about a centre of inversion as shown in Figure 2.37. 

There is a It-lt stacking interaction between the two naphthalene rings. with C2 of one 

ring sitting over the top of the centroid of a ring of the other naphthalene with a 

separation of 3.43(l)A. In addition, there is a weak Ag-lt interaction with the closest 

contact being 3. I. 06( 4)A between Ag 1 and C7 of the other cation. 

Figure 2.37 Perspective view of two cations of231. 

Crystal structure of 232 

Complex 232 crystallises as a discrete mononuclear structure in the centro symmetric 

triclinic space group P-l. One molecule of the ligand. 208. and n copper chloride form 

the molecular structure wbich. with a water molecule disordered over two sites. 

constitutes the asymmetric unit (Figure 2.38). 
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Figure 2.38 Asymmetric unit of 232. Solvate is omitted for clarity. Selected bond 

lengths (A) and angles (0): Cul-N21 2.031(2), Cu1-N311.036(2). Cu1-Cll 2.295(1), 

Cu1-C12 2.307(1); N21-Cu1-N31 159.2(1), N21-Cu1-Cl1 88.2(1), N21-Cul-CI2 90.3(1), 

N31-Cu1-Cll 90.1(1), N31-Cu1-CI2 88.6(1), Cll-Cu1-CI2 172.2(1). 

The copper atom is coordinated to two pyridine nitro gens and to two chlorines so 

that the copper is four coordinate with a geometry distorted from square-planar. The 

ligand acts as a chelating ligand to form an II-membered chelate ring. Only two 

previous X-ray crystal structures of copper(II) in an 11-membered chelate ring have been 

reported, and both of these structures contained other supporting chelate rings. lie, The 

ether oxygens are considered non-bonding [Cu1-02 2.521(2), Cul-03 2.506(2)/\]. 

The complex is similar to the silver nitrate complex with 208 above, displaying a 

similarly small deviation from planarity. The two pyridine rings are inclined to the 

naphthalene at angles of 3.9(2) and 17.4(2)" for the rings containing N21 and N31, 

respectively, and are inclined to each other at 13.5 (2t at the copper atom. 

The molecules pack approximately parallel to each otber with 7t-7t stacking 

interactions between them. Three molecules pack one on top of tile other with the central 

molecule being involved in n-n stacking interactions with the molecule above and below 
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it. A pyridine ring of the central molecule is separated from a naphthalene ring of the 

molecule above it by 3.54(1)A. with their mean-planes inclined at 13.5c:n°. The same 

pyridine ring of the central molecule also forms a n-n interaction with a pyridine ring of 

the molecule below it with a separation of 3.58(1)A. while their mean-planes form an 

nngle of 17.4(2)°. Another intermolecular interaction is a vv"eak C-l+"C1 hydrogen bond 

between a methylene proton (l-I20B) and C12 ofa neighbouring molecule [2.72(1)A]. 

Figure 2.39 Perspective view of the packing interactions III 232. 
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Complexes of ligands with other cores and heterocycles 

3.1 Introduction 

The coordination chemistry of 2-pyridyl-substituted ligands containing a naphthalene 

core was explored in Chapter 2. Further variation of the central aromatic core is 

investigated in this chapter. The biphenyl, 1, l'-binaphthalene and triphenylene cores are 

incorporated into ligands with appended pyridines. as they allo\'," new dispositions of the 

pyridine rings to be accessed, which \vill hopefully lead to new and interesting topologies 

in their coordination complexes. 

In addition, two ligands containing the benzene core have been prepared that have the 

pyridine ring replaced by a quinoline heterocycle. 

3.2 Ligands with a biphenyl core 

The ligand 1,4-bis(2-pyridyloxy)benzene, 1.6, contains one benzene rIng as the 

aromatic core. This aromatic core can be extended. ,,,hile maintaining the linear 

substitution of the core, by the incorporation of a second benzene ring into the aromatic 

system. The use of the 4,4'-disubtituted biphenyl aromatic core allows tillS to be acllleved. 

0-0 
3.1 

Figure 3.1 Biphenyl, 3.1, and 4,4'-bis(imidazol-l-ylmethyl)biphenyl, 3.2. 

There is a slight barrier to rotation of the two phenyl rings about the C l-C I' bond in 

biphenyl, 3.1. The preferred conformation in tile gas phase, solution and the melt is non

planar, yet in the solid state 3.1 is planar. 1I7 Crystallographic studies reveal the dihedral 

angles of the two phenyl rings of 4-nitrobiphenyL"~ 4,4'-dinitrobiphenyL" ') and 4,4'

dimethylbiphenyl'211 to be in the range 30 to 40°, while 4A'-dihydroxybiphenyl is planar. 121 

An intermediate value of 19° was recently found for the dihedral angle of a 4,4-

diplatinated biphenyl.122 These data suggest that the biphenyl moiety can adopt a range of 

conformations, at least in the solid state. 
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The 4,4'-biphenyl core has been utilised in a number of ligands, The ligand 4,4'

bis(imidazol-1-ylmethyl)biphenyL 3.2, has been used to bridge two Hg(lI) centres in the 

study of protein analogues. K5 The 4,4'-biphenyl core bas also been incorporated into a 

bis(2-pyridyl) ligand that was used to bridge two Ru(T!) centres. 12c The core has also been 

used in two Schiff-base ligands, one of which forms complexes witb Mn(II) , Co(II), 

Cu(II), Zn(II), and Cd(II), 124,1:' 5 

The new ligand 4,4'-bis(2-pyridyloxy)biphenyl, 30L has been synthesised and used 

to prepare Ag(l), Cu(II) and Pd(JI) complexes. 

HO-O--O-OH 

U 
N Br 

301 

:Figure 3.2 Preparation of 4,4'-bis(2-pyridy loxy )bi phenyL 301. 

The ligand 301 was prepared by reacting 4,4'-dihydroxybiphenyl with two 

equivalents of 2-bromopyridine in DMF in the presence of potassium carbonate. It was 

obtained in 31 % yield and was characterised by elemental analysis. mass spectrometry. 

)JMR spectroscopy and by X-ray structural determination of its coordination complexes. 

Complexes of 4,4'-bis(2-pyridyloxy)biphenyl, 3tH 

Silver, copper and palladium complexes of 30l llave been prepared by the reactions 

of 301 with silver(I) nitrate, copper(lI) chloride and palladium(lI) chloride. The 

palladium complex. 311, was prepared in 87% yield as a yellow solid obtained from the 

reaction mixture by tiltration. The complex analyses as [301.PdChY,(H20)]. Small 

crystals were grown by diffusion of acetonitrile into a DMSO solution of 311, but they 

were not of sufficient quality to undertake an X-ray structural analysis. No further 

investigation of this complex was made. 

The silver complex, 309, was obtained as colourless crystals directly from tile 

reaction mixture in 86% yield. The crystals were found to analyse as f301.AgNO J], a 

composition consistent with a metallopolymer or possibly a discrete structure. A single 

crystal was subjected to analysis by X-ray crystallography to determine the nature of the 

complex. 



65 

The copper complex, 310, was prepared as a blue solid in 90% yield and was 

obtained directly from the reaction mixture. The complex, by elemental analysis, has the 

formulation [301.CuCh]. Attempts to grow crystals of 310 were made by vapour 

diffusion of different solvents into DMF and O:MSO solutions of 310. Small blue crystals 

were obtained by diffusion of acetonitrile or benzene into a DMF solution of 310, or by 

diffusion of benzene, acetonitrile or chloroform into a DMSO solution. The crystals from 

a benzene/DMSO mixture proved to be the largest but they were clusters of plates that 

were difficult to separate, and a sizeable single crystal could not be obtained. Vapour 

diffusion of methanol into a DMSO solution of 310 yielded different crystals. The 

crystals, 310a, were a dichroic blue/violet colour rather than the blue colour of the earlier 

crystals. These crystals were singular and of suitable size for an X-ray structure 

determination to be performed. 

Crystal structure of 309 

Complex 309 crystallises in the centro symmetric monoclinic space group C2/c with 

half of a molecule of 301 and half of a silver nitrate in the asymmetric unit. The structure 

of the complex is a one-dimensional metallopolymer with a zig-zag shape. A full 

molecule of the ligand and a full silver nitrate with the asynmletric unit labelled are shown 

in Figure 3.3. 

Figure 3.3 Perspective view and atom labelling ofpmi of the polymeric structure of 309. 

Selected bond lengths (A) and angles (0): AgI-Nl' 2.287(3); Nl'-Agl-Nl'B 161.9(1). 

A molecule of the ligancl bridges two silver atoms, and each silver atom IS 

coordinated to two nitro gens of pyridine rings t'rom different ligands to form a one

dimensional metallopolymer (Figure 3.4). The geometry at tbe silver atom is bent. The 
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atoms Agl, NIl and 012 lie 011 a two-fold rotation axis, while the two halves of a ligand 

are related by a centre of inversion. located at the centre of the C l-C lA bond. The phenyl 

rings. due to the centre of inversion. are necessarily coplanar. as found for biphenyll17 and 

4,4'-dihydroxybiphenyl.I11 The pyridine ring is inclined to the benzene ring at an angle of 

65.0(3}0, and the centre of inversion at the centre of tile ligand results in the two pyridine 

rings of one ligand being on opposite sides of the bipllenyl plane. which means they are 

suitably disposed to form a polymer. To achieve macrocycle formation the pyridine rings 

would have to be arranged on the same side of the bipheny I plane. The l\\"l) pyridine rings 

coordinated to a silver atom are inclined at an angle of 79.0(3}0. Two adjacent biphenyl 

groups within the chain are inclined at an angle of51.0(3)0. 

Figure 3.4 Perspective view of tIle one-dimensional zig-zag shaped polymeric complex 

309. Hydrogen atoms and nitrate anions have been omitted for clarilY. 

The silver-silver intra-chain separation is 8.727(1 )A., which is shorter than the silver

silver separation of 10.384(1)A observed in Hartshorn's binuclear silver nitrate complex of 

L4-bis(2-pyridyloxy) benzene, 1.7. The ligand, 301, incorporates an additional benzene 

ring as part of the arene core so a greater metal-metal separation might be expected; 

however, the bridging modes of the two ligands are different. In 1.7 two ligands bridge 

two silvers to form a [2+2 J macrocycle, while in 309 the ligand bridges two silvers to 

form a polymer. The pyriclyloxy substituents of the respective ligands have a much 

different disposition about the central arene core, which is possible due to the f1exibility of 

the oxygen spacer group. The extension of tile central mene core, from a para-substituted 

benzene ring, to a 4,4'-disubstituted biphenyl core, has resulted in the fonnation of a 

polymer rather than a [2+2J macrocycle. 
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Crystal structure of310a 

As has been observed for other complexes in this work. this complex crystallises in 

the centro symmetric monoclinic space group P2 1/c. The complex is a discrete 

mononuclear complex consisting of two monodentate ligands and one copper chloride. 

with half of the complex (one ligand and half of a copper chloride) comprising the 

asymmetric unit. The structure of 310a with atom labelling is shown in Figure 3.5. 

N1"0C6

< C5' 

C~2 C11 C2' C4' 

~"R10 C3' 
C1 C7 ----. 010 

C8 C9 
C3 C2 

Figure 3.5 Perspective view of the mononuclear structure of 310a. Hydrogen atoms have 

been omitted for clarity. Selected bond lengths (A) and bond angles (0): Cul-NI' 

1.999(2), Cul-Cll 2.258(1); Ni'-Cui-ell 91.5(1). 

The copper atom has square-planar geometry. being coordinated to two trans 

chlorides and two trans pyridine nitro gens. The copper atom lies on a centre of inversion. 

thus the two chlorides are identical. as are the two molecules of ligand 301. Each ligand is 

monodentate so one pyridine ring is non-coordinated and the ligand is hypodentate. The 

overall shape of each ligand is approximately linear due to the extended biphenyl spacer. 

so the copper. in effect, fuses two parallel rods. The two benzene rings of the biphenyl 

spacer form a dihedral angle of 45.3(3 )0, which is similar to the angle found in some 

substituted biphenyls.lls.12o The coordinated pyridine is inclined to its connecting benzene 

at an angle of 51.6(3)°, while the non-coordinated pyridine makes an angle of 88.5(3t 

with its connecting benzene ring. 

Complexes 227 and 422a (see Chapter 4) contain hypodentate ligands and the lone 

electron pair of the potential nitrogen donor in these complexes IS involved in relatively 

strong C-H-"N hydrogen bonds Ill···N 2.45(1) and 2.38(1 )A, respectively]. In complex 

310a the nitrogen atom of the non-coordinated pyridine is not involved in such a strong 

hydrogen bond. The closest intennolecular contacts of the nitrogen, Nl ", are 2.98(l) and 

2.99(1)A to H6 and H4" of neighbow-ing ligands, and these distances must represent the 

outer bounds of hydrogen bonding, if at all. However, there is n [elevant intennolecular 
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C-H"'O hydrogen bond between the ether oxygen, 0 \ 0, and H9 of a benzene ring (Figure 

3.6). Two such interactions occur about a centre of inversion between two adjacent 

ligunds in a cooperative munner. The H"'O separation is 2.55\ 1 )A, \vhile the angle at the 

hydrogen atom is \59(1 )0. 

Figure 3.6 Perspective view of two half molecules of 310a shO\ving the intermolecular C

R"O hydrogen bollds. 

Figure 3.7 Perspective view of two molecules of 310a showing the intermolecular Tr-Tr 

stacking interactions. 

There are also intermolecular Tr-Tr stacking interactions that contribute to the packing 

of-' the complex (Figure 3.7). The strongest of these occurs in a face-to-face manner 

between a coordinated pyridine ring and a benzene ring of a neighbouring molecule. The 

mean-planes of the two rings ft)[In an angle of 5.4(3)° and are separated by 3,42(l)A, with 

the centroid of one ring sitting over an atom of the other ring. The second Tr-Tr interaction 

is also a face-to-face interaction, and is between benzene rings of neighbouring molecules. 
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The rings are inclined at an angle of 18.2(2)° and are separated by 3.59(1 )A, with the bond 

of one ring lying over the centroid of the other ring. 

3.3 Ligands with a 1,1 '-binaphthalene core 

The 1,1 '-binaphtbalene core exhibits atropisomerism due to the steric barrier to 

rotation about the CI-Cl' bOllet. The parent compound IJ'-binaphthyl, 3.3, can be 

isolated as the two optically active forms, (R)- or (51-, which have been shown to racemise 

with a half-life.of 14.5 minutes at 50°c. 12
(r 

(S)-3.3 (R)-3.3 

Figure 3.8 Interconversion of (5)- and (R)- L 1 '-binaphthyL 3.3. 

The introduction of substituents into the 2- and 2'_ positions results in an increased 

barrier to rotation, which can lead to the chiral configurations being "ery stable. For 

example, (51-1,1'-binaphthyl-2,2'-dicarboxylic acid is not racemised at 175°C in DMF.127 

Because of the stable chiral contiguration of the 2,2'-disubstituted Ll'-binaphthyls, this 

core has been extensively used to prepare ligands that display chiral discrimination 

properties, such as asymmetric catalysis and chiral recognitioll. 12S 

The crystal structure of roc-3.3 has been determined and shows tbat the dihedral 

angle between the two naphthalenes is 68°,129 while the crystal structures of the 

homochiral forms show that the dihedral angle is 103".130.131 Substitution at the 2- and 2'_ 

positions results in a preference for a dihedral angle of less than 90" if the substituents are 

small, or capable of intramolecular hydrogen bonding, while large substituents show a 

preference for a dihedral angle greater than 90°.132-1.15 

1 J '-Bi(2-naphthol) is commercially available in both racemic and chiral forms and is 

a commonly used precursor for preparing chiral binapllthyl compouncls. As such, it is a 

convenient starting material for the attachment of two pyridyl groups to the binaphthyl 

core. This section describes the preparation and coordinution chemistry of three 

binaphthyl-containing ligands, of which two are racemic, and one is homochiraL 
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The racemic ligand (±)-2,2'-bis(2-pyridyloxy)-1,l'-binapltthalene. 302. was prepared 

by the reaction of (±)-l, l'-hi(2-naphthol) and 2-bromopyridine in tbe presence of 

potassium carbonate in sulpholane/toluene in 42% yield. While this ligand was prepared 

in a satisfactory manner, the method of preparation could not be used in tbe preparation of 

a 110mochiral ligand from tile chiral starting material. Chiml 1.I'-bi(2-naphthol) is 

optically stable in neutral conditions at 1000e but is considerably racemised within one 

day in acidic or basic conditions at this temperature. 13(, Therefore. the reaction conditions 

of heating to ~200°C in the presence of potassium carbonate \\'ould result in racemisation 

of the starting material. 

(1 
N Br 

[(:2C03 

sulpholane 
toluene 

302 

Figure 3.9 Preparation of (±)-2,2'-bis(2-pyridyloxy)-1,l'-binaphthalene. 302. 

The racemic ligand (+)-2.2'-bis(2-pyridylmethoxy)-1.1'-binaphtbalene. 303, was 

prepared by a method analogous to the preparation of 2J-bis(2-

pyridylmethoxy)naphthalene. 208. Reaction of (±)-1,l'-bi(2-naphthol) and 2-picolyl 

chloride hydrochloride in DMF in the presence of sodium hydroxide gave 303 in the 

excellent yield of 87%. The reaction was performed at room temperature, so the chiral 

binaphthol starting material would racemise very slowly, if at all. Therefore an attempt to 

make the ligand as a single enantiomer was carried out. 

OH 

011 

~CI 
NaOH 
DMF 

.. 
303 

Figure 3.10 Preparation ot' (±)-2.2'-bis(2-pyriLlylmethoxy)-1 ,l'-binuphthalcne, 303. 
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The chiral ligand (R)-2,2'-bis(2-pyridylmethoxy)-1, l'-binaphthalene, 304, was 

prepared by reaction of (R)-( +)-1,1'-bi(2-naphthol) and 2-picolyl chloride hydrochloride in 

DMF in the presence of sodium hydroxide in 76% yield. Subsequent recrystallisations 

were performed at room temperature to minimise any possible racemisation of the ligand. 

9 ~CI 
/N 

OH N 0 
OH .. 0 

NaOH 2; DMF 

304 

Figure 3.11 Preparation of (R)-2,2'-bis(2-pyridylmethoxy)-1, l'-binaphthalene, 304. 

To confirm the enantiomeric purity of 304, a series of lH N.\1R experiments with a 

chiral shin reagent were conducted on both the racemic and chiral ligands 303 and 304. 

Small amounts of the chiral shift reagent tris[3-(heptafluoropropylhydroxymethylene)-d

camphoratoJeuropium(III) were added, stepwise, to CDCh solutions of each ligand. The 

1 H NMR spectrum of each solution was recorded after each addition of the shift reagent. 

The resulting spectra are shown in Figure 3.12. 

_(i_) jV\""----__ Jt~JI~W\'-----'-' _~_-'--__ 

_ f\_---...)A~c.___~ ___ --'--_ 
_ -----l\~-'MLJUL'__~~ __ 
______________ ~~~6'~~~ ____ ~~~ ________________ ~J~ 

I ' I I I ! I I I I ! I 1 ! ' , I ' , I ' ii' , I 

9.5 9,0 8.5 8.0 7.5 7.0 6,5 6.0 5.5 ppm 
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(ii) 

~A_-,ltJ~~,-------~ ______ _ 
_ ~ L~-___ 
_ o.J\._-_JuJL,-__ 

~--

-------'~L~,'_____",JL 
l * 

H4 H~ 
116' II . ~ . 

_____ ....,--'ftt'-_......-J,U.JJ~. _~L _______ _ 
iii , I ' i I , I i , i i ii' I i , I 

9.5 9.0 8.5 8.0 7.5 7,0 6.5 (j,o 5.5 ppm 

Figure 3.12 IH NMR (CDCb) spectra of: 0) (±)-22'-bis(2-pyridylmethoxy)-1,1'

binaphthalene, 303; (ii) (R)-2,2'-bis(2-pyridylmethoxy)-1, 1 '-binaphthalene, 304, with a 

chiml shift reagent. For each of (i) and (ii) the bottom spectrum is of the ligand with no 

shift reagent, and the other spectra are with increasing amounts of chiml shift reagent from 

bottom to top. The asterisk denotes the peak due to solvent. 

The chiral shift reagent is a chiral europium(III) complex that coordinates to the 

beteroatoms of a compound. Because the shift reagent is chiraL the complexes that it 

forms with the two enantiomers of 303 are diastereomcrs, and the chemical shifts of the 

protons in the two complexes are not the same. Those protons nearest the chiral centre 

(i.e. near the heteroatoms) show the greatest differences in chemical shift between the two 

diastereomers. As more chiral shift reagent is added the ditIerences in chemical shift 

between the two diastereomers are enhanccd. Figure 3.12(1) shows that the doublets for 

H6', H4 and H3 each split into two cloublets. corresponding to the two diastereomers, and 

that tbe pairs of doublets move apart with the addition of more shift reagent. 'The pairs of 

doublets are in approximately equal ratios, corresponding to the fact that 303 is racemic. 

Figure 3.12(ii) shows that for 304 the doublets for H6', 1-I4 and H3 uo not split into pairs 

of doublets, thus there must be only one dinstereomer present. due to tbe presence of only 

one enantiomer in 304. Thus the ellantiomeric purity 01'304 is continned. 
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As for other ligands, each of these ligands was characterised by melting point, lH and 

13C NMR, mass spectrometry and, for 302 and 303, by X-ray analysis of complexes of the 

ligand. 

Complexes of (±)-2,2'-bis(2-pyridyloxy)-1,1 '-binaphthalene, 302 

Reactions of 302 with silver(I) nitrate, copper(II) chloride and palladium(II) chloride 

yielded silver, copper and palladium complexes, respectively. 

The silver complex, 312, was prepared by vapour diffusion of diethyl ether into a 

methanolic solution of silver nitrate and 302. This produced 312 as colourless crystals in 

66% yield. The crystals analyse as [302.AgN03] which is consistent with the 

stoichiometry used in the reaction. The crystals were suitable for analysis by X-ray 

crystallography, therefore such an analysis was performed to determine the nature of the 

complex. 

The reaction of 302 with copper chloride proved interesting as it yielded two products 

from the reaction mixture. The reaction mixture first furnished blue-green crystals, 313a, 

after three days, and these were filtered off. The filtrate was left to stand and after a 

further three days dichroic blue-violet crystals formed, 313b, and were filtered off. The 

blue-green crystals analyse as [302.CuCh] and were obtained in 46% yield, while the 

blue-violet crystals analyse as [(302)2.CuCh] and were obtained in 38% yield (based on 

the ligand). The reaction was repeated using a ligand:copper stoichiometry of 2:1, and 

this produced solely blue-violet crystals of 313b in 84% yield. The blue-green crystals of 

313a were suitable for single-crystal X-ray structure detennination, while good quality 

crystals of 313b were grown by vapour diffusion of methanol into a DMF solution of 

313a. To determine the exact nature of both of these complexes, both types of crystal 

were subjected to X-ray structural analysis. 

The palladium complex, 314, was obtained from the reaction mixture as a yellow 

solid, in 94% yield, and analyses as [302.PdCh]. Crystals were grown from a DMF 

solution of 314 and they were of suitable quality for analysis by single-crystal X-ray 

diffraction. 

Structure of312 

A structure solution was found in the centrosymmetric monoclinic space group P2 tic. 

However, a satisfactory refinement was not obtained. The asymmetric unit contained two 

molecules of the ligand, 302, two silver nitrates and diethyl ether solvent. The 
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independent components showed an apparent symmetry relationship which suggested an 

incorrect space group. However attempts to solve the structure in higher-symmetry space 

groups, such as C2!c, did not provide suitable solutions. Despite these difficulties, the 

molecular structure of the complex was ascertained unambiguously, and therefore the 

features of the complex are worthy of discussion. 

The structure of complex 312 is mononuclear with the silver atom being chelated by 

one molecule of the ligand 302 and by a nitrate lllion (Figure 3.13). The silver atom is 

four-coordinate, with two pyridine nitrogen donors and two nitrate oxygen donors and has 

very distorted tetrahedral geometry. Chelation by the ligand results in the fommtion of an 

eleven-membered chelate ring. The silver-nitrogen bond lengths are 2.19 and 2.22A, 

while the silver-oxygen bond lengths are 2.50 and 2.58A. The N-Ag-~ bond angle is 

147°, while the O-Ag-O bond angle is 50° and the N-Ag-O bond angles are in the range 

86-120°. The dihedral angle formed by the two naphthalenes is 79°. 

Figure 3.13 Structure of the mononuclear complex, 312. 

Crystal structure of313a 

Complex 313a crystallises in the common centrosymmetric triclinic space group P-l. 

The complex has a mononuclear structure consisting of a copper chloride moiety and one 

molecule of 302 that acts as a chelating ligand. This mononuclear structure represents the 

contents of the asymmetric unit (Figure 3.14). 

The copper atom is coordinated to two pyridine nitro gens and to two chlorides, one of 

which is disordered over two sites (occupancy CI2A:CI2B 79:21). The bond lengths are 

usual for complexes of this nature. The geometry at the copper is distorted between 

square-planar and tetrahedral. As was observed in the silver complex, 312, above, 302 

acts as a bidentate chelating ligand resulting in the formation of an eleven-membered 

chelate ring. As was discussed for complex 232, only two previous complexes with 
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copper(II) in :.In eleven-membered chelate nng have been cbaracterised by X-ray 

crystallography, and both of those complexes contain additional supporting chelate 

rings. "G While the chelate ring in 232 is approximately planar. the chelate ring in 313a is 

considerably puckered due to the Dexibility of the oxygen spacers and rotation about the 

CI-Cl ' bond. 

Figure 3.14 Perspective view and atom labelling of the mononucle:.Ir structure of 312a. 

Hydrogen atoms have been omitted for clarity. Selected bond lengths (A) and bond 

angles (0): Cul-N21 1.986(4), Cul-N21' 2.002(4), Cul-Cll 2.250(1). Cul-CI2A 2.232(5), 

Cu1-CI2B 2.17(2); 1'\21-Cul-N21' 165.7(2), N21-Cu1-Cll 90.2(1), N21-Cul-CI2A 

92.2(2) N21-Cu1-CI2B 93.5(5), N21'-Cu1-CIl 90.3(1). 1\21'-Cul-C12A 93.8(2), N21'

Cll1-Cl2B 91.2(7), Cll-Cul-CI2A 153.1(1), Cll-Cul-Cl2B 159.0(2). 

The two naphthalenes have tl1eir mean-planes inclined to each other at an :.Ingle of 

74.8(4t. The pyridines are each inclined [0 their connecting napl1thalenes at angles of 

58.5(4) and 95.1(4)°, for the rings containing 1'\21 and N21' respectively. The pyridines 

:.Ire inclined to each other at an angle of 15.6(4t. 

A number of intermolecular interactions contribute to the crystal packing of the 

complex. There is a face-[O-face ")'[-")'[ stacking interaction between two pyridines of the 

type containing N21 (Figure 3. I 5). The two rings are related by a centre of inversion, so 

me necessuril y parallel, and are sepanued by 3.33 (])I\.. They are () tTset so that the C22-
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C23 bond of one ring sits over the centre of the other ring. There are also a number of 

weak C-H"'Cl hydrogen bonds with H"'CI distances in the range 2.7G-2.86(l)A. 

Figure 3.15 Perspective view of two molecules of313a showing the face-to-face TC-TC 

stacking interaction between two pyridine rings. 

Crystal structure of 313 b 

Like 313u above, complex 313b crystallises in the centrosYI11J11etric triclinic space 

group P-l, and is a discrete mononuclear complex (Figure 3.16). However, 313b consists 

of one copper chloride and two molecules of the ligand 302. with each ligand acting in a 

111onodentate mode, rather than the chelating mode in 313a above. and hence the ligand is 

hypodentate. The asymmetric unit contains one molecule of 302 and half of a copper 

chloride, which is half of the mononuclear complex, with the copper at0111 positioned on a 

centre of inversion that relates the two halves of the 1110lecLtie. 

'rhe copper atom is coordinatecl to two pyridine nitrogens. lhll11 different molecules 

of the ligand, and to two chlorides. The copper atom bas square-planar geometry, with the 

chlorides being trans to each other. as are the nitrogen donors. since they are related by the 

centre of inversion. The bond lengths are all within the range expected for this type of 

compOLmd. 
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Figure 3.16 Perspective view and atom labelling of the mononuclear complex 313b. 

Hydrogen atoms have been omitted for clarity. Selected bond lengths (A) and bond 

angles (0): Cul-N212.008(2). Cul-Cll 2.277(1); N21-Cul-C1l87.8(1), 

The two naphthalene cores are rotated about the CI-Cl' bond so [hat they fonll an 

angle of 67.1(2? which is similar to that fOlmd in racemic binuphthyl. The coordinated 

pyridine is inclined to its connecting naphthalene at an angle of 117.3(2)°. while the non

coordinated pyridine forms an angle of 83.7(2)° with its connecting naphthalene. The two 

pyridines at the copper are related by a centre of inversion so are necessarily coplanar. 

Again, 1t-1t stacking interac[ions and \veak hydrogen bonds contribute to the crystal 

packing of the complex. Two coordinated pyridine rings form a tllce-to-face 1t-1t 

interaction with the two rings necessarily parallel, as they are related by a centre of 

inversion, and separated by 3.32(1)A. They are offset so that the atom of one ring sits 

over the centroid of the other ring (Figure 3.17). There is a weak C-H ···Cl hydrogen bond 

between Cll und H24 of a neighbouring coordinated pyridine ring ,vith the H"'Cl 

separation being 2.72(1)A.. In addition the nitrogen of the non-coordinated pyridine is 

invo lved in weak interactions with hydrogens of nearby naphthalenes that could be 

considered as weak CR··\[ 11ydrogen bonds. TheH'''N separations are 2.65(1) and 

2.72(1)A for H7 and HT of clitTerent molecules. 
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Figure 3.17 Perspective view of two molecules of 313b showing the face-to-face TC-TC 

stacking interaction between two pyridine rings. 

Crystal structure of 314 

The complex 314 crystallises in the centro symmetric monoclinic space group P2[/c. 

The complex has a mononuclear structure with one molecule of 302 chelating a palladium 

chloride moiety and this is shown in Figure 3.] 8. The asymmetric unit consists of one 

molecule of the mononuclear complex and one molecule ofDMF solvate. 

The palladium atom is coordinated to two pyridine nitrogen atoms and to two 

chlorides, with bond lengths similar to related complexes elsewhere in this thesis and in 

the literature.j4.64 I 1J5. I IJ(, The ligand acts as in a chelating mode to form an eleven-membered 

chelate ring, as previously observed in the silver and copper complexes of 302. However, 

the geometry at the palladium is trans. which is rare tor chelation,m unlike in 223 where 

the ligand 2,3-bis(2-pyridyloxy)naphthalene. 205. acts as a cis-chelate. In 223 the ligand 

I:orms a nine-membered chelate ring, whereas in 314 the inclusion of two extra atoms in 

the cllelate ring allows it to he sufficiently large for trans chelation. This complex is only 

the second example of an X-ray crystal structure of palladium in an eleven-membered 

chelate ring with two nitrogen donors in the chelate ring. I~H 



79 

Figure 3.18 Perspective view and atom labelling of the mononuclear structure of 314. 

Hydrogen atoms and the DMF solvate molecule have been omitted for clarity. Selected 

bond lengths (A) and bond angles C): Pd1-N21 1.996(3), Pd1-N21' 2.005(3), Pd1-Cll 

2.288(1), Pdl-C12 2.291(1)~ N21-Pd1-N21' 176.8(1), N21-Pdl-CII 90.5(1). N21-Pdl-CI2 

89.9(1), N21'-Pd1-Cl1 88.5(1), N2]'-Pdl-CI2 91.2(1), Cll-Pd1-CI2 177.5(1). 

The complex has approximate C2. symmetry with the rotation axis nnming through 

the centre of the C 1-C l' bond and the palladium atom. However the differences in the 

bond lengths and angles are sufficient to exclude any missing crystallographic symmetry. 

The two naphthalene rings are closer to being orthogonal than in the previous 

complexes of 302 with silver and copper. The two naphthalenes are inclined at an angle 

of 87.5(4)°. The trans chelation of the ligand is the probable reason for the greater twist 

about the CI-Cl' bond. The pyridine containing N21 is inclined to the cOlmecting 

naphthalene at an angle of 105.1(4)°, while the pyridine ring containing N21' forms an 

angle of 1 03 .5( 4? with its connecting naphthalene. The two pyriclines are nearly coplanar 

at the palladium forming an angle of only 4.2(4)ll. 

There are a number of weak C-H"'CI bonds that contribute to the crystal packing of 

the complex with the H"'Cl separations being in the range 2.73 -2.91 (l )A. 
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Complexes of (±)-2,2'-his(2-pyridylmethoxy)-I,1 '-hinapahthalene, 303 

The ligand 302 acted as a chelating ligand forming an eleven-membered chelate ring, 

so the inclusion of two additional methylene spacers in 303 could potentially result in the 

formation of thirteen-membered chelate rings. 

Silver, copper and palladium complexes of 303 were prepared by the reactions of 303 

with silver(I) nitrate, copper(II) chloride and palladium (II) chloride, respectively. 

The silver complex. 315, was prepared as a white microcrystalline solid in 92% yield. 

Recrystallisation of 315 from methanol gave crystals that analyse as 

[303.AgN03.Yz(H20)]. The crystals were suitable for structural detem1ination by X-ray 

crystallography so such an analysis was performed to determine the exact nature of the 

complex. 

The copper complex, 316, was initially prepared as a brown solid from the reaction of 

303 in acetone with copper chloride in methanoL Subsequent recrystallisation by vapour 

diffusion of diethyl ether into a DMF solution of 316 provided crystals suitable for X-ray 

structural determination. The initial reaction proved to be low yielding and unreliable 

with considerable amounts of unreacted ligand also being obtained. Therefore the 

reaction conditions were modified in an attempt to improve the yield. Eventually it was 

found that vapour diffusion of diethyl ether into a DMF solution of 303 and copper 

chloride gave 316 as a brown crystalline solid in 84% yield. The complex was, by 

elemental analysis, found to have the composition [303.CuCh.2(DMF)]. A single crystal 

was SUbjected to analysis by X-ray crystallography. 

The palladium complex, 317, was obtained as a yellow solid in a crude yield of 93%. 

The complex is soluble in chloroform, which suggests that the complex may not be 

polymeric. The lJ-I NMR spectnuTI of crude 317 in CDCb showed a mixture of species, 

the nature of which could not be determined. Recrystallisation by vapour diffusion of 

benzene into a DMSO solution of317 gave yellow crystals. 111e lH NMR spectrum of the 

crystals showed the presence of only one species. The complex contains a ligand with the 

two-fold symmetry of the free ligand intact, as only one set of pyridyl and naphthyl 

resonances were observed. The ligand experiences a number of coordination induced 

shifts. The naphthyl protons experience small shifts of about 0.1 ppm, while the pyridyl 

and methylene protons all experience large downfield shifts on coordination: the 

methylene protons show an AB splitting pattern in the free ligand centred at 5.20, but in 

the complex an AX system is observed with doublets at 6.11 and 7.04; H3' shifts from 

6.70 to 7.28, H5' shifts from 7.02 to 7.28, H4' shifts from 7.23 to 7.61 and H6' shifts from 
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8.43 to 8.90 ppm. FAB mass spectrometry of the complex revealed n cluster of peaks 

around 1257 a.m.u., which is consistent with (303)2.Pc.hCb'. A high resolution 

measurement of the highest peak in this region was obtained and was consistent with the 

calculated mass for the appropriate isotopic constitution. This suggests that 317 is dimeric 

in nature consisting of two molecules of 303 and two palladium chlorides. An X-ray 

structural determination was performed to confirm the dimeric uature 0 t' the complex. 

Crystal structure of 315 

The complex crystaLlises in the centro symmetric monocliuic space group P2 1/c with 

one mo lecule of the ligand, 315. and one silver nitrate moiety in the asymmetric unit. The 

molecular stmcture of the complex is a r2+2] macrocycle consisting of two ligands and 

two silver nitrates, as shown in Figure 3.19. 

, C25 

013l 
011 

. ,N10 

012~ 

Figure 3.19 Perspective view and atom labelling of the [2+2] macrocyclic stmcture of 

315. Hydrogen atoms have been omitted for clarity. Selected bond lengths (A) and bond 

angles (0): AgI-N21 2. 1 96C2), Ag1-N21B 2.188(2), AgI-01l 2.566(2); N21-AgI-N21B 

170.10), N21-AgI-011 87.3(1), N21B-AgI-Oll 96.4(1). 

Each silver atom is tllree-coordinate, being coordinated to two pyridine nitrogens 

From different ligands and to a nitrate oxygen. Tile bond lengths are all similar to those in 
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related compounds.31,J·u;!)J-'lC! The geometry at the silver is slightly distorted 1'1'0111 T

shaped, due to a slight pyramidalisation of the silver atom. The si lver atom. Ag I. sits out 

of the coordination plane dctined by N21, N2! Band 01 1 by O.I7l (2):\. and is displaced 

towards the naphthalene ring. The silver atom sits over the mid-point of the CT-C8' bond 

of the naphthalene ring at a distance of 2.932(2)A, a distance that indicates only a weak 

Ag-Tr interaction. Interactions between silver(I) and aromatic rings have been well

studied, and it has been found that 11' or 112 are the usual coordination modes of a benzene 

ring in sllch interactions. I~" 

Each ligand is bidentate and bridges two silver atoms that are separated by 

9.992(1)A. The two halves of the molecule are related bv a centre of inversion which 

results in each ligand being of opposite chirality. Therefore, during the self-assembly 

process the silver atom must distinguish between tile two enantiomers of the ligand. which 

is interesting as the site of chirality is well removed from the coordinating pyridines. 

The two naphthalenes of a ligand are twisted about the C l-C l' bond so that they form 

an angle of lOS.7(2t. an angle t~lr greater than any observed in the complexes of 302. 

The two halves of a ligand have very different conformations. The pyridine ring 

containing N21 is nearly orthogonal to its connecting naphthalene. \yith their mean-planes 

forming an angle of 94.8(2)°, while the pyridine ring containing N21' is nearly coplanar 

with its connecting naphthalene, with the two mean-planes forming an angle of 4.0(2)°. 

The half of the ligand containing primes in the labe Is is essentially planar with the mean 

deviation from the plane being only 0.039(3 )A. while the maxiJ11um deviation from the 

plane is 0.1 04(J)A for C20'. The ditIerences in the confonnatiol1s of the ligand halves are 

due to the conformational ti-eedom of the -OCH2- spacers, al1l1 this is shown most 

dramatically in the torsional angles of the spacers. The C2'-02'-C20'-C22' torsional angle 

is anti [178.1 (2)oJ, while the C2-02-C20-C22 torsional angle is close to being gauche [-

72.8(2tJ· 

The planar halves of the two ligtll1cis are related by a centre of inversion, therefore 

they are parallel and their mean separation is 3.34(1)A. Hmvever there is no it-Tr stacking 

interactions between them as the two naphthalene cores are off-set. and the pyridine rings 

are twisted away from the naphthalene of tile oilIer ligand. Two pyridines coordinate to 

the silver in a nearly coplanar fashion, with the angle between them being only 8.J(2t. 

This results in the complex consisting of two parallel planes (each consisting of half of a 

ligand, a silver and a pyridine of the other ligand). which are cOlmected by two 
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naphthyloxy groups that are almost perpendicular to the two planes. as shown in Figure 

3.20. The linking of the two parallel planes by the naphthyloxy unit is the probable reason 

for the additional twist between the two naphthalenes of one ligand. 

Figure 3.20 Side view 01'315. 

The crystal packing of the complex is dominated by a IT-IT stacking interaction 

between two of the linking naphthalenes (i.e. the naphthalene with the unprimed labels), 

as shO\vn in Figure 3.21. The two naphthalenes are related by a centre of inversion, so are 

necessarily paralleL and arc separated by 3 .45( 1 )A. They are offset so that a bond of one 

naphthalene lies over the centre of a ring of the other naphthalene. 

Figure 3.21 View down the c ax]s of 315 showing the intermolecular IT-IT stacking 

interaction between two naphthalenes. 
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Crystal structure 01'316 

Complex 316 crystallises in the centrosynunetric monoclinic space group C2/c to 

form a one-dimensionalmetallopolymer. The asymmetric unit cOl1lains half of a molecule 

of 303, half of a copper chloride moiety, and one molecule of DMF solvate. The atom 

labelling is shown in Figure 3.22 as part of the polymeric chain. A view of the extended 

chain is shown in Figure 3.23. 

Figure 3.22 Perspective view and atom labelling of a section of the polymeric chain 

structure of 316. Hydrogen atoms and DMF solvate molecules are omitted for clarity. 

Selected bond lengths (A) and bond angles (0): Cu1-N21 2.000(2), Cu1-Cll 2.255(1); 

N21-Cu1-Cll 90.1(1). 

Each copper atom is located on a centre of inversion, and also a c glide plane. The 

two-fold symmetry of the ligand is preserved in the crystallographic synnnetry, as the two 

hal ves of the I igand are related by a two-f6ld rotation axis that passes through the middle 

of the CI-CIA bond. Each copper atom has square-planar geometry and is coordinated to 

two pyridine nitro gens, which are trans related, and to two chlorides, which are also trans. 

The copper-donor bond lengths are normal for this type of compound.50 Each ligand acts 

as a bidentate bridging ligand La lxidge two copper atoms that are separated by 

11.613(1 )A, which is half of the c unit cell length. The polymer cbain propagates along 

the crystallographic c: axis, which is coincident with a glide plane. which means that the 
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ligands in the chain are of alternating chirality. Again, this reqUIres subtle molecular 

recognition by the copper atom to distinguish the two enantiomers of the ligand. 

Figure 3.23 Perspective vie"v of the one-dimensional polymeric structure of 316. 

The naphthalenes of the ligand are incJined to each other at an angle of 78.7(2t. 

while the pyridine is inclined to the naphthalene at an angle of 98 . .3(2t. The two 

pyridines coordinated to the copper are related by a centre of inversion so are necessarily 

coplanar. 

Figure 3.24 Perspective view of sections of two polymeric chains of 316 showing the 

edge-to-face TC-1t interaction between a pyridine and a naphthalene. 

The dominant motif responsible for the crystal packing of this complex is an edge-to

t~lce TC-1t interaction between a pyridine ring and a naphthalene of adjacent chains. The 

pyridine ring and the naphthalene are nearly orthogonal, forming an angle of 98.3(2)°. As 



86 

can be seen in Figure 3,24, the C24-H24 bond of the pyridine ring is directed towards one 

ring of the naphthalene, whi lc the C25-1 f25 bond is directed towards the other ring of the 

naphthalene. The hydrogen atoms 1 f24 and 1 f25 are 2.63( 1) and 2. 77( l)A from the 

naphthalene plane. respectively, while the carbon atoms C24 and C25 are 3.467(3) and 

3.549(3)A from the naphthalene, respectively. Such edge-to-face interactions are 

common in aromatic compounds as discussed in Chapter 1. Th~re are also some weak 

hydrogen bonding interactions rl1at contribute to the pack.ing. There is a weak C-1 f"'Cl 

hydrogen bond between the proton at the 4-position of a naphthalene [md a chlorine 

[Cl"'H 2.81(l)A], and also a C-ll'''O hydrogen bond between the oxygen of the DMF and 

the methylene group [1 f· .. O 2.53( 1 )AJ, 

Crystal structure of 317 

Complex 317 has a [2+21 macro cyclic structure and crystallises in the rare 

centrosymmetric tetragonal space group 141/acd. The asymmetric unit contains one half of 

a molecule of303, halfofa palladium chloride moiety and two halves of benzene solvate 

molecules. The macrocyclic structure is shown in Figure 3.25. 

Figure 3.25 Perspective view and atom labelling of the [2+2J macrocyclic structure of 

317. 1 fydrogen atoms and benzene solvate molecules are omitted for clarity. Selected 
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bond lengths (A) and bond angles CO): Pdl-N21 2.035(3), Pdl-CII 2,290(1); N21-Pd1-

N21A 179.5(1),N21-Pdl-CII 88.5(1), N21-Pdl-CIIA 91.5(1), CII-Pdl-CIJA 179.5(1). 

As for 316, the two-fold symmetry of tile ligand is preserved as crystallographic 

symmetry with a two-fold axis running through the middle of the C I-C 1B bond. Each 

palladium atom is also located on a two-fold rotation axis, which relates the two ligands 

within a macrocycle. and there is ill10ther two-fold axis running througll the middle of the 

macro cyclic cavity. Thus, the symmetry observed in solution is also observed ill the solid 

pl1ase. The macrocycle lacks a symmetry element that inverts cl1irality, thus, the two 

ligands of the macrocycle have the same chirality. There are such symmetry elements 

within the ullit cell that relate macrocycles of opposite chirality resulting in the crystal 

being racemic. Again, this requires subtle recognition of the chirality of the ligand by the 

palladium atom during the crystallisation process. 

Each palladium atom has square-planar geometry and is coordinated to two pyridine 

nitrogens and to two chlorides, with the chlorides being trans, as are the nitrogens. The 

palladium-donor bond lengths are unexceptionaL Each ligand bridges two palladiums 

which llre separated by 10.723 (l )A. a distance in between the metal-metal separations 

observed in 315 and 316. The angle formed by the two naphthalenes of one ligand is 

73.1 (3 )0, which is similar to those observed in most of the previous structures of 

binaphthalene-containing lig,mcis. The pyridine ring is inclined to the naphthalene at an 

angle of 87.2(3)°. 

While the silver and palladium complexes of 303 both have [2+2J macrocyclic 

structures, the topology of the two are quite different. The silver complex, 315, has a 

compact structure, while the palladium complex. 317, has an open, ring-like structure. 

This is a result of the different conformations of the ligand in the t"vo complexes, which 

are shown in Figure 3 .26. The differences are due to the conformational freedom of the -

OCI-h- spacer, and this can be best seen in tl1e torsional angles of the spacers. As 

discussed previously. the t'vvo halves of the ligand in 315 are diflerent with the C2-02-

C20-C22 torsional angle being -72.8(2t, \vhile the C2'-02'-C20'-C22' torsional angle is 

178.1 (2t. In 317, the two halves of the ligand are identical. and the C2-02-C20-C22 

torsional angle is -80.6(3t. In addition, rotation about tl1e C20-C22 bond allows the 

pyridine nitrogen to be available for coordination in different directions. 
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(i) ( i i ) 

Figure 3.26 Conformations of the ligand 303 in the complexes (i) 3.\5 and Oi) 317. 

A benzene solvate molecule sits over each face of the macro cycle of 317 and is held in 

place by two symmetry-equivalent edge-to-face 11:-11: interactions with two naphthalenes. Two 

meta-related protons are each directed toward the face of a naphthalene ring, and are 

separated from the naphthalene plane by 2.67(1)A while tbe carbons of the benzene ring are 

3.510(5)A from the plane of the naphthalenes. This weak interaction contributes to the 

crystal packing of the complex. 

Complexes of (R)-2,2'-bis(2-pyridylmethoxy)-1,1 '-binapahthalene, 304 

All reactions with tbe ligand 304 and recrystallisations of subsequent complexes were 

performed at room temperature, in an effort to minimise any possible racemisation of the 

chiralligand. 

A silver complex. 318, was prepared by the reaction of silver(I) nitrate and 304, as a 

white microcrystalline solid, in 64'% yield. Tbe complex analyses as [304.AgN03,I;~(H20)J, 

which is similar to the composition found for the racemic complex, 315. Recrystallisation of 

tbe complex from acetonitrile produced small colourless crystals, but tlley were not suitable 

for X-ray crystallography, therefore, a comparison of the cbiral and racemic complexes could 

not be made. All attempts made to prepare a copper complex of 3()4 proved unsuccessful. 

A palladium complex. 320, was obtained. as a yellow powder, in 92% yield, from the 

reaction of palladium(Il) chloride with 304. As for 317. the I H NMR spectrum of crude 320 

in CDCb revealed a mixture of species of an Lll1determined nature. Yellow crystals were 

grown. in good yield. by the slow evaporation of a chloroform/acetonitrile solution of 320. 
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The I H NMR spectrum of a solution of these crystals is identical to the spectrum of the 

crystals of 317, and F AS mass spectrometry revealed 320 to have the same mass spectrum as 

317. The two complexes 317 and 320 show the same NMR zmd mass spectrometric 

properties. but their solid pllase properties mllst be different. as the chiral complex cannot 

crystallise in the same centrosymmetric space group as the racemic complex. To investigate 

the differences between 317 and 320 an X-ray structural analysis was performed. 

Crystal structure of 320 

As expected, 320 crystallises in a chiral space grollp. \-vhich is the triclinic space grollp 

P l. The complex is a [2+2J macrocycle consisting of two molecules of 304 and two 

palladium chlorides. and as can be seen in Figure 3.27, the structure is Ycry similar to that of 

317. The asymmetric unit contains one macrocycle. two chloroform and three acetonitrile 

solvate molecules. 

FigUl"C 3.27 Perspective view of the [2+2J macrocyclic structure of 320 with selected atom 

labelling. Hydrogen atoms and solvate molecules are omitted for clarity. Selected bond 

lengths CA) and bond angles (0): Pcll-~21 1.015(4), Pdl-N21A 2.OJ9(4). Pdl-Cll 2.303(1), 
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Pdl-Cl2 2.305(1), Pd2-N21' 2.040(4). Pd2-N21" 2.013(4). Pet2-03 2.298(1), Pd2-C14 

2.320(1); N21-Pdl-N21A 177.2(2). N21-Pdl-Cll 87.6(1), N21-Pdl-CI2 91.1(1), N21A-Pdl

Cli 90.6(1). N21A-PdJ-C12 90.7(1). Cll-Pdl-C12 In.O(l). N2J'-Pd2-N21" 177.2(2), N21'

Pd2-C13 89.6(1), N21'-Pd2-CI4 90.8( 1), N21"-Pd2-C13 88.6(1), N21 "-Pd2-C14 90.9(1), C13-

Pd2-C14 179.0(1). 

As for 317. the macrocycle of 320 consists of two ligands. eac 11 0 f \"hich bridges the two 

palladium atoms. Unlike 317. there is no symmetry within the macrocycle, with the two 

ligands having different confollllations, and neither ligand having the two-fold symmetry of 

the free ligand. Thus. the symmetry observed in solution due to the conformational ti'eedom 

of the complex. is not preserved in the solid state. 

Each palladium atom is coordinated to two pyridine nitrogens and to two chlorines, and 

has square-planar geometry, with tbe nitro gens being trans to eaclI other. as are the chlorines. 

The palladium-palladium separation across the macrocycle is 10.3 t 8( 1 )A. which is slightly 

shorter than the 10.723A separation observed in 317. The ligaml containing CI and CI' has 

the two naphthalenes inclined at 88.4(4)°, while the naphthalenes containing CIA and Cl t! are 

inclined at 102.7(4)°. There is greater rotation of the naphthalenes about the CI-Cl' and 

CIA-CIt! bonds than in 317, ,,;here the angle between the naphthalenes is only 73.1°. The 

pyridines are inclined to their connecting naphthalenes at angles of 82.6(4),92.5(4), 98.4(4). 

and 88.5(4)°, for the rings containing N2L N21', N21A and N21". respectively. The 

corresponding angle in 317 is 87.2°. The two pyridines coordinated to Pdl are inclined to 

each other at an angle of 23.7(4)0, and the pyridines coordinated to Pd2 make an angle of 

24.8(4t, while the pyridines in 317 are inclined at only 6.00, The slight differences in bond 

lengths and angles and the conformations of the ligands are sufficient to remove the potential 

two-fold symmetry elements of the complex. 

The cavity of the macro cycle is partially oecupied by an acetoni trile solvate molecule, 

vvhich forms weak C-H"'N hydrogen bonds with Llmeti1ylene proton [H .. ·N 2.60(1 )AJ and a 

naphthalene proton [l-I"'N 2.76( 1 )A]. Stronger C-H'''N hydrogen bonds occur between 

anotber acetonitrile and two chloroform molecules with lengths typical of sllch interactions 

[H"'N 2.34(1) and 2.45(1 )A].'" There is also an edge-to-face 7t-7t interaction that ocems 

between naphthalenes of adjacent macrocycles. The interaction appears to occur between the 

proton and a ring carbon, ratber than the centroid of the ring, as frequently observed in a 

recent survey of C-J-I"'T( interactions. ill Therefore, the interaction is best described by the 



91 

separation of the proton and the carbon atom [2,68(1 )A]. and the Jngle at the proton 

[163(1)°]. These weak interactions all contribute to the crystal packing of the complex. 

The correct chirality of the complex was confirmed by the Fbck x parameter, which 

refined to 0.009(0,020), A value close to zero indicates the correct chirality, while a value 

close to unity indicates the incorrect chirality. 

3.4 Ligands with a triphenylene core 

The triphenylene core has been incorporated into a vast number of compounds that show 

liquid crystalline properties, Discotic liquid crystals consist of planar disk-shaped molecules 

that usually contain long alkyl chains extending out from a central planar core. 

Hexasubstituted ethers and esters of triphenylene are such compounds and are the most 

widely studied discotic liquid crystals.'-lO The planar molecules stack in columns to form an 

ordered mesophase. thus utilising the stacking ability of the triphenylene unit. 

HO OIl 

HO OH 
3.6 

Figure 3.28 2,3,6,7, 10,lI-Hexabyclroxytriphenylene, 3.6. 

The hexasubstituted triphenylenes are usually derived from 2,3,6,7,10,11-

hexahydroxytriphenylene, 3.6. This is a potential starting material for attaching six pyridyl 

units to the triphenylene core to give compounds that are potentially hexadentate ligands. 

Such ligands would contain a triphenylene core capable of forming T[-T[ interactions, coupled 

with six potential donors that could bridge six metals, It was envisaged that [2+6] assemblies 

might be accessible from these ligunds, as shown in the schematic in Figure 3.29 (i). Such 

assemblies would contain two ligands. with the triphenylene cores forming a TC-TC stacking 

interaction, and six metals, each coordinated to a pyridine from each ligand, disposed around 

the periphery of the cores. Alternatively, such ligands can be considered to contain three 

pairs of potentially chelating domains. and therefore. could bridge three metals (ii). 
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Figure 3.29 Schematic of potential coordination modes of hexasubstituted triphenylene 

ligands. 

Recently. a ligand derived by deprotonation of 3.6 has been shm~ln to bridge three Ru(II) 

cations in a triply chelating bridging mode. I.1I The triphenylene core has also been 

incorporated into a compound that forms a hydrogen bonded sllpramolecular assembly that is 

capable of encapsulating guest molecules. and has been described as a molecular jelly 

dougbnut,l~1 

'Ihis section describes the preparation of two triphenylene-containing ligands, and the 

investigation of their coordination chemistry. 

'Ihe usual procedure for the preparation of hexaalkoxy-substituted triphenylenes involves 

tlu'ee steps stmiing :£i'om veratrole (l2-dimethoxybenzene). 3A. The first step is the oxidative 

trimerisation of vemtrole to form 2,.3 ,6,7,10, Il-hexamethoxytriphenylene. 3.5. This can be 

achieved using chlomnil 14
; or ferric chloride 144. 145 as an oxidant. or by electrochemical 

methods.I~6 Subsequent demethylation using boron tribromide.I~7 or hydrogen bromide/acetic 

acid l48 yields 2,3,6,7,lO,l1-hexahydroxytriphenylene, 3.6. which is then reacted with the 

appropriate haloalkyl substrate to give the desired hexaalkoxytriphenylene. The first step is 

the important step of the procedure. as many of the literature procedures require extensive 

chromatography to obtain clean 3.5. However, the method of HanClck et a1. 145 gives a high 

yield of relatively clean product. there fore this method was used. 

Veratrole was added to a stirred mixture of ferric cll10rilie and 70% sulphuric acid and 

stirred for 24 hours. On ·work-up. 3.5 was obtained as a purple solid in 85-95% yield and was 

used without further purification. It was found that elTective stirring is essential to obtaining 

a high yield, and for this reason, a mechanical stirrer was used. The method of Bechgaard et 

al 14x was used to demetl1ylate 3.5. This involves reHuxing 3.5 in a mixture of hydrogen 
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bromide and acetic acid, followed by rccrystallisation from water and acetic acid. This 

typically gave 3.6 in 35% yicld. which is lower than the literature yield of 75%. Given the 

ready availability of the starting materials this was considcred adequate. 

FeCI) cr:OM
' H,SO". 
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3,4 
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CH]COOH 
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HO 

/ 
HO 

HO OH 

3.6 

OH 

Figure 3.30 Preparation ofthc precursor 2,3.6,7,10.1 1-hexahydroxytriphenylenc, 3.6. 

OH 

The preparation of 2,3,6,7.10.11-hexakis(2-pyridyloxy)triphcnylene. 305, was achieved 

by the reaction of 3.6 with 2-bromopyridine in sulpholaneitoluene in thc presence of 

potassium carbonate. The attachment of six pyridyl groups to the triphenylene core was 

expected to be low yielding. given the yields of attaching only two pyridyl groups to a 

naphthalene core (Chapter 2). Surprisingly. the ligand was obtained in the pleasingly high 

yield of 65%, as off-white crystals. 

(1l0 ~ 
~ ij 

0' N--

U--L 
N Br 

(t 3.6 ... 
K2C03 

~ 0 

sulpholane 
0 0 toluene 

NO 6 ~I 

305 

Figure 3.31 Preparation of2.3,6.7.10,1 1-hexakis(2-pyridyloxy)triphenylene, 305. 

Recently Kumar and Manickam reported the preparation nr' hexaalkoxytriphenylenes 

from the oxidative trimerisation of 1.2-dialkoxybenzenes using l1101ybdenum(V) chloride as 

the oxidant. '4
,! The attachment of two substituents to catechol and then subsequent 

trimerisation to the hexasubstituted triphenylene is synthetically more appealing than the 

tedious and, at times, troublesome conversion of veratrolc through to the desired triphenylene 



94 

product. Thus, in an attempt to prepare 305, L2-bis(2-pyridyloxy)benzene, 2.5/4 was reacted 

with molybdenum chloride. Unfortunately the reaction was unsuccessful with no desired 

product being obtained and the starting materiaL 2.5, being rccovered. The fallure of this 

reaction might be due to coordination of the pyridine groups to the molybdenum with a 

resulting deactivation of tbe oxidant. 

The preparation of 2,3 ,6,7, I 0, II-hexakis(2-pyridy lmcthoxy )tripheny lene, 306, proved 

more problematic. The initial method tried was to react 3.6 with 2-picolyl chloride 

hydrochloride in DMF in the presence of sodium hydroxide. While this gave the desired 

product the yicld was only 4(%, and thus other methods \vere explored. A reaction was tried 

under conditions similar to those used to prepare 305. A mixture of 3.6, 2-picolyl chloride 

hydrochloride and potassium carbonate in sulpl10iane and toluene \vas heated at 180°C for 64 

hours. This mcthod produced 306, as a white solid, in 28% yield. The compound is light

sensitive and turns brown on prolonged exposure to light, but remains stable for many months 

011 exclusion of light. 

3.6 

o Cl N~ 

\(2C03 
sulpholane 
toluene 

.. Lho o~ 
o 

~ (~J 
306 

FigUl'C 3.32 Preparation of 2,3,6,7,1 O,l1-11exalds(2-pyridylmcthoxy )triphenylene, 306. 

Both 305 and 306 have bcen characterised by elemental analysis, mass spectrometry, III 

and 13C NMR and by X-ray analysis on their coordination complexes. 

Com plexes of 2,3,6,7,1 0,11-hcxakis(2-pyridyloxy)tri pheny lenc, 305 

Reactions of 305 with silver(l) nitrate, copper( LI) chloride and palladium(II) cl1loride 

yieldeJ silver, copper und palladium complexes of 305, respectively. The silver complex, 

321, was prepared, as a white powder, in 62(},;} yield from the reaction of DMF solutions of 
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silver nitrate and 305. The complex analyses as [305.(AgN03)3.2(H~O)], a composition that 

is consistent with the stoichiometry used in the reaction. Recrystallisation of 321 from DMF 

yielded small colourless crystals, but they were not suitable for analysis by X-ray 

crystallography. 

The copper complex, 322, proved to be very interesting. The complex was obtained 

directly from the reaction mixture, as a green solid, in 86% yield. By elemental analysis, the 

complex was shown to have the composition [305.(CuCbhl, which again is consistent with 

the reaction stoichiometry. This formulation would be consistent with the [2+6J macro cyclic 

structure or the trinuclear structure proposed above. Recrystallisation produced two 

complexes in good yield, each of which has a composition different to 322. The first of the 

two complexes, 322a, was obtained, as blue crystals, by recrystallisation of 322 from DMF. 

The complex analyses as [305.CuCb.(DMF)]. This composition is consistent with a 

mononuclear struchu'e, or a [2+2] structure or a polymeric structure. The second complex, 

322b, was obtained, as green crystals, by vapour diffusion of chloroform into a DMF solution 

of 322. By elemental analysis, the complex was found to have the composition 

[(305)2.(CuCbh 1/3(CHCb).2(I-lzO)J. This formulation is consistent with 322b having a 

[2+ 3 J macrocyclic structure or perhaps a polymeric structure. To determine the nature of, and 

the differences between 322a and 322b, single-crystal X-ray structure analyses of each of the 

complexes were carried out. 

The palladimTI complex, 323, was initially obtained as a yellow solid. from the reaction 

of palladium chloride and 305. However, the complex could be obtained in a more pure form 

from the reaction of acetonitrile solutions of 305 and Pd(CH3CN)2Ch. By this method the 

complex was prepared in 62% yield, and analyses as [305.(PdCbh3/2(H20)]. This analysis 

could correspond to a polymer or a [2+6] macrocycle. The complex is soluble in DMSO, but 

all attempts to recrystallise the complex gave powders. The 1 H NMR spectrum of 323 in d6-

DMSO shows dissociation of the complex with the spectrum being identical to that of the 

ligand. 

Crystal structure of 322a 

The complex 322a has a [2+2] macro cyclic structure and crystallises in the 

centro symmetric triclinic space group P-l. The asymmetric unit contains one molecule of 

305, one copper chloride moiety and DMF solvate molecules that are disordered over three 

sites with a total occupancy of 1.38. The labelled asymmetric unit is shown in Figure 3.33, 

while the full macrocyc1ic struchlre is shown in Figure 3.34. 
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Figure 3.33 Perspective view and atom labelling of the asymmetric unit of 322a. Hydrogen 

atoms and DMF solvate molecules have been omitted for clarity. Sele.cted bond lengths (A) 

and bond angles (0): Cul-N21 2.002(3), Cul-N71A 1.998(3}, Cu1-Cll 2.245(1), Cu1-C12 

2.235(1); N21-Cul-N71A 167.6(1), N21-Cu1-Cll 90.1(1), N21-Cul-C12 89.6(1), N71A

Cu1-Cll 92.5(1), N7lA-Cu1-C12 92.5(1), Cll-Cu1-C12 157.4(1). 

The macro cycle consists of two molecules of 305 and two copper chlorides, positioned 

about a centre of inversion, and is disk-like in shape. Each ligand is bidentate and bridges 

two coppers, while each copper is coordinated to two pyridine nitro gens and to two chlorides. 

The copper-donor bond lengths are within the range expected for such a compound.50 The 

geometry of the copper is distorted between square-planar and tetrahedral. 

A feature of the complex is the close 1t-1t stacking of the triphenylene cores of the two 

ligands within the [2+2J macrocycle. Each triphenylene unit is planar (maximum deviation 

from the plane O.104(3)A, CIO, mean deviation hom the plane 0.053(3)A). The two halves 

of the molecule are related by a centre of inversion, therefore, the two triphenylenes are 

necessarily parallel, and their mean-planes are separated by only 3.24(l)A. This distance is 

sh01ier than the interplane separation in graphite (3.35A), and shorter than the separation of 

the two benzene rings observed in 1.7 (3.33A). As can be seen in the top view of the 

complex (Figure 3.34), the triphcnylene cores are displaced so that a bond of one ring sits 
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over the centroid of another !'ing. The stacking of the two ligands results in the complex 

having a disk-like shape. 

Figure 3.34 Top view oft[lC [2+2] macrocyclic structure of322a. 

Only two of the six pyridines of the ligand are coordinated to copper atoms, those being 

the pyridines substituted at the 2- und 7 -positions of tile triphenylene. The ligand bridges the 

coppers witll a copper-copper separation of 13 .856(1 )A. which is longer than any metal-metal 

separation observed in the macrocycles of Chapter 2. As can be seen by the ligand shaded in 

bold in Figure 3.35, the two coordinated pyridines are pushed out of the plane of the 

triphenylene in a direction away from the second triphenylene. They are inclined to the 

triphenylene at angles of 72.7(3) and 70.1 (3t, while the two pyridines at a copper are inclined 

to each other at 28.4(2)°. Two of the non-coordinated pyridines (6- and II-substituted at the 

triphenylene) are rotated out of the triphenylene plane away from the second triphenylene, 

and ure inclined to the triphenylene at angles of 56.4(3) und 90.6(3 )0, respectively. The 

pyridine substituted at the lO-position is rotated below t[1t~ triphenylene towards the second 

triphenylene and is inclined at 93.7(3yl to the triphenylene. The remaining pyridine (3-

substituted at the triphenylene) is disordered over three sites,two of whiell have the pyridine 

rotated towards the second triphenylene, wllile the other has the pyridine ring above the plane 

of the triphenylene. The two rings below the triphenylene are inclined to it at angles of 
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85.3(6) and n.9(6t, while the ring above the plane is inclined at 83.6(6)°. Rotation about the 

C3~03 bond enables the pyridine ring to be disordered over the three sites. Only one 

conformation is shown in Figure 3.35. and that is with the ring below the plane of the 

triphenylene. All of tl1e linking ether oxygens are displaced helow the plane of the 

triphenylene towards the other triphenylene plane. which can be seen in the side view of the 

complex (Figure 3.35). The displacements vary from 0.062(6) for 03 to 0.354(6)A for 06, 

with the oxygens connecting the coordinated pyridines being displaced by 0.272(6) and 

O.194(6)A for 02 and 07. respectively. 

Figure 3.35 Side view of the [2+2J macrocyclic structure of 322a. 

The only intermolecular interactions are weak C-H-"Cl hydrogen bonds with Cl .. ·H 

separations of 2.78(1) and 2.91 (1 )1\. While rr~rr interactions between aromatic rings might be 

expected, particular between the pendant pyridine rings, there are no such intermolecular 

interactions. 

Tins represents the first coordination complex with a u·jphenylene core as part of the 

ligand to be characterised by X~ray crystallography. 

Crystal structure of 322 b 

The crystals of 322b are unstable with loss of sol vent. and also crystallinity, occurring on 

their removal fi'om the mother liquor. However, rapid transfer ()f a crystal to the low~ 

temperature nitrogen stream of the diffractometer allowed a data-set to be collected. 

Unfortunately, the crystals of this complex proved to diffract only weakly, with the data-set 
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providing a solution tbat was refined to an R-factor. R\, of 0.11. Tbe complex contains large 

amounts of disordered solvent. \vhicb, as discussed previously. precludes a better refinement. 

The sllpramoleeular strucrure of the complex is unambiguous alld is v,orthy of discussion. 

Complex 322b crystallises in the centrosymmetric trigonal spacc group P-31 c and has a 

[2+3] macrobicyclic structure. The asymmetric unit contains onc third of a ligand (i.e. one 

phenylene ring and two pyridyloxy substituents), half of a copper cilloride moiety and 

disordered solvent. TIle solvent was modelled as chloroform disordered over two sites with 

occupancy of 0.78, and water witll occupancy of 3.0 disordered over six sites. Tile labelled 

asymmetric unit and connecting atoms are shown in Figure 3.36. wbile a top viev,r of the 

mucrocyclic structure is shOvVI1 in Figure 3.37. 

Figure 3.36 Atom labelling of the asymmetric unit of 322b. Chlol'Oform and water solvate 

molecules have been omitted for clarity. Selected bond lengths (A) anel bond angles (0): Cu1-

N311.991(9). Cul-Cll 2.237(5); N3l-Cu1-N31A 151.2(6), N31-Cul-Cll 94.8(3), N31-Cu1-

CIlA 95.5(3), Cll-Cu1-CllA 137.9(3). 

Two ligands and three copper chlorides form the macrocyclic structure of 322b, wbich 

has a disk-like shape similar to that of 322a. Unlike 322a, each ligand in 322b is tridentate 

and bridges three coppers. Eacb copper is comdinated to two pyridine nitrogens of different 

ligands and to two cblorine atoms. Again. tbe copper-donor bonel lengtbs are unexceptional, 

and the copper atom has a geometry distorted between square-planar and tetrahedral. The 

complex has DJ symmetry witb the tbree-fold rotation axis running through the centre of the 
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two triphenylenes and perpendicular to the plane of the triphenylenes. The three two-fold 

axes run through each of the copper atoms and are parallel to the plane of the triphenylenes. 

As a result of the DJ symmetry, each [2+3J macrocycle is chiraL Neighbouring m<lcrocycles 

are related by a centre of inversion, and therefore have opposite chirality_ and the crystal IS 

centrosymmetric. 

Figure 3.37 Top view of the [2+3J maerobicyclic structure of322b. 

As for 322a, a feature of the complex is the 11-11 staeking of the parallel triphenylene 

cores. However, the nature of 11-11 stacking interactions in the two complexes is different. In 

322a the triphenylene cores are displaced so that the centroid of u triphenylene lies over a 

bond of the other tripllenylcne, wllile in 322b the centroid of one of the triphenylenes lies 

directly over the centroid of tile otller triphenylene, as illustrated in Figure 3.37. 'rhe distance 

between the triphenylene planes in 322b [3.38(4)AJ is greater tban that in 322a [3.24AJ, 

which may be due to the different 11-1"[ stacking motif. 

Three of the six pyridines of the ligand are coordinated to bridge three coppers which are 

separated by 12.692(3)A. This sepuration is over I. 16A shorter than the copper-copper 

separation in 322a, and is due to tile ligand bridging by a different mode. In 322a the two 

coordinated pyriclines are substituted at the 2- and 7-positiollS of tbe triphenylene, while in 



101 

322b the three coordinated pyridines are substituted at the 2-, 6- and II-positions of the 

triphenylene. 

Figure 3.38 Side view of the [2+ 3J macrocyclic structure of 322b. 

As was observed in 322a, the coordinated pyridines (of the type containing N3l) are 

pushed up out of the plane of the triphenylene, while the linking ether oxygens (of the type 

03) are pulled below the plane by O.13(2)A, as can be seen for the ligand shaded in bold in 

Figure 3.38. The coordinated pyridines are twisted away fi-om the tripheny lene plane by 

119(1)° which gives rise to the chirality inherent in each macrocycle. The non-coordinated 

pyridines (of the type containing N21) are positioned be low the triphenylene plane and fom1 a 

ring around the middle of the two triphenylenes. The non-coordinated pyridines are nearly 

orthogonal to the triphenylenes, being inclined at 95(1)°. While the non-coordinated 

pyridines are below the plane of the triphenylene. the linking ether oxygens (of the type 02) 

are pushed above the plane by O.22(2)A. Two neighbouring non-coordinated pyridines from 

different ligands are inclined to each other at 8(1)° and their mean-planes are separated by 

4.1 OC 4 )A, a distance too great for them to be considered 7t-7t stacked. 

The initial complex, 322, has the stoichiometry [30S.(CuCh)3], while the two 

recrystallised complexes 322a, and 322b, have the stoichiometries [30S.(CuClz)] and 

[30S.(CuClzhL respectively. The change in stoichiometry on recrystallisation is not an 

uncommon process in the construction of supramolecular architectures. This is due to the 

initial reaction being under kinetic control, whereas the recrystallisation process occurs under 

thermodynamic control, as discussed in Chapter 1. This shows that the forces controlling the 
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self-assembly process are finely balanced, as under very similar conditions, two different 

architectures are possible. Thus, the ligand displays subtle molecular recognition to 

selectively form assemblies containing either two or three metal s. The ro Ie of the chloroform 

that leads to the formation of 322 b in preference to 322a is not known. 

The ligand, 30S. was designed with the intention of constructing a disk-like architecture 

consisting of two ligands connected by metals around their fringes. assisted by 71:-71: stacking. 

The ability of dle triphenylene core to 71:-71: stack: has been successfully utilised in the 

construction of two such macrocyclic structures. While the goal of constructing and 

structurally characterising a complex with six metals around the fringe of two triphenylene 

cores has not been realised (Figure 3.29 (i)), the structural elucidation of the two complexes 

with two and three coppers, respectively, represents a significant achievement Inspection of 

the structures of the two complexes suggests that the incorporation of six metals into the disk

like arcbitecture is feasible, altbough there could be steric factors that might make such a 

structure unfavourable. Silver(I) is potentially a good candidate for the construction of such 

an architecture as it can adopt a bent geometry when coordinated to two pyridines, and 

because it does not require coordination to ancillary ligands, tbe potential steric strain would 

be reduced. It is also possible that the inclusion of six metals in the structure would result in 

unfavourable steric interactions between pyridine rings. 

Complexes of 2,3,6,7,10,1l-hcxakis(2-pyridylmethoxy)triphenylcnc, 306 

Reactions of 306 with silver(I) tritlate, copper(II) chloride and palladium(II) chloride 

yielded silver, copper and palladium complexes respectively. Reaction of 306 with silverer) 

nitrate yielded a gel-like substance which was not investigated fmther. Instead, silver tritlate 

was used to prepare the silver complex, 324 in 75% yield, as a white solid, that analyses as 

[306.(AgOTf)].2(l-hO)l, The complex is soluble in DMF; however, attempts to grow crystals 

proved futile and no further characterisation of the complex was made. The palladium 

complex. 326, was initially prepared by the reaction of palladium chloride and 306; however, 

the product obtained was as an usual yellow-brown solid. The complex was prepared in a 

more pure form, as a yellow solid, by the reaction of DMSO solutions of 306 and 

Pd(CH)CN)2Ch. The complex, by elemental analysis, was found to have the composition 

[306.(PdCbh4(J-hO)]. The complex is soluble in DMSO, and vapour diffusion of 

acetonitrile or acetone into a DMSO solution of 326 yielded only small crystals that were 

unsuitable for analysis by X-ray crystallography. 
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The copper complex, 325, was prepared as a green solid, in 61 % yield. and analyses as 

[306,(CuCb)3.3(H20)]. Green crystals of the complex were grown by vapour diffusion of 

acetone into a DMSO solution of 325, and a single-crystal X-ray structure was performed to 

ascertain the nature of the complex. 

Crystal struchlre of325 

As for other structures. this crystal contains considerable disordered solvent, but, in 

addition, part of the complex is disordered. After much effort the disorder was successfully 

modelled to give an R-factor. RJ of 0.068. 

The camp lex crystallises in the centrosymmetric monoclinic space group C2/m and is a 

discrete trinuclear structure. Each ligand acts as a triply chelating bridging ligand, thereby 

bridging three copper chlorides, as shown in Figure 3.39. The asymmetric unit contains half 

of a molecule of 306, one and a half copper chlorides, water sol vent molecules disordered 

over three sites with a total occupancy of 1.24. and DMSO solvent molecules disordered over 

four sites with a total occupancy of 1.85. 

Figure 3.39 Perspective view and atom labelling of the molecular structure of 325. Atoms 

connected by open bonds are associated with disorder. I-Iydrogen atoms and solvent are 

omitted for clarity. Selected bond lengths (A) and bond angles (0): CuIA-N21 1,914(7), 
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Cu1A-N31 2.107(7), CulA-CllA 2.239(8), CulA-CI2A 2.322(6), CulO-N21A 2.118(7), 

Cu1D-N31A 1.995(7), CulD-CI10 2.249(7), CuIO-CI2D 2.305(6), Cu2-N61 2.012(4), Cu2-

C13 2.271(2), Cu2-C14 2.289(2); N21-Cu1A-N31 162.7(4), N21-CuIA-CI1A 86.4(3), N21-

CulA-C12A 93.0(2), N31-CuIA-CIIA 83.6(3), N31-CuIA-CI2A 94.7(3), CllA-CulA-CI2A 

171.2(4), N21A-Cu1D-N31A 150.3(3), N21A-CulD-CllD 90.9(3), N21A-CulD-CI2D 

89.3(2), N31A-CulD-CllD 91.5(3), N31A-CulD-C12D 86.5(3), C1ID-CuID-C12D 176.2(3), 

N6l-Cu2-N61A 151.5(2), N6l-Cu2-CI3 90.3(1), N6l-Cu2-CI4 90.9(1), C13-Cu2-C14 

175.1(1). 

The ligand acts as a triply chelating ligand in the manner proposed in Figure 3.29 (ii). 

Each of the three pairs of pyridines chelates a copper chloride to torm eleven-membered 

chelate rings, in a fashion similar to that observed for complex 232. The coppers are each 

coordinated to two pyridine nitro gens and to two chlorine atoms, and have geometries 

distorted between square-planar and tetrahedral. The two halves of a molecule of 325 are 

related by a mirror plane that is perpendicular to the plane of the molecule and runs through 

Cu2, C13, C14 and the mid-point of the C 12A-C 12B bond. 

'" 
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Figure 3.40 Disorder of part of the structure of 325. 

Three atoms of the triphenylene ring system, two oxygen atoms and a copper chloride 

are disordered. The disorder was modelled with all of the disorclered atoms occupying two 

sites in a ratio of 50:50. In Figure 3.39 the left half of the molecule contains the disordered 

atoms CulA, Cl1A, C12A, 02A. 03A, C2A, C3A and C40, while the right half of the 

molecule contains the alternative sites for these atoms, and they are shown connected with 

open bonds. The two disordered parts are shown in the same part of the molecule in Figure 
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3.40. The physical expression of this disorder is twisting of the triphenylene, with the result 

being a lack of planarity in the triphenylene core. Such twisting away from planarity has 

previously been observed in sterically crowded substituted triphenylenes.'~\l The variations in 

the copper-donor bond lengths are a result of this disorder. 

Despite the twisting of the triphenylene, the molecule has an approximately planar, disk

like shape. The maximum deviation from the triphenylene mean-plane is O.214(2)A for C2A, 

while the mean deviation from the plane is 0.106(1 )A. The pyridine rings are inclined to the 

triphenylene mean-plane at angles of 13.3(4), 11.6(4) and 14.6(4)°, for the rings containing 

N21, N3I and N61. respectively. The pyridines at CuI A form an angle of 9.3(4)°, and the 

pyridines at Cu2 form an angle of 12.6(4)°. 

The crystal packing of the complex is dominated by the association of two molecules of 

325. There is a face-to-face 1t-1t stacking interaction between the triphenylene cores of the 

two molecules, \vhich are related by a centre of inversion. so are necessarily paralleL The 

central rings of the tripheny lenes are separated by 3.59(1 )A, and are offset. as can be seen in 

Figure 3.41. There is also some interaction between pyridine rings of the two ligands, 

although the overlap of the rings is poor. Rings of the type containing' N21 and N61 are 

almost parallel, fonning: an angle of 6A( 4 )0, and are separated by 3 AO(l ),A .. 

Figure 3.41 Dimeric association of two molecules of 325. Via the 1t-1t stacking bf 

triphenylene cores. 
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3.5 Ligands with quinoline as the heterocycle 

The heterocycle quinoline can be considered as a pyridine ring with a benzene ring fused 

to it at the 5- and 6-positions. 'rhe additional ring of the quinoline allows a greater number of 

positions for substitution than does pyridine. Thus, there is the potential for a range of 

dispositions of the quinoline ring about a central benzene ring. In this section quinolines 

substituted at the 2- and 8-positions have been incorporated into ligands containing a central 

benzene core. 

Recently, a 2-substituted quinoline has been attached to a macro cycle which has been 

used to f'lwm a Cu(II) complex. 151 Substituted quinolines have found more widespread use. 

Deprotonated 8-hydroxyquinoline. 3.7. is a good chelating ligand and has been llsed m 

gravimetric analysis, IS" and recently it has been used to form a Ru(I1) complex. IS" 8-

Methylquinoline has also been used as a chelating C,N donor in organometallic complexes.15~ 

Recently, an 8-substituted quinoline has also been included in a silicon-containing ligand that 

forms a Zr(IV) complex, and two macrocyclic ligands that complex Cu(II). 15;,156 

yo 
OH 
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Figure 3.42 8-Hydroxyquinoline, 3.7, and deprotonated 3.7 as a chelate. 

In this work 2-substinlted quinolines have been appended to a I A-disubstituted benzene 

core via a spacer X O. to give the ligand 1,4-bis(2-quinolyloxy)benzene, 307, while 8-

substituted quinolines have been attached to the 1.4-disubstituted benzene core, via the spacer 

X;o CH20 to give the ligand L4-bis(8-quinolyloxymethyl)benzene, 308. Ligand 308 might 

also act as a bis-chelating ligand via donation through both oxygens und nitrogens. 

The ligand 1 A-bis(2-quinolyloxy)benzene, 307. was prepared by the reaction of 1,4-

dihydroxybenzene and 2-chloroquinoline in DMF in the presence of potassium carbonate. 

The ligand was obtained in 33% yield as colourless crystals. 
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Figure 3.43 Preparation of L4-bis(2-quinolyloxy)benzene. 307. 
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The ligand 1 A-bis(8-quinolyloxymethy l)benzene. 30S. was initially prepared under 

phase-transfer cutalysed conditions. A mixture of 8-hydroxyquinoline, 3.7, and 1 A

bis(bromomethyl)benzene. with a small amount of tetrabutylammonium hydroxide as a 

phase-transfer catalyst. in benzene and aqueous sodium hydroxide was heated at reflux. 

However, the yield of the reaction was variable (20 - 50%\ so a second method of preparing 

the ligand was attempted. A mixture of 8-hydroxyquinoline. A-bis(bromomethyl)benzene 

and sodium hydroxide ,vas stirred in DMF. This method proved more reliable and allowed 

308 to be prepared in 76% yield. 

Br~ 

~~Br 

3.7 

1\aOl-I 
DMF 

(:N 
O-o~ - a)=< 

308 N:J 
Figure 3.44 Preparation of lA-bis(8-quinolyloxymethyl)benzene. 30S. 

As Jor other ligands, 307 and 308 were characterised by melting point, mass 

spectrometry, elemental analysis and NMR spectroscopy. In addition. 307 was characterised 

by X-ray crystallography of a coordination complex. 

Complexes of 1,4-his(2-(Juinolyloxy)henzene, 307 

Silver, copper and palladium complexes of 307 were prepared by the reactions of 307 

~with silver(l) nitrate, copper(II) chloride and palladium(II) chloride. respectively. The copper 

complex, 328, was isolated directly from the reaction mixture. as a blue solid, in 921% yield. 

and analyses as [328.CuCbl The complex is soluble in DMF and DMSO, but attempts to 

recrystallise the complex from tllese solvents lxoduced only I'ree ligand. The palladium 
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complex, 329, was isolated directly from the reaction mixture, as a yellow solid, in 82% 

yield, and analyses as [307.PdCh.(H20)]. The complex is soluble in DMSO; however, 

attempts at recrystallisation only yielded powders. These two complexes were not 

investigated further. 

The silver complex, 327, was prepared as colourless crystals, obtained directly from the 

reaction mixture, in 74% yield. By elemental analysis, the crystals were found to have the 

composition [307.AgN03 . Y::(H20)]. This is consistent with a [2+2]macrocyclic structure or a 

polymer. therefore a single-crystal X-ray structure analysis was performed to detennine the 

exact nature of the complex. 

Crystal structure of327 

The complex 327 has a one-dimensional metallopolymer structure and crystallises in the 

centrosymmetric triclinic space group P-1. The asymmetric unit contains two half molecules 

of the ligand, 307, each of which lies about a centre of inversion, a silver nitrate and one 

molecule of water. The water and nitrate are each disordered over t,,'o sites. The labelled 

asymmetric lmit is shown in Figure 3.45, while a section of the polymeric chain is shown in 

Figure 3.46. 

C3A r! .' 
'00 ,\, •• , . LJC1A 

o~~3 r C2 ~ 
(l 

Figure 3.45 Labelled asymmetric unit of 327. Selected bond lengths (A) and bond angles 

C): Ag1-N1' 2.196(3), Ag1-N1" 2.192(3), AgI-Oll 2.575(5), Ag1-014 2.561(8); N1'-Ag1-
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Nl" 163,9(1), Nl'-Agl-0l1 99.1(2), Nl'-Agl-014 87.1(2), Nl"-Agl-Oll 95.0(2), Nl"-Agl-

014 108.4(2). 

Each ligand is bidentate and bridges two silver ::lt0111S. Each silver mom is coordinated to 

two quinoline nitro gens and to a nitrate oxygen or a water oxygen. The coordinated nitrate 

and the coordinated water each have an occupancy of 0,5 (as uo the non-coordinated nitrate 

and the non-coordinated water), so any silver atom is only ever coordinated to one oxygen 

atom. Thus, the geometry at silver is distorted T-sbaped. Two quinolines coordinated to a 

silver are inclined to each other at 10.1 (3 )Ll. As expected, replacement of the pyridine 

heterocycle by quinol ine results in the sil vel' geometry and the sil yer-donor bond lengths 

being similar to those observed for pyridine-based ligands. both in this thesis and in the 

1i terature. 31.J4,J5,9J.'JG 

Figure 3.46 Perspective vie,,,' of a section of the polymeric chain of 327. The hydrogen 

atoms, water molecules and non-coordinated nitrates have been omitted for clarity. 

The polymer chain propagates along the crystallographic u axis. with the result being 

that the silver-silver separation along the edge of the polymer (Agl"'AgIC) is 9.720(1)A, 
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which is the a dimension of the unit cell. A ligand, of the type containing Nl', bridges two 

silvers with a separation of 10.886(l)A (Agl"'AglA), while a ligand, of the type containing 

NT'. bridges two silvers with a separation of 10.761(l)A (Agl-AglB). These distances are 

similar to the silver-silver separation (l0.384A) in the silver nitrate complex. 1.7. of the 

pyridine-based ligand. 1 A-bis(2-pyridyloxy)benzene. 1.6. Unlike 1.7. which has a discrete 

[2+2J macrocyclic structure, there is no 1t-1t stacking of the benzene rings in 327. Two 

(lcUacent benzenes are inclined to each other at an angle of 10.1 (3)° and are displaced so that 

the rings do not lie over each other. However. there are 1t-1t stacking interactions between 

quinolines, both intra-chain and inter-chain. Two quinolines (each of different nature) fi'om 

adjacent ligands in the polymer have their mean-planes inclined to each other at 10.10 and 

separated by 3.79(l)A. They are positioned so that both rings of each quinoline are involved 

in the stacking interaction (Figure 3.46). The rings are offset so that the centroid of one ring 

sits over an atom of the other quinoline. An intra-chain 1t-1t stacking interaction occurs 

between two quino] ines of the type containing N ['. The two quinolines are related by a centre 

of inversion, so are necessarily parallel. and are separated by 3 .36( 1 )1\. Only the nitrogen

containing rings of the guinolines are involved in the interaction. and are offset in the usual 

fashion with an atom of one ring lying over the centroid of the other ring. 

Complexes of 1,4-bis(8-quinolyloxymethyl)benzenc, 308 

Silver, copper and palladium complexes and a palladium salt of 308 were prepared. The 

silver complex, 330, was prepared by the reaction of 308 with silver(I) nitrate. The complex 

was obtained as a white powder directly from the reaction mixture. in 92% yield, and 

analyses as [308.AgNOd/;'(1-bOYj. The complex slowly tums grey on prolonged exposure to 

light, but it is stable wllen stored in the dark. The complex is only sparingly soluble in 

acetonitrile, but is more sol.uble in DMF. Despite numerous attempts, crystals of this 

complex were not obtained. The copper complex, 331, was prepared by the reaction of 308 

with copper(II) chloride. The complex was obtained directly from the reaction mixture, as a 

pale green solid, in 77% yield, and by elemental analysis has the composition 

[308.CuCh.(l~bO)]. Vapour clitl'usion of acetone, benzene, chloroform, acetonitrile or 

methanol into DMF or DMSO solutions of 331 yielded small crystals. However, despite 

many attempts, crystals suitable t'or analysis by X-ray crystallography were not obtained. 

In an effort to prepare a palladium coordination complex of 308, it was reacted, in the 

usuaJ mUlmer, with palladium(lI) chloride dissolved in 2M HCI, and a yellow-orange solid, 
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332, was obtained. Tile' H NMR spectrum of the complex in d()-DMSO revealed an 

unusually low-field shift of 9.23ppm for H2'. Such a low-field shift is typical of a protonated 

quinoline. rather than a coordinated quinoline. The yellow-orange solid analyses as 

[H1308.PdCI4.(H20)], lhus confirming 332 as a salt. The ligand is doubly protonated and 

forms a salt with the tetrachloropallaclate anion. This phenomenon bas been observed 

previously. The ligand I A-bis(J' .5'-dil1letbylpyrazol-1-ylmethyl)-2.3.5.6-dimethy lbenzene. 

on reaction with PclCb dissolved in 2M HC!. forms a IhL.PdCI 4 salt. as shown by X-ray 

crystallography.30 

A palladium coordination complex, 333, was instead prepared by the reaction of 

acetonitrile solutions of 308 and Pd(CR1CN)2CI2. The complex was obtained as a yellow 

solid in 66% yield. Elemental analysis of the complex revealed it 10 have the formulation 

[30S.PdCb.Y4 {Pd(CH~CN)2Cl211. Therefore the complex contains an amount of the 

unreacted palladium precursor. The complex is soluble in DMF and DMSO, but attempts to 

recrystallise the complex only yielded powders. 
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Complexes of poly(1,2,4-triazolyhnethyl)- and 

poly(benzotriazolylmethyl)-benzenes 

4.1 Introduction 
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As discussed in Chapter L Hartshorn prepared a range of I-pyrazolyl-substituted 

benzene ligands and investigated their coordination chemistry.;(ly.1~ The resulting 

complexes included one-dimensional metallopolymers, a ten-component molecular cage, 

and a mononuClear complex described as a coelenterate. This chapter discusses ligands 

that contain 1 ,2,4-triazoly I and benzotriazolyl substituents, rather than pyrazolyl 

substituents, appended to a benzene ring. 

·u 4.2 

Figure 4.1 1,2,4-Triazole, 4.1, and benzotriazole, 4.2. 

Unlike the n-deficient n-acceptor pyridine heterocycle that was incorporated into 

the ligands used in Chapters 2 and 3, the azoles used in this chapter are TC-excessive and 

are n-donors in addition to being O'-donors. L2A-Triazole. 4.L is a \\'eLl-studied ligand 

that is capable of acting as a 1110nodentate or bridging ligand either \vith or without 

deprotonation. The neutral ligand as the I-H tautomer can bridge two metals via 

coordination of N2 and N4. while the 4-H tautomer can bridge t\:vo metals through N1 

and N2. The deprotonated L2A-triazolate anion can bridge two metals through N1 and 

N4 or through Nl and N2. or it can act as a tridentate bridge via coordination of all three 

nitrogens.24 Benzotriazole. 4.2. is an equally well-studied and versatile ligand. Much of 

the interest in the coordination chemistry of benzotriazole is clue to its use as a corrosion 

inhibitor for copper and as u quantitative precipitating agent for copper and the platinum 

group metals. Neutral benzotriazole can coordinate in a mOl1odentate fashion through 

either N2 or N3 with a preference for N3 coordination, or it can bridge via N2 and N3 

coordination. The deprotonated benzotriazolate anion has been shown to coordinate in a 

rnonodentate fashion through Nt while it can act as a bidentate bridge through N1 and 
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N2 or through N1 and N3 coordination, as well as a tridentate bridge via coordination of 

all three nitrogens. 157 

There are six possible isomers of bi-1,2.4-lriazole all of Wllich are known, but there 

has been little investigation ot' their coordination chemistry, with the exception of 3.3'

bi-12A-triazole and some of its derivatives, which have been shown to form 

mononuclear and dinuclear complexes.I)M Two of the three possible hibenzotriazoles are 

known (the L 1'- and 1,2'- isomers), but there have been no reports of their coordination 

chemistry. ISS 

Separation of the two heterocycles by one-atom spacers has been achieved. 

Bis(benzotriazolyl)methanes have been prepared, 11') but investigations of their 

coordination chemistry have not been reported. Poly(benzotriazol-l-yl)borates and 

poly(1 ,2,4-triazol-l-yl)borates have recently been synthesised as analogues of the much

studied poly(pyrazolyl)borates.
,
(",·'(,2 Hydrotris(benzotriazol-l-y l)borate has been shown 

to act as a triply chelating ligand in the formation of mononuclear organometallic 

molybdenum and tungsten complexes, 1(,3 while hydrobis(benzotriazol-1-yl)borate has 

also been used to prepare rhodium and ruthenium organometallic complexes.lb4.165 In 

these complexes the benzotriazole groups all coordinate through the N2-position. 

Hydrotris(3,5-dimethyl-1,2.4-triazol-l-yl)borate has been shown to similarly act as a 

triply chelating ligand in the formation of a mononuclear complex via N2 

coordination. 166 The unsubstituted ligand hydrotris(1,2 A-triazol-l-yl )borate also acts as 

a tripodal ligand in coordination complexes with iron(II), co balt(II). 1(,7 copper(II),168 and 

zinc(II),169 with coordination of the triazo I es at the N2-position. A supramolecular tlu'ee

dimensional polymeric zinc(II) complex has also been formed with the ligand bridging 

three metals via coordination through the N4-position.I(1') 

Fmther extension of the spacer between I-substituted 1,2,4-triazoles or 

benzotriazoles seems unexplored. However, the I ,2,4-triazole moiety has recently been 

incorporated into a number of ligands via substitution at the C3-position. The ligand 3-

(2-pyridyl)-1,2,4-triazole acts as a tridentate ligand in a dinuclear nickel(II) complex 

with the triazoles bridging through the Nl and N2 positions. I,ll Various methyl

substituted 1,2,4-triazolyl units have been appended to aLl O-phenanthroline '71 or 2,2'

bipyridine l71 unit to form analogues of the tridentate ligand terpyridine. The triazole unit 

coordinates through the N4-position in the iron(lI) and nickel(lI) complexes formed with 

these ligands. Two 4 H -1 ,2,4-triazole units have been incorporated into a sulphur-

containil1g ligand that has been shown to fonn a linear lrinuc1ear complex with the 
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triazole units each bridging two coppcr(l1) atoms via N 1 and N2 coordination. 173 The 

1,2.4-triazole moiety substituted in both the C3 and C5 positions has been incorporatcd 

into a 22'-biphenyl-spaced pyridine-containing ligand and has been sblWil1 to coordinate 

through the N4-position in copper(l) and copper(ll) c0ll1plexes.17~ 

Tbe coordination chemistry of poly(1.2.4-triazol-l-ylmetbyl)benzenes and 

poly(benzotriazol-l-ylmetbyl)benzenes is investigated in this chap[cr. The 1,2.4-

triazoles, being substituted at the N I-position. can potentially coordinate through the N2-

or l\lA-positions, while the Nl-substituted benzotriazoles can coordinate through the N2-

or N3-positions. Coordination tlu'ough the N2-positions is analogous to coordination of 

the I-substituted pyrazoles of Hartshorn, while N4-coordination of the 1.2.4-triazole and 

N3-coordination of the benzotriazole are analogoLls to the coordination of I-substituted 

imidazoles. 

(i) (ii) 

1Y1 
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Figure 4.2 (i) Pyrazole-like coordination and (ii) imidazole-like coordination of 1-

substituted 1 ,2.4-triazoles and I-substituted benzotriazoles. 

The coelenterate of Hartshorn £i'om the ligand 1.3,5-tris(pyrazol-l-ylmethyl)-2,4,6-

trimethylbenzene combines tripodal chelation with 7t-arene coordination in the one 

complex, as shown in Figure 4.3. If the benzotriazole and 1,2.4-triazole ligands 

coordinate through the N2-positions in a pyrazole-like fasbion, then ligands with these 

heterocycles appended at the 1 J ,5-positions of a benzene ring can potentially form 

coelenterates. 

Figure 4.3 Tile coelenterate complex of Hartshorn. 
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The coordination chemistry of a number of poly(imidazol-l-ylmethyl)benzenes has 

recently been investigated by Robson et al. Among the complexes reported are an 

intriguing two-dimensional polyrotaxane network from the reaction of IA-bis(imidazol

I-ylmethyl)benzene and silver nitrate, 175 and a three-dimensional network from the 

reaction of hexakis(imidazol-l-ylmethyl)benzene and cadmium tluoride. 176 Should the 

benzotriazolyl and I2A-triazolyl ligands coordinate in an imidazole-like fashion, then 

similarly interesting complexes might be expected. 

In summary, this chapter discusses the coordination chemistry of three poly(I,2,4-

triazol-I-ylmethyl)benzenes and three poly(benzotriazolylmethy l)benzenes. 

4.2 Preparation of the poly(1,2,4-triazolylmethyl)- and poly(benzotriazolylmethyl)-

benzenes 

Katritzky et al. have reported the alkylation reaction of 1.2A-triazole which 

produced l-benzyl-1,2,4-triazole, 4.3, and, 4-benzyl-I,2,4-triazole. 4.4, and the 

alkylation reaction of benzotriazo.le which produced I-benzylbenzotriazole, 4.5, and 2-

benzylbenzotriazole, 4.6.177 1,2A-Triazole was reacted with benzyl bromide in the 

presence of sodium hydroxide in DMF to give a mixture of 4.3 and -t.4 in a ratio of 94:6. 

The reaction of benzotriazole with benzyl bromide under similar conditions yielded 4.5 

and 4.6 in a ratio of 3: 1. The reactions were high yielding, with 4.3 and 4.4 obtained in 

85% total yield and 4.5 and 4.6 obtained in 99% total yield. The high yield of the 

reaction and the predominance of the I-substituted products were suited to the 

preparation of the ligands described in this chapter, therefore this procedure was 

followed in the preparation of the new ligands 401 - 414. 
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Figure....... Preparation of (i) I-benzyl-l,:2.A-triazole. 4.3. and 4-bcnzyl-1.:2.,4-triazole, 

404. and (ii) I-benzylbenzotriazole, 4.5. and :2.-benzylbenzotriazole. 4.6. 

To prepare the ligands n mixture of the appropriate bromomethyl-substituted 

benzene (one equivalent), 1.2A-triazole or benzotriazole (one equivalent per 

bromomethyl group) and finely ground sodium hydroxide (four equivalents per 

bromomethyl group) was stirred in DMF. The reaction mixture was poured into water 

and. if the product precipitated. it was tiltered off, otherwise it \yas extracted with 

chloroform. The crude reaction product contained a mixture of isomers. which were 

separated by recrystallisation or nidial chromatography. 

The ligands were all characterised by IH and 13C NMR, mass spectrometry and 

melting point. Most of the ligands were also characterised by elemental analysis, but 

some of the low-yielding isomers were not obtained in suffIcient quantities to allow 

purification for elemental analysis. 

Isomers were readily identified by IH NMR. A I-substituted 1.2A-triazole gives 

rise to two singlets due to the inequivalent H3 and f-I5 protons, while a 4-substituted 

1,:2.,4-triazole gives rise to one singlet due to the equivalent H3 and H5 protons. A 1-

substituted benzotriazole has four inequivalent protons which give rise to four signals, 

while a 2-substituted benzotriazole gives rise to the expected two multiplets of a 

symmetrically ortho disubstituted benzene ring (AA'BB' pattern). 

Reaction of 1 J-bis(bromometilyl)benzene and two equivalents of 1,:2.A-triazole 

could give three isomeric reaction products: one isomer containing two I-substituted 

1,2,4-triazoles. 401; a second isomer containing one I-substi tuted l.:2.A-triazole and one 

4-substituted l,2,4-triazole, 402; and a third isomer containing two 4-substitllted 1,2.4-

triazoles, 403 (Figure 4.5). Based on tile earlier reaction of benzyl bromide and 1,2,4-

triazole the predominant isomer is expected to be the tirst isomer, 401. Two isomers, 

401 and 402, were observed in the I [-I NMR 0 r' the crude reaction product and were 



118 

separated by radial chromatography. The expected predominant isomer, 401, was 

isolated in 51 % yield and was Cully characterised. The minor isomer. -W2, was isolated 

in 6% yield, which was sufficient for characterisation by I Hand Uc NMR and mass 

spectrometry; however an analytically pure sample was not be obtained. The third 

possible isomer, 403, was not observed. 

Hr 81' 

H 
)). 

~ N 
N--.!.J 

NaOH 
DtvlF 

. " 
~/! 

N 

401 402 

~ 
I I 

N 
~ !; 

N N 
~!; ~!; 

N-N N-N ))-N 

403 

Figure 4.5 Possible Isomers from the reaction of 1,2.4-triazole and 1,3-

bis(bromomethyl)benzene. 

Reaction of lA-bis(bromomethyl)benzene and two equivalems of L2.4-triazole 

could also give three isomers. From the crude reaction product. 40-' was obtained in 

54% yield by recrystallisation ±l'om ethanol. In addition. a small amount of 405 was 

observed in the III NMR. but this was not isolated. 

404 405 

Figure 4.6 Isomers f0l111ed from the reaction of 1,2.4-triazole and 1,4-

b is(bromomethy 1) benzene. 

Reaction of I,3.5-tris(bromomethyl)-2.4.6-trimethylbenzene with three equivalents 

of 1 ,2,4-triazole could give rise to four possible isomers. of which two were observed in 

the crude reaction product. They were separated by radial chromutography to give 406 

in 60% yield and 407 in 13% yield (Figure 4.7). 
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Figure 4.7 Isomers obtained from the reaction of l,2,4-triazole and 1,3,5-

tris(bromomethy 1)-2.4,6-trimethy I benzene. 

Reaction of 1,3-bis(bromomethyl)benzene and two equivalents of benzotriazole 

could give rise to three possible isomers. Two of the isomers, -W8 and 409, were 

separated by radial chromatography in yields of 28% and 4% respectively (Figure 4.8). 

The minor isomer, 409, was not obtained in sufncient yield for characterisation by 

elemental analysis, although characterisation by mass spectrometry nnd IH and IJ C NMR 

was possi ble. 
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Figure 4.8 Isomers isolated from the reaction of benzotriazole and 1,3-

bis(bromomethyl)benzene. 

Reaction of l,4-bis(bromomethyl)benzene with two equivalents of benzotriazole 

could also give rise to three possible isomers, of which two were observed in the lH 

NMR spectnuTl of the crude reaction product. The two isomers 410 and 411 were 

separated by fractional recrystallisation t!'Ol11 benzene. 410 was isolated in 41 % yield 

and 411 was isolated in 20(V<J yield (Figure 4.9). Both isomers were fully characterised. 
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Figure -L9 Isomcrs isolated from the reaction of benzotriazole and 1,4-

bis(bromomethy l)benzene. 

Rcaction of 1.3.5-tris(bromomethyl)-2,4.6-trimethylbenzene and three equivalents 

or benzotriazole could give rise to four possible isomers. of which three were separated 

by radial chromatography. 412 was isolated in 16% yield. 413 vvas isolated in 23% yield 

and 414 was isolated in 2% yield. All three isomers were fully characterised. 

412 413 ·H4 

Figure 4.10 Isomers obtained from the reaction of benzotriazole and 1,3,5-

tris( bromomethy 1)-2,4.6-trimethy I benzene. 

During the course of characterisation of the tris-substituted benzene ligands an error 

was uncovered in the literature. The compound 1,3,5-tris(pyrazol-l-ylmethy1)-2,4,6-

trimethylbenzene was used as a model compound for the assignment of 13C spectra of 

the new ligands 406, 407. 412 - 414.30 The quaternary benzene carbon shifts of this 

compound had been incorrectly assigned. The correct assignments are 131.28 (Cl, C3, 

C5) and 139.44 (C2, ('4, C6) ppm. These corrected assignments are based on the 

assignments of the shifts of the quaternary carbons in tile new compounds that were 

unequivocally determined by way or GHMBC experiments. 
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4.3 Complexes of the poly(1,2,",,-triazol-l-ylmethyl)benzenes. 

Complexes of 1,3-bis(1,2,4-triazol-l-ylmethyl)benzcne, 401 

Silver. copper and palladium complexes of 401 were prepared by reactions of 40] 

with silver(I) nitrate. copper(Il) chloride and palladium(II) chloride. respectively. The 

silver eomplex, 415, was obtained directly from the reaction mixture. in 58% yield, as a 

whitemierocrystalline solid, lhut analyses as [401.AgNOd·i(H:~O)]. Recrystallisation of 

415 f)'om methanol or acetonitrile yielded small colourless crystals: hmycver they were 

unsuitable for X-ray structure analysis, and no further characterisation of this complex 

was lll1dertaken. 

The copper complex, 416. ,vas obtained from the reaction mixture. in 95% yield. as 

a pale blue solid. which by elemental analysis bas the composition [401.CuCbl 

Recrystallisation of 4J 6 fi'om DMSO yielded a different complex. 4J6a. as blue crystals 

that, by elemental analysis. has the composition [( 401hCuCh]. The change in 

stoichiometry on recrystallisation suggests that complex 416 is the kinetically favoured 

product, while complex 416a is the thermodynamicaLly favoured product. A single

crystal X-ray stmctural analvsis was performed to determine the nature of complex 

416a. 

The palladium complex. ""17. was prepared in 90% yield. as a yellow powder that 

analyses as [401.PdCh,~(I-{20)]. FAB-MS analysis of 417 revealed a cluster of peaks 

around 798.8a.m.u., which is consistent with (40J)2.Pd2Ch!-, The cluster of peaks is 

consistent with the calculated isotope pattern for a complex containing Pd2Ch. TIllS 

suggests that complex 417 exists as a dimer. with one chloride having been lost in the 

ionisation process in the mass spectrometer. The I H NYrR spectrum of ""17 in DMSO 

shows the presence of at least three species in solution in addition to the free ligand, 401. 

The three species can be identified by three pairs of singlets in the region 8.3-9.4 ppm, 

witll each pair of singlets corresponding to H3' and HS' of a l,2.-\.-triazole ring. 

However, the nature of the species could not be determined. al though an equilibrium 

containing free ligand. a dimeric species and other higher oligomers is likely. To 

confirm the nature of 417, a single-crystal X-ray structure determination ,vas performed. 

Suitable crystals were grown by diffusion of acetOllltrile into a DMSO solution of 417. 
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Crystal structure of 416a 

The complex crystalliscs in the ccntrosymmetric monoclinic spuce group P-l. Thc 

complex is a one-dimensional metallopolymer. The asymmetric uBit consists of one 

molecule of lig~U1d, 401. and 11alf of a copper chloride. The labelled asymmetric unit is 

shown as part of the polymcric chain in Figure 4.11. 

Figure 4.11 Perspective view and atom labelling of 416a. Selected interatomic distances 

(A) and angles (0): Cul-N14 2.050(1). Cul-NJ4B 2.018(1), Cul-Cll 2.788(1); N14-Cul

NJ4B 89.4(1), N14-Cul-Cll 88.2(1), NJ4B-Cul-Cll 88.7(1). 

Each copper atom is coordinated to tom nitro gens of 1,2A-ITiazoles. with the 

nitro gens in a square-planar environment. The ligands trans to eacb other are symmetry 

equivalents. In addition, the copper is weakly coordinated to t\VO symmetry-equivalent 

chlorines which occupy the axial positions so that tbe copper is in a Jahn-Teller distorted 

octahedral cnvironment. The copper-donor bond lengths are similar to those observed in 

related complexes.50m 

Two ligands bridge two coppers to form a 24-membered macrocycle. Each 

macrocycle is joined to another macro cycle through the copper atoms to form a polymer. 

Therefore, each copper atom is part of two 24-ll1embered macrocycles. The macrocycle 

has an approximately square shape. with two benzene rings at opposite corners and two 

coppers at the other two opposite corners. The sides of the square have lengths 7.177(1) 

and 7.51 J(l )A. as detined by the distances from the centroid of the benzene ring to the 

coppers, along the sides containing Nil and NJ 1, respectively. The dimensions across 

tbe square are defined by the copper-copper separation [L 1.128( 1 )/\1. which is the c unit 
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cell dimension, and the distance between the benzene nngs of the two ligands 

[9.134(3)A]. 

Each 1,2A-triazole ring coordinates to the copper tbrough tlle N..J. nitrogen, so the 

L2A-triazole acts like an imidazole, rather tban a pyrazole. The L2A-triazoles are 

inclined to the benzene ring at angles of 114.1 (l)0 and 69.9(1)° for the rings containing 

N 11 and N3J respectively. The arms of the ligand extend in directions approximately 

perpendicular to the plane of tl1e benzene ring. Two symmetry-inequivalent 1,2,4-

triazole rings coordinated to a copper atom are inclined to each other at an angle of 

8 t).5(J). The L2,4-triazole rings are inclined to the nitrogen coordination plane at angles 

of 76.1(1)" and 133.7(1)° for the rings containing N14 und N3..J. type nitro gens 

respectively. 

Figure 4.12 View down the e axis of four polymeric chains of416a. 
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The polymer chains extend in the c direction of the unit cell. They pack parallel to 

each other so that the benzene ring of one chain extends out of the plnne of the chain into 

the cavity of a macrocycle of nn adjacent chain to help fill the yoid of the macro cycle 

(Figure 4.12). The closest inter-chain TC-TC interactions are 3.402(3)A between the edges 

of two benzene rings from a(~jacent chains. In addition there are a number of weak C

H"'Cl hydrogen bonds [C-H"·CI2.63 - 2.88(1)AJ, 

Crystal structure of 417 

This complex crystallises 111 the centrosymmetric monoclinic space group P2 1/c. 

The complex is a [2+2] macrocycle. thus confirming the dimeric nature of the complex 

suggested by mass spectrometry. The asymmetric unit contains one molecule of the 

ligand, 401. one palladium chloride moiety and an acetonitrile solvate molecule. Two 

asymmetric units about a centre of inversion combine to give the molecular structure 

(Figure 4.13). 

CI1 

C5 

Figure 4.13 Perspective view and atom labelling of the [2+2] macrocyclic complex 417. 

Hydrogen atoms are omitted for cla.rity. Selected bond lengths (A) and angles C): Pd1-

N14 2.020(2). Pd1-N34A 2.030(2), Pdl-Cli 2.308(1), Pdl-C12 2.303(J): NI4-Pdl-N34A 

179.2(1), N14-Pd1-Cll 89.2( 1). N14-Pd1-CI2 89.7(1), N34A-Pd I-CII 90.5(1), N34A

Pcll-C12 90.7(1), C1I-Pd1-CI2 175.9(1). 

EllCh palladium atom is coordinated to two 1 ,2.4-triazo Ie nitro gens. which are trans 

to each other, and to two cblorines. which are also trans to each other, so that the 
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palladilU11 has the expected square-planar geometry. Again. the 1,2,4-triazoles 

coordinate through the N4-type nitro gens and the palladium-donor bond lengths are 

similm'to thosc of relatcd complexes. JJ
,R9 

Each ligand bridges two palladiu111 atoms to form a 24-111cmbered macrocycle, the 

shape and dimensions of which. are significantly di1ferent to those \11' the macrocycle 

formed in 416a above. The shape of tl1e macrocycle is rectangular. rather than square, 

and the corners of the rectangle are eH2 spacers of each ligand. ratiler than the benzene 

rings and the metals. The longer sides of the rectangle are made up of two triazole rings 

from different ligands and a palladium, while the shOlier sides each contain a benzene 

ring. The dimensions of the rectangle are best described by the palladium-palladium 

separation across the macrocycle [Pcll-PdlA 4.790(l)Al, and by lhe distance between 

the centroids of the two benzene rings [13.810(5)AJ, 'T'he cavity \vithin the macrocycle 

is much smaller than the cavity of complex 416a. 

The geometry of the ligand is different to that in 416a. The ligand in 416a has its 

arms extending in directions approximately perpendicular to the benzene plane, while in 

417a the arms extend in directions approximately parallel to the plane of the benzene 

ring, in a pincer-like arrangement. The different conformations of the ligand in the two 

complexes are shown in Figure 4.14. The difference in geometry is due to rotations 

about the CI-ClO, CIO-Nt L C3-C30 and C30-N31 bonds. This clifterence in geometry 

culows the ligand to bridge tvvo metals that are separated by 11.12SA in 416a, and two 

metals that are only 4.790A apart in 417. In the two complexes the ligand utilises the 

flexibility of the -CH2- spacer group to adopt the necessary conformation. 

(i) (ii) 

Figure 4.14 Comparison of the cOlltorInations of the ligand 401 in complexes (i) 416a 

and (ii) 417. 

The I ,2,4-triazole rings are inclined to tIle benzene ring at angles of 85.2(3) and 

69.4(3t tor the rings containing N II and N31. respectively, The t\VO rings are inclined 
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to each other at the palladium at un angle of 15.7(3t. The coordination plane containing 

two nitrogens, two chlorines and one palladium is inclined to the benzene ring at an 

angle of 47.0(3 )0. The coordination plane is inclined to the mean-planes of the 1,2,4-

triazoles at angles of 38.2(3) and 22.5(3)°, for the rings containing Nl4 and N34A. 

respecti vely, so that the PdCb moiety twists slightly with respect to the side of the 

rectangle. 

There are only weak intermolecular interactions involved in the packing of the 

complex. There is a weak C-H"'J1: interaction between a L2,4-triazole and a benzene 

ring of a neighbouring macrocycle. The C13-H13 bond points toward the mid-point of 

the C1-C2 bond of the neighbouring benzene ring, with a R"J1: distance of 2.80(1)A and 

the angle at hydrogen of 170(1 )0. Edge-to-face interactions of this type are 

aclmowledged as being important in the crystal packing of some compounds.179.180 There 

are also weak C-H'''(] hydrogen bonds with distances of2.67(1) and :::.76(l)A. 

Complexes of 1,4-bis(1,2,4-triazol-1-ylmethyl) benzene, 404 

Reactions of 404 with silver(I) nitrate, copper(LI) chloride and palladium(II) chloride 

yielded silver, copper and palladium complexes, respectively. The palladium complex, 

420, was obtained from the methanol/2M HCI reaction mixture as a yellow pOWder. 

Alternatively, diffusion of acetonitrile into a DMSO solution of ~04 and palladium 

chloride gave a yellow precipitate. in 85% yield. "vhich was of greater analytical purity. 

The complex analyses as [404.PdCb. Y~(DMSO)J. This complex displayed poor 

solubility, even in DMSO, and as a result, no further characterisation was made. 

The silver complex, 418. was obtained as a white precipitate in 86% yield. 

Subsequent slow evaporation of un acetonitrile solution of 418 gave colourless crystals 

that analyse as [404.AgN03J. This 1: 1 ligand:metal stoichiometry could correspond to a 

[2-,-2] macrocyc1e or a metallopolymer, so analysis by X-ray crystallography was carried 

out to determine the nature of the complex. 

The copper complex, 41~, was prepared. 111 83% yield, as a pale blue powder. 

Elemental analysis revealed the complex to have composition [404.CuCh.Y2(H20)]. 

Crystals were grown by diffusion of methanol into a DMSO solution of 419. They were 

of suitable quality to allow structural determination by X-ray crystallography, and proved 

to have the different stoichiometry [(404)2.CuCb]. This different complex is given the 

label 419a. 
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Crystal structure of 418 

The complex crystallises IL1 the centrosymmetric triclinic space group P-l. The 

complex is a one-dimensional metallopolymer with a sinusoidal shape. It crystallises 

with one molecule of ligand. 404. and one silver nitrate in the Llsvl1lll1etric unit. A 

section of the metallopolymer is shown in Figure 4.1S. 
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Figure 4.15 Perspective view and atom labelling of the polymer 418. Hydrogen atoms 

are omitted for clarity. Selected bond lengths (A) and angles (U): Ag J-N4' 2.124(S), Agl

N4"A 2.12S(S)A; N4'-AgI-N4"A 177 . .3. 

Each silver atom is coordinated to two 1,2,4-triazole nitrogens in an approximately 

linear fashion. The bond lengths are similar to those for related complexes. I7S
,'H' As for 

the previous 1.2,4-triazole-containing complexes, the triazoles coordinate through the 

N4-type nitrogen. The nitrate counter-anion is effectively non-coordinated. 

The sinusoidal shape of the metallopolymer is due to the coni'6rmation adopted by 

the ligand. One 1,2,4-triazolc group lies below the plane of the central benzene ring, 

while the other lies above the plane, which is ditferent to tile complexes of L3-bis(1 ,2,4-

triazolylmethyl)benzene, 40I. where the two 1,2A-triazole substituents are on the same 

side of the benzene ring. This conformation of the ligand, combined with the linear 

geometry of the silver, imparts the sinusoidal shape to the polymer. The 1,2.4-triazole 

rings are inclined to the benzene ring at angles of 103.7(7) and 107.1(7)° for the rings 
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containing Nl' and Nl ". respectively. The L1A-triazole rings are inclined to each other 

at the silver atom by only 4.0(7)°. 

The chains pack on top of eacll other witll adjacent cllains belng related by centres 

of inversion. The chains pack so that a silver atom of one chain lies sand\l,;iched between 

triazole rings from two adjacent chains with the shortest silver-l.1A-triazole contacts 

being to the midpoint of the N4"-C5" bond of one ring, and to tile centroid of the ring 

contail1ing a N4' nitrogen [3.163(5). 3.315(5)A]. Such an arrangement is reminiscent of 

a metallocene structure (Figure 4.16). The silver-silver inLer-chain separations are 

4.180(3) and 4.614(3)A for tile AgI-AglA and AgI-AglB. respectively. These 

distances are significantly shorter than the intra-chain silvcr-sLkcr separation of 

13.842(3)A. 

Figure 4.16 Perspective view of the stacking of polymeric chains of -'18. 

Crystal structure of 419a 

This complex crystallises in the centrosymmetric monoclinic space group P2 1/c, and 

is a two-dimensional metallopolymer. The complex has ligancl:CuCb stoichiometry of 

2:] , although the asymmetric unit contains only one ligand and half l)f a copper chloride 

moiety, with the copper positioned on a centre of inversion. The labelled asymmetric 
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unit is shown in Figure 4.17, while a section of a sheet of the polymer is shown in Figure 

4.18. 

Figure 4.17 Perspective view of the labelled asymmetric unit of 419a. Selected bond 

lengths (A) and angles (0): Cu1-N4' 2.024(2), Cu1-N4"A 2.042, Cul-CII 2.811(1); N4'

Cul-N4"A 88.6(1), N4'-Cul-Cll 89.0(1), N4"A-Cu1-Cll 88.7(1). 

Each copper atom is coordinated to four nitrogens of 1,2,4-triazole nngs from 

different ligands and also weakly to two chlorines. The nitrogen donors occupy the 

equatorial positions and the chlorines the axial positions of a Jahn-Teller distorted 

octahedron. The ligands trans to each other are symmetry equivalents. The bond lengths 

are within the range expected for such a complex5o.m and are similar to those in 416, 

above. Once again, the 1,2,4-triazoles are coordinated through the N4-type nitrogen. 

Figure 4.18 The two-dimensional polymeric structure of 419a, viewed down the c axis. 

Hydrogen and chlorine atoms have been omitted for clarity. 



130 

The 1,2,4-triazole rings of one ligand are inclined to the benzene ring at angles of 

66.9(2) and lll.6(2)0, for the rings containing NI' and N4", respectively. As in 418, 

above, one I ,2,4-triazole group lies above the plane of the benzene ring, while the other 

L2,4-triazole lies below the plane of the benzene ring. The L2A-triazole rings which are 

cis to each other at the copper form an angle of 99.3(2)°. while the ligands trans to each 

other are related by a centre of inversion. 

Despite each l.2A-triazole lying on opposite sides of the plane of the benzene ring, 

each ligand bridges two copper atoms in an approximately linear t'ashion. rather than in 

the sinusoidal mamler of 418. above. The linearity of the ligand. coupled with the 

square-planar geometry of the l.2A-triazole ligands about the copper. results in the 

formation of two-dimensional sheets (Figure 4.18). Four ligands and four coppers form a 

52-membered macrocycle which is rhomboid in shape. The coppers are positioned at the 

corners of the rhombus and the four ligands f011n the sides. The copper-copper 

separation along one of the sides is 14.492(1)A, which is 0.65A longer than the silver

silver separation in 418 above. This illustrates the t1exibility of the ligand, 404, to 

"stretch" or "contract" to bridge two metals over different distances. The angles of the 

rhombus at the coppers are 84.9(1) and 95.1(1)° and the copper-copper separations across 

the macro cycle are 19.561(1) and 21.387(l)A with the longer separation cOlTesponding 

to the b unit-cell dimension. The polymer extends in the ab plane. as shown by the view 

down the c axis in Figure 4.18. 

Figure 4.19 Top and side views of two macraeycles from different sheets of 419a. 

While the ligand acts as a linear bridge between metals, the ligand. itself, is not 

linear. This results in the sides of the maeracycle being slightly puckered. 
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Neighbouring sheets, which are related by a glide plane, stack in such a way that the 

copper atom of one sheet is positioned over the centre of a macrocycle of the next sheet. 

The puckering of the ligand results in the neighbouring sheets being sufficiently close so 

that one sheet partially occupies the void within the neighbouring sheet(Figure 4.19). 

There are also a number of C-J-I"'CI hydrogen bonds that contribute to the packing, the 

shortest of which is 2.65( I )A. 

Two-dimensional polymers containing a large cavity of this nature have been of 

much recent interest. In generaL these cavities are usually occupied by cOlmterions or 

solvent molecules.1
1.25 Alternatively, the cavities may be occupied by other sections of 

the polymer through any of various modes of interpenetration. "i.'M2 

Complexes of 1,3,5-tris(1 ,2,4-triazol-l-ylmethyl)-2,4,6-trimethy Ibenzene, 406 

Silver. copper and palladium complexes of 406 were prepared by reaction of 406 

with silver(I) nitrate. copper(II) chloride and palladium(II) chloride, respectively. The 

palladimll complex. 423, was obrained as a yellovv solid, in 85% yield. A sample was 

recrysrallised from DMSO and analyses as [406.(PdCb)1.5.5/4(DMSO)]. 

The silver complex, 421, was prepared using a ligand:silver stoichiometry of 1:1.5, 

as a white solid. in 88% yield based on the ligand. Colourless crystals, suitable for X-ray 

analysis, were grown by slow evaporation of an acetonitrile solution of 421, and analyse 

as [406.AgN03.Y2(H20)]. The crystals lose crystallinity on removal from the mother 

liquor: however, rapid transfer of a crystal to the low-temperature nitrogen stream of the 

diffractometer allowed a data-set to be collected. 

The copper complex, 422. was prepared using a ligand:copper stoichiometry of 1: I 

and the resulting pale blue solid analyses as [406.CuCb.2(FhO)]. Recrystallisation by 

vapour diffusion of acetonitrile into a DMSO solution of 422 gave blue crystals, 422a, 

suitable for X-ray structure determination. These crystals were found to have I: 1 

ligand:copper stoichiometry. Vapour diffusion of acetone into a DMSO solution of 422 

also produced blue crystals. 422b: however they analyse as 

[406.(CuCb)I.5.2!3(IhO).Y2(DMSO)], a ligand:copper stoichiometry of 2:3. To 

investigate the differences between 422a and 422b, X-ray structure analysis of both types 

of crystals was performed. 
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Crystal structure of 421 

The complex 421 crystallises in the centrosymmetric tric linic space group P-l, the 

asymmetric unit of which contains one molecule of the ligand ""06, one silver nitrate and 

one acetonitrile. The complex is a two-dimensional metallopolymer. The labelled 

asymmetric unit is sl10wn in Figure 4.20, and has the nitrate anion disordered over four 

sites. 

Each silver atom is coordinated to three N4-type nitrogens 0 f l.~'-+-triazoles from 

di Cferent ligands unci to a nitrogen of an acetonitrile. Two 1.2A-triazoles are more 

strongly coordinated than the third, while the acetonitrile is ~\'ell less strongly 

coordinated. The geometry about the silver is distorted tetrahedra I. 

~ 
~ 
~ 

~~ Ag1C ..... 
C33 ' 
,,0 , N34 , 

C6 
C40 C5 ~ 

~
O' C60 

~ N51· "lN52 

~~~ C55 6;53 

Ag1~ .. rN54 

........ : . 

021A 
~hI0n~p023 

021~~~ 022A 
023A'-~ 011 

C13 ~©'NlO:01iA 
012 

012A 6~f 
013A 

Figure 4.20 Perspective View and atom labelling of the asymmetric unit of 421. 

Selected bond lengths (A) and angles (0): AgJ-N14 2.411(6). AgI-N34A 2.216(6), Agl

NS4B 2.207(6), AgJ -Nl 002.51 (1); N14-AgI-N34A 105.7(2). j'\J 14-AgI-N54B 109.3(2), 

)J14-AgI-NlOO 83.1(3), N34A-AgI-N548 142.2(2), :.J34A-AgI-N 100 103.0(4). N54B

AgI-NI00 95.1(3). 

Each ligand bridges three silver atoms Via coordination through the three 1,2.4-

triazoles. Two of the 1.2.4-triazoles (those containing :.J14 and N54) lie above the plane 

of the benzene ring with the third 1.2.4-triazole (containing N34) lies on the other side of 

the benzene plane. This allows the ligand to bridge in an approximately planar fashion 
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and this, combined with tile geometry of the silver, results in a two-dimensional network 

(Figure 4.21), rather than a possible three-dimensional network. Three ligands bridge 

three silver atoms to form a 36-membered macrocycle. 'rhe three silver-silver 

separations are 11.226(3), 12.483(3) and 12.959(3)A for Agl-AglD. Ag1C-AgID and 

Ag1-Ag 1 C, respectively. The two shortest separations correspond to the band c unit cell 

dimensions, so the polymer extends in the be plane. Again, the t1exibility of these types 

of ligands is utilised to bridged metals over a range of distances. 

Figure 4.21 A view of the two-dimensional structure of 421. 

The l,2,4-triazole rings are inclined to the central benzene at angles of 71.1(7), 

74.3(7) and 88.8(7)°. tor the rings containing N 14, N34 and N54 respectively. At the 

silver atom the rings containing N14 and N34 form an angle of 144.9(7)°, the rings 

containing N14 and N54 form an angle of 125.9(7t and the rings containing N34 [md 

N54 form an angle of46.9(7)o. 

The sheets of the complex are related by a centre of inversion, and they pack on top 

of each other so that neighbouring sheets are otTset. As in the previous complexes, each 

macrocycle is slightly puckered. which allows a ll1ucrocycle 0 r' one sheet to partially 

extend into the cavity of a macrocycle in an adjacent sheet. Tbe coordinated acetonitrile 

is the most prominent part of the macrocycle to extend into the next sheet (Figure 4.22). 

The disordered nitrate counteranions also occupy part of the cavity of each macrocycle. 
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Figure 4.22 Top and side views of two macrocycles from diUerent sheets of 421. 

Crystal structure of 422a 

This complex crystallises in the common centrosymmetric monoclinic space group 

P2 1/c. Contained within the asymmetric unit are one molecule of 406, one copper 

chloride, one coordinated DMSO molecule and a further solvate molecule disordered 

between acetonitrile and DMSO: Tbe complex is a one-dimensional metal1opolymer 

with a sinusoidal shape. The labelled asymmeu'ic unit is shown in Figure 4,23. 

C20 

C~~~/ C33 N32 

C35~ 
N31 C3 

C30 

Figure 4.23 Perspective View and atom labelling of the asymmetric unit of 422a. 

Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and angles (0): Cu1-
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N14 1.978(3), Cul-N34B 1.970(3), Cul-CII 2.313(1), Cul-C12 2.303(1), Cul-070 

2.267(2); N14-Cul-N34B 176.6(1). N14-Cul-CI1 89.7(1), N14-Cul-C12 89.0(1), N14-

Cul-070 92.0(1), N34B-Cul-Cll 89.9(1), N34B-Cul-C12 90.3(1). N34B-Cu1-070 

91.4(1), Cll-Cul-CI2 162.5(1), C1I-Cul-070 101.1(1), C12-Cul-070 96.4(1). 

Each copper atom is five-coOl'clinate. being coordinated to two nitrogens of 1,2,4-

triazoles. two chlorines and to an oxygen of a DMSO molecule. Again. the 1,2,4-

triazoles are coordinated through the 1'14 position nitro gens. The geometry at copper is 

perhaps best described as distorted square pyramidal. with the oxygen donor occupying 

the apical position. 

Each ligand bridges onLy two copper atoms. by coordination of t\yO l.2,4-triazoles. 

with the third l.2,4-triazole being non-coordinated. 'The three 1.2,4-triazoles are inclined 

to the central benzene ring at angles of 51.5(5), 69.5(5) and 121.9(5)° for the rings 

containing N14. N34 and N54. respectively. The two coordinated 1.2A-triazoles are 

inclined at 34.3 (5)0 to each other at the copper atom. Unlike the ligand in -121. above, the 

three 1.2,4-triazole rings lie on the same side of the benzene ring. This creates a cavity 

on one face of the benzene ring, which is occupied by an acetonitrile with occupancy of 

0.79. and by a DMSO with an occupancy of 0.21. 

Figure 4.24 One-dimensional polymeric Structure of 422a. 

The ligand bridges two copper atoms which are separated by 8.423(1)A. a distance 

nearly 3A shorter than the shortest silver-silver separation in 421. This requires the 

ligand to adopt a curved conformmion to bridge the shorter distance. rather than the 

approximately planar conformation in 421. Neighbouring monomer units are related by 
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a two-fold screw axis which, with the curved shape of the ligand, gIves the chain a 

sinusoidal shape (Figure 4.24). The chains propagate parallel to the h axis. 

The chains pack parallel to each other with a number of interactions between the 

chains contributing to the crystal packing. Figure 4.25 shows two chains, which are 

related by a centre of inversion, viewed down the b axis. There is a strong C-H"'N 

hydrogen bond between the two chains, involving C33 and its attached proton, H33, of a 

coordinated l.2,4-triazole, and N54 of a non-coordinated 1,2.4-triazole. The H"'N 

distance is 2.38(1)A. and the angle at the hydrogen is 176( 1 )0. While being shorter than 

the C-H"'N hydrogen bond observed in 227, a recent crystallographic survey of C-H"'N 

hydrogen bonds suggests that this distance is not exceptionally short for such 

interactions.lI2 This hydrogen bond utilises the lone pair of electrons ofN54 which is not 

used for coordination to a metal. There are mutual hydrogen bonds between adjacent 

chains and this results in solvent-containing channels down the b axis. 

Figure 4.25 View down the b axis of two polymeric chains of422a. 

The other major inter-chain interaction is a TC-TC stacking interaction between 

benzene rings. While one face of the benzene ring is shieldeJ by solvent, the other face 

is exposed and forms a TC-TC intemctioL1 with a henzene ring from an adjacent chain. The 

two chains are related by a centre of inversion, so the benzene rings are necessarily 

parallel, and their mean-planes are separated by 3.520(5)A. The rings are offset slightly, 

so that the centroid of one ring sits over the atom of the other ring. There are also a 

number of weak C-H"'CI hydrogen bonds, the shortest of which is 2.65(1)A. 
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Crystal structure of 422b 

The crystals of this complex proved to be weakly ditlracting: however a data-set 

was collected from which a solution could be found and refined to a level where the R

tllctor, R[, is 0.11. While the large amount of disordered solvent in the structure 

precludes a better refinement (as discussed earlier), the supraLl10lecular structure of the 

complex is unambiguolls. 

Complex 422b crystallises in the centrosymmetric triclinic space group P-l, with 

one molecule of the ligand, 406, one and a half copper chlorides. and tlu"ee disordered 

DMSO solvate molecules in the asymmetric unit. The complex is a molecular ladder. 

The labelled asymmetric uniL omitting most of the disordered DMSO solvate. is shown 

in Figure 4.26. 

Figure 4.26 Labelled asymmetric unit of 422b. Bond lengths (A) and angles CO): Cul

N14 2.010(8), Cul-NS4A 2.032(8), Cul-Cli 2.317(3), Cul-C12 2.310(4), CuI-08S 

2.08(3), CuI-09SB 2.40(2), Cu2-N34 1.99(1), Cu2-C13 2.326(4); NI4-Cul-NS4A 

179.3(5), NI4-Cul-Cll 89.4(3), NI4-Cul-CI2 89.4(3), NI4-Cul-0958 8SJ)(S), N14-

Cul-08S 91.3(7), NS4A-Cu I-Cli 90.4(2), NS4A-Cul-C12 91.1 (3 L N54A-Cul-09SB 

94.5(5). NS4A-CLlI-085 88.2(7), Cll-CLLI-CI2 151.0(2), Cll-Cul-095B 100.5(6), C1I

Cul-08S 115.4(7), CI2-CuI-095B 108.2(6), CI2-Cul-OSS 93.6(7), ~34-Cu2-C13 

89.4(3). 
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The copper atoms of 422b occupy two different environments within the complex. 

The first, CuI, is four- or tive-coordinate. being coordinated to two nitrogens of 1,2,4-

triazoles, two chlorines. anel to an uxygen of a DMSO wllich has an occupancy of 0.79. 

and is split over two sites in tIle ratio 56:44 (for 095B:085). When the copper is four

coordinate (occupancy = 0.21). the geometry is best described as distorted square-planar, 

and when the copper is five-coordinate (occupancy=0.79) the geometry is somewhere 

between square-pyramidal and trigonal-bipyramidal. The second copper atom. Cu2, lies 

on a centre of inversion and is coordinated to two nitro gens from symmetry-related 1,2,4-

triazoles, and two chlorines that are also symmetry equivalents. 'rhis copper atom has 

crystallographicaUy imposed square-planar geometry. As has been observed in the 

previous complexes, the 1.2,4-triazoles all coordinate via the N4 position. 

Figure 4.27 The molecular ladder superstructure of 422h. 

The supramolecular structure of the complex is shown in Figure 4.27. Each ligand 

bridges three copper atoms and each copper atom is coordinated to two llgands with the 

resulting complex being an infinite molecular ladder. Each rung of the ladder consists of 

a copper, of the type Cu2. and two NJ4-containing triazole ligand arms. The rails of the 

ladder consist of copper atoms, of the type Cui, and the ligand arms containing N14 and 
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N54-type 1,2,4-triazoles. The benzene ring forms the junction of the rungs and the rails. 

The ligand, therefore, acts as a T-shaped bridging ligand, with the donor atoms again 

disposed in such a way that the ligand bridges three metals in a p lana!' manner. The 

ligand adopts a conformation similar to that in the silver complex. ·n L with two of the 

I2A-triazoles lying on the same side of the plane of the benzene ring. with the other 

1.2A-triazole lying on the other side of the plane. The 1,2.4-triazole rings containing 

N 14. N34 and N54 are inclined to the benzene ring at angles of 106.2(9). 107.6(9) and 

S1.4(9t. respectively. The two 1,2.4-triazoles coordinated to CuI are inclined to each 

otller at an angle of 34.5(9)°. while the two 1,2.4-triazoles coordinated to eu2 are 

necessarily coplanar as they are related by a centre of inversion. 

A rectangular 48-membered macro cycle is formed by the rails and t'vo rungs of the 

ladder, or, in other words, by four ligands and four coppers. The repeat distance of the 

ladder is 14.891 (1 )1\. which defines the distance between the rungs (Cu2-Cu2A) and also 

the distance between coppers along a rail (Cui-Cui A). The width of the ladder is 

18.403(1)A (Cul-CulB). The other copper-copper separations are 12.524(1) and 

11.106(1)A for Cul-Cu2 and CulA-Cu2, respectively. This results in the ligand 

bridging three metals that differ in their separation by over 3.SA. wllich again shows the 

i1exibility of these types of ligand. The large cavity within the macrocycle is filled with 

disordered DMSO molecules. The DMSO is modelled over seven sites with a total 

occupancy of three. Molecules of DMSO in two of the sites are coordinated to CuI as 

shown in Figure 4.26. Interpenetration of ladders has recently been observed in three 

infinite molecular ladders,18J.105 however, in 422b interpenetration does not occur. The 

ladders pack parallel to each other and are slightly offset, with the mean-planes of two 

adjacent ladders separated by 5.08(1)1\. 

The construction of an infinite 1110leeubr ladder usmg eoo rdination chemistry 

requires the assembly of linem components, constituting the rungs and rails, and T

shaped connectors to join the rungs and rails (Figure 4.28). The construction of inf1l1ite 

molecular ladders has received little attention, probably due to the difficulty in obtaining 

a suitable T-shaped COlmector. Four such molecular ladders have been prepared using 

the hepta-coordination environment of M(NO~)2 (M = Cd, Co, Zn) to provide the T

shaped connector to join the pyridine-containing rigid linear bridging ligands 1 ,4-bis( 4-

pyridylmethyl)benzene,ISJ 1,2-bis(4-pyridyl)ethyne,I~4 and 4A'-bipyridine.I~6 The t1exible 

ligand L2-bis( 4-pyridyl)ethune 11US also been Llsed to construct a ladder.I~7 The ligand 

1,4-bis(4-pyridyl)butadiyne has been Llsed to a prepare a ladder llsing eu(I), 1~5 Complex 
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422b represents the tirst example 01 an infinite molecular ladder where the T -shaped 

connector is a ligand and the linear connector is a metal. 

i 

+-
i r 

Figure 4.28 Schematic of the construction of a molecular ladder from T -shaped 

connectors and linear bridges. 

Thus, two different assemblies have been shown to form on recrystallisation under 

slightly ditTerent conditions. Again, this phenomenon requires the ligand. -406. to display 

subtle molecular recognitionlo selectively form either architecture. 

4.4 Complexes of the poly(benzotriazol-l-ylmethyl)benzenes 

Complexes of 1,3-bis(benzotriazol-l-yl)benzenc, 408 

Silver, copper and palladium complexes of 408 have been prepared by reactions of 

408 with silver(l) nitrate. copper(lI) chloride and palladium(Il) chloride. respectively. 

The palladium complex, 426. was isolated directly from the reaction mixture as a yellow 

solid, in 88'% yield. and analyses as [408.PdCb]. The complex is soluble in DMF and 

DMSO; however, attempts to grow crystals only furnished powders. The copper 

complex, 425, was prepared as a lime green solid in 96% yield. Vapour diffusion of 

metbanol into a DMSO solution of 425 yielded a sample of the complex that analyses as 

[408.CuCb]. Vapour ditlusion of acetone into a DMF solution of -425 gave green 

needles; however, despite many attempts, crystals of a suitable size for X-ray analysis 

could not be obtained. 

The silver complex, 424, was obtained as a white solid from the reaction mixture. 

and, despite the reaction being performed with a ligand:silvcr stoiclliometry of 1: 1, 

elemental 1Ulalysis suggests the formulation [( 408)J(Ag:t\O, b( [-1:20 )1. Subsequent 

reaction with the appropriate 3:2 stoichiometry gave 424 in 67% yield. Slow evaporation 
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of an acetonitrile solution of 424 produced colourless crystals that, by elemental analysis, 

have the composition [(408MAgNOJ)2.(CH]CN)]. Such a formulation is consistent with 

a discrete M2L3 structure or perhaps an unusual polymer. FAB mass spectrometry of the 

crystals shows a 11ighest-mass cluster of peaks centred around m/z = 1297.8, 

corresponding to [(408)3Ag2N03f'. which is consistent with a discrete structure. Lower 

mass clusters of peaks corresponding to [(408)3Agf. [(408)2Ag2NO~r, [(408)2Agr, 

and [( 408)Ag2NO}(. Tbe crystals were suitable for single-crystal X-ray structure 

determination, therefore sllch an analysis was performed to ascertain tile precise nature of 

the complex. 

Crvstal structure of 424 

Complex 424 crystallises in the centrosymmetric triclinic space group P-1 and is a 

dinuclear triple helicate. Within the asymmetric unit there <.Ire three ligands, two silvers. 

two non-coordinating nitrates (one of which is disordered over two orientations) and an 

acetonitrile solvate disordered over two sites (Figure 4.29). 

Figure 4.29 Perspective view of 424. Counterions, solvent and bydrogen atoms are 

omitted for clarity. Selected bond lengths (A) and angles (0): AgI-N13A 2.260(6), Ag1-

N13B 2.275(6), Ag1-N13C 2.258(5), Ag2-N33A 2.234(6), Ag2-N33B 2.214(6), Ag2-

N33C 2.215(6); N 13A-Ag1-NI3B 119.0(2), N13A-Ag1-N13C 120.1 (2), N13B-Agl-
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N13C 120.9(2), N33A-Ag2-N33B 119.0(2), N33A-Ag2-N33C 117.~(2), N33B-Ag2-

N33C 123.6(2). 

The two silver atoms are bridged by three ligands, each of Wllicll coordinates to the 

silver atom in a mono dentate mode via the N3-nitrogen of the benzotriazole ring. The 

silver-nitrogen bond distances are within the range 2.214(6)-2.275(6)"\, which is in the 

range expected for such a compound. 178
·
lxl Each silver atom is tllree-coordinate and has 

trigonal-planar geometry. with the N-Ag-N angles summing to 360.0(5)" in each case. 

The complex has approximate D3 symmetry, although there are significant 

deviations from this idealised geometry. Specifically, one of the silver atoms (Agl) has 

its three attached benzotriazole ring systems all lying approximately coplanar with the 

coordination plane of the metal (angles between mean-planes 4.5(2). 5.7(2),4.7(2)°, for 

the benzotriazoles containing N13A N13B and NI3C, respectively). By contrast, the 

planes of the benzotriazole rings attached to Ag2 are inclined to the. coordination plane at 

angles of 15.8(2),12.7(2). and 15.7(2)° (for the benzotriazoles containing N33A N33B 

and N33C, respectively). 

Figure 4.30 View of the helicate approximately down the helical axis of 424. 
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The benzotriazole rings are all steeply inclined to the linking benzene rings, with the 

angles between their mean-planes being: 82.3(2) and 82.7(2)° t'or tile A ligand, 98.7(2) 

and 98.3(2)° for the B ligand, and 78.3(2) and 79.4(2)° for tile C ligand. This results in 

the ligands adopting a pincer-like conformation, as seen for the ligand 1,3-bis(1,2,4-

triazol-l-ylmethyl)benzene, 401 in the palladium complex 417 above. As a result, the 

ligands bridge the two metals with a si lvcr-silver separation of only 4. I 92(2)A, which is 

shorter than the palladium-palladium separation of 4.790A in 417. The angle subtended 

by cac h ligand about the hel ical axis is ca. 600 as can be seen in a view' down the helical 

axis (Figure 4.30). The l1elicute has a relatively large volume:kngth ratio. Unlike the 

quadruple helicate recently reported by this group, I~H the internal cavity is not sufficiently 

large to accommodate guest species. 

The intermolecular packing is controlled by a relatively sllort Ag .. ·Ag contact 

[3.082(2)Aj, involving the Ag2 atoms of two helicates related by a centre of inversion. 

As shown in Figure 4.3 L this leads to a tetranuclear superstructure which. by virtue of 

the centre of inversion. results from the dimerisation of two helicates of opposite helicity, 

A similar association of silver double-stranded helicates has recently been described by 

Constable and co-workers. 107 However, their example involves association between 

dinuclear subunits of the same helical chirality assisted by 7t-7t stacking interactions. 

Figure 4.31 View of the centrosymmetric association of two adjacent helicates. 
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The self-assembly of helicates from the reaction of metal ions with organic ligands 

has been the subject of intense study over the last decade. IIl
,IN'J-I'1I Helicates are classified IU 

according to the number of strands that bridge the metals (single. double etc) and as 

bomo- or heterostranded (identical or ditTerent bridging ligands). They are further 

subdivided as homotopic or heterotopic (identical or different binding domains in each 

direction of the ligand strand) and as saturated or unsaturated (according to whether or 

not all coordination sites of the metal are taken up by the ligands). The formation of 

triple-stranded helicates generally relies on the use of ligand chelation at each of the 

metal centres, and hence normally involves six- or nine-coordinate metal centres. III 

Topologically, the simplest possible saturated triple-stranded helicate involves two 

trigonal metal centres bridged by three identical I igands with monodentate coordination 

to each metal. Surprisingly. no such species has been reponed. despite the fact that a 

trinuclear analogue exists. In Complex 424, therefore. represents the first dinuclear triple 

helicate with trigonal metal termini. The only previous example of [[ silver-based triple 

helicnte is a trinuclear circular helicate.I'!J 

Complexes of 1,4-bis(bcl1zotriazol-l-ylmethyl)bcnzene, 410 

The ligand, 410, proved to have poor solubility in the solvents normally used for 

preparation of complexes. there fore more extreme reaction conditions were necessary for 

the preparation of complexes, 

The silver complex, 427, was prepared by retluxing a mixture of 410 and silver(I) 

nitrate in methanol/water (2: 1). The off-white so lid obtained from the reaction was 

unsuitable for analysis, but attempts at purification by recrystallisation only yielded free 

ligand, 410. As a consequence, no further characterisation of this complex was made. 

The copper complex, 428. was prepared by ret1uxing a mixture of 410 and 

copper(ll) chloride in methanol. A pale green solid was filtered off from the reaction 

mixture, but it was not suitable for elemental analysis, and efforts to purify the complex, 

[[gain. only yielded free ligand, so 110 further investigations of this complex were made. 

The palladium complex, 429, was prepared by retluxing a mixture of 4l(1 suspended 

111 methanol and palladium(II) cbloride dissolved in 2M Hel. The resulting yellow 

powder was obtained in 89(% yield and analyses as [410.PclCb]. The complex is soluble 

in DiVlF and DMSO but attempts at recrystallisatiol1 from tl1ese sol vents only gave 

powders. 
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Complexes of 1,3,S-tris(benzotriazol-l-ylmethyl)-2,4,6-trimethylbenzene, 412 

Silver and palladium complexes of 412 were preparcd by reactions of 412 with 

silver(l) nitratc and palladium(lI) chloride, respectively. The silver complex, 430, was 

obtained from the reaction mixture, as a white solid, in 761% yield. The complex has, by 

elemental analysis. the composition [412.(i\gNO}kdCH}Ol-l).lH20)], which IS 

consistent with the ligand:silvcl' stoichiometry of 2:3 that was lIsed in [he reaction. Small 

co loudess crystals were grown by slow evaporation of an acetonitrile solution of 430, but 

crystals of sllfficient volLUlle for X-ray analysis could not be grown. 

T'he palladium complex. 43L was obtained directly from the reaction mixture. as a 

yellow solid, in 92% yield. The complex analyses as [412.(PdCbJI5.2(H20)], again. a 

formulation that is consistent with the ligand:metal stoichiometry of 2:3 used in the 

reaction. While the complex is soluble in DMSO. attempts to grow crystals only yielded 

powders. 

Attempts were made to prepare a copper complex of 412. but these resulted in the 

formation of yellow films on the reaction vesscl, or in the isolation of unreacted ligand. 



Chapter 

Cyclopalladation 

reactions 

146 



147 

Cyclopalladation reactions 

5.1 Introduction 

Cyclometallated complexes are a wide range of compounds that contain a metal

carbon bond as part of a chelate ring, as depicted in Figure 5.1. In the metallocycle Y, 

represents a donor atom that is attached directly to the metallated carbon by the ligand 

backbone. Such complexes have also been described as organometallic intramolecular

coordination compounds. 194 The first cyclometallated complexes were reported in 

1955,195 and since that time there has been considerable interest in these compounds with 

numerous reviewsl96-2oo and a monograph194 having been published. 

~ 
C" /y 

M 

Figure 5.1 Schematic of a cyclometallated complex. 

Cyclometallated complexes can be categorised according to the metal, the nature of 

the donor, Y, the nature of the carbon donor and the size of the chelate ring. Numerous 

metals have been used to prepare cyclometallated complexes including Rh, Ir, Ru, Re, 

Os, Pd, Co, Pt, Ti, Ta and Th. 196 Cope and Sickman reported the first cyclopalladated 

complex in 1965/°1 and since that time numerous cyclopalladated complexes have been 

prepared. Only cyclopalladated complexes are discussed in this thesis. 

The donor atom, Y, can be a- or n-bonded to the metal. For a-bonded complexes 

the donor atom represents N, P, As and Sb in Group 15, 0 and S in Group 16, and Cl, Br 

and I in Group 17, with N, P, 0 and S being the most common. 194 In tIlls work nitrogen

containing heterocycles are utilised, and thus the donor group is restricted to N. 

The size of the chelate ring can vary between three- and nine-membered, but as for 

coordination complexes, five-membered chelate rings arc the most common. 194
,202,203 Six

membered chelate rings are the next most abundant ring size, but, despite a recent 

increase in reports of complexes of this nature, tIlls type of structure remains relatively 

rare.204
-
2IJ The complexes presented here all contain six-membered chelate rings, with the 

exception of one, which contains five-membered chelate rings. 

The types of carbon atoms that can be metallated include jp2 -alkenyl, carbonyl, and 

aromatic and Sp3 -aliphatic and benZyl carbons. Metallation of aromatic carbons has been 
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well studied, in particular, via the orthometallation reaction. The reaction is so named 

because the site of metallation is ortho to the substituent that contains the donor, Y. The 

reaction of nickelocene and azobenzene represents the first example of orthometallation, 

which was reported in 1963.214 The orthometallation reaction is now the most common 

type of metallation reaction. '94 This reaction is utilised in the work discussed here. 

Cyclopalladation reactions of nitrogen-containing heterocyclic ligands are of particular 

interest. The acetylacetonate (acac) derivatives 5.1 and 5.2 from the cyclopalladation of 

2-phenylpyridine,215 and 2-phenoxypyridine,2D are shown in Figure 5.2, as representative 

examples of orthopalladated complexes containing 5- and 6-membered chelate rings, 

respectively. 

QiJ~ 
:.- /; 

- N 
/ 

Pd 
/ " o 0 

~ 
5.1 

Figure 5.2 Cyclopalladated complexes of 2-phenylpyridine and 2-phenoxypyridine. 

Cyclopalladated complexes have found use in organic synthesis as the 

cyclopalladation reaction can result in the activation of a carbon-hydrogen bond that is 

often sterically hindered and inaccessible to other reagents. 52
•
54 Cyclopalladated 

compounds also have potential applications in material science, in particular as liquid 

crystals,55.61 and as biologically active compounds.62
,63 

Mechanistic studies of the cyc1opalladation reaction are numerous,196.216.217 and it is 

generally regarded to proceed via an electrophilic mechanism in a two step process. The 

first step involves coordination of the donor atom, N, to the palladium, and the second 

step is cyclisation via electrophilic attack by the palladium on the carbon atom, with 

concomitant loss ofHX, to give the cyclopalladated complex, as shown in Figure 5.3. 

~ 
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H I 
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Figure 5.3 Mechanism of the cyclopalladation reaction. 
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Double cyclometallation of certain ligands is possible, and such compounds show 

potential as components of molecular electronic devices due to the significant metal

metal interactions in these compounds. ~ID'J \Vhile many compounds containing two 

palladated phenyl rings have been reported,2co.m relatively few me known wherein two 

sites in the same benzene ring are cyclometallated.59,212.228.c](> This chapter describes the 

cyclopalladation of ligands that potentially can be doubly metallated in tbe same benzene 

ring or in the same naphthalene core. 

The cyclopalladation of a ligand is usually readily achieved by the reaction of the 

ligand with n suitable palladium salt, such as lithium tetrachloropalladate or pnlladium 

acetate. Reactions to give monopalladated complexes usually result in the formation of 

bridged dimers that can be readily cleaved to give monomeric species. Earlier work in 

this group, by de Gees!. showed tl1at 2-phenoxypyridine, 5.2, on reaction with lithitll1l 

tetrachloropalladate gave a coordination complex, rather than a cyclopalladated 

complex.J13 In contrast reaction with palladium acetate gave a cyclopalladated complex 

as an acetate-bridged dimer. Subsequent ligand metatllesis with lithium chloride gave the 

ehioro-bridged dimer. and then reaction of this with sodium acac gave n monomeric acac 

complex. Conversion of a eyclopalladated complex to the acac derivative generally 

results in a more soluble compound, thus allowing characterisation by :,\MR techniques. 

All NMR experiments in this chapter have been conducted in CDCh. In the work 

presented here, the methodology of de Geest was initially used. I'lowever, during the 

course of the work, the direct conversion of acetate-bridged dimers to acac derivatives 

was reporte:t,('() and this method was subsequently adopted. 

5.2 Cyc1opalladation of 1,4-his(bcnzothiazol-2-yl)benzcne, 501 

While monopal1adation of ligands results in the formation of bridged dimeric 

species, extension to double palladation generally results in tile formation of insoluble 

bridged polymerie structures. Prior to the start of this work, the only crystallographically 

characterised exception to this was the report of a bromo-bridged doubly cyclopalladated 

derivative of a substituted bis(N -benzylidene )-1 A-p heny lened iamine. which has a planar 

dimeric structure. However, acetate-bridged 1110nopalladated dimers exist in a fol ded 

(hinged) arrangement, which can. in principle. exist as two geometrical isomers (Figure 

5.4), the anti isomer, (i), witb C2 symmetry or the syn isomer, (ii), with Cs symmetry. In 
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practice, the anti isomer is usually obtained, and all crystallogmphically characterised 

acetate-bridged C,N-cyclopallndated dimers have this isomeric structure.m-152 Because of 

this, and the different topology between the plnnar-lmlide bridges and tile folded-acetate 

bridges, it was diHicult to envisage a non-polymeric structure for n doubly 

cyclometallated compound from reaction with palladium acetate. Since the beginning of 

this work, a dimeric doubly pallaclated complex of the ligand 1.3-bis( benzimidazol-2-

yl)benzene has been reported, which is bridged by four hydroxyacetate ligands, and has 

a syn arrangement.15
] 

(i) (ii) 

Figure 5.4 (i) Anti and (ii) syn isomers of acetate-bridged cyclopnlladated dimers. 

It was envisaged that it might be possible to prepare n non-polymeric multiply 

paUadated species by suitably organising the requisite components utilising IT-IT stacking 

between planar aromatic compounds with appropriately positioned CN donors. This 

might encourage formation of the syn isomer and allow for double capping by the 

palladium acetate bridges. The cyclopalladation of 2-p-tolylbenzothiazole137 has been 

shown crystallographicaUy [0 result in the fonnation of an acetate-bridged dimer 

containing a five-membered chelate nng. Thus. the ligand 1,4-bis(benzothiazol-2-

y l)benzene, 501, which potentially can undergo double cyclopalladation. was reacted 

with palladium acetate. 

The ligand 501 was prepared from terephthalic acid and 2-aminothiophenol 

according to the literature procedure.15~ Reaction of 501 with palladium acetate in 

rei1uxing acetic acid, followed by repeated extraction of the resulting brown solid with 

chloroform, gave 506 as a brick-red solid in 95% yield. The complex showed some 

solubility in chloroform and dichloromethane. which suggested a non-polymeric 

structure. The 'H NMR slJectrull1 of 506 shows two equivalent henzothiazolc rings, a 

two-proton singlet (6.84 ppm) for the central benzene ring and two acetate singlets (2.32, 

2.52 ppm). The inira-red spectrum shows cbarncteristic bands due to bridging acetato 
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ligands at 1420 and 1574 cm- I
. The FAB mass spectrum shows a highest mass (M+') 

cluster of peaks centred around 1346 a.m.u., along with more intense peaks around 1287 

a.m.u., corresponding to [M-OAct. Each of these clusters shows an isotropic 

distribution in good agreement with that calculated for the constituent elements within 

the formulation M = [(501-2H)Pd2(OAc)2]2. Elemental analysis of 506 suggests the 

same formulation, although the determined carbon content was lower than the calculated. 

This has been found previously for organopalladium compounds and has been attributed 

to the fonnation of the palladium carbides during the combustion process used to 

determine the elemental content. 255 These spectral features suggest a doubly-

cyclopalladated, dimeric structure for 506. To determine the exact nature of the complex 

an X-ray stmctural determination was required. 

Pd(OAch 

HOAc 

501 

506 

Figure 5.5 Reaction of lA-bis(benzothiazol-2-yl)benzene. 501, with palladium acetate 

to give the acetate-bridged dimer, 506. 

X-ray quality crystals of 506 proved extremely elusive. Recrystallisation of 506 

from dichloromethane yielded small plates, but they underwent spontaneous 

decomposition upon removal from the mother liquor, or failed to diffract sufficiently to 

provide an acceptable data-set. Eventually, after attempts at recrystallisation from many 

solvents, suitable crystals were obtained from bromo benzene. Elemental analysis of 

these crystals was consistent with the iormulation [(501-2H)2Pd4(OAch.C6HsBr]. 
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Crystal structure of 506 

The complex crystallises in the centro symmetric monoclinic space group P2,/c and. 

indeed, has a doubly-cyclopalladated dimeric structure. The asymmetric unit contains 

one doubly-metallated molecule of SOl, two palJ adiums, two acetates and half a molecule 

of bromobenzene. Two of the cyclopalladated units are related by a centre of inversion, 

with the four palladium atoms bridged by four acetates, so that the molecular structure of 

506 is a topologically noveL counterhinged molecular box (Figure 5.6). 

C6' 

Figure 5.6 The molecular box structure of 506. Hydrogen atoms and bromobenzene 

solvent are omitted for clarity. Selected bond lengths (A) and angles (0): Pd l-C2 

1.953(6), Pdl-N3' 2.026(5), Pdl-01A 2.135(4), Pdl-OIB 2.047(4), Pd2-C5 1.991(6), 

Pd2-~3" 2.048(5), Pd2-02AA 2.148, Pd2-02BA2.062(4); C2-Pdl-N3' 81.3(2), C2-Pdl-

01 A 175.0(2), C2-Pdl -OIB 94.2(2), N3 '-Pd1 -0 1A 98.0(2), N3'-Pd1-0 lB 175.0(2), 

o 1A-Pd1-0 1B 86.3(2), C5-Pd2-N3" 80.9(2), C5-Pd2-02AA 176.4(2). C5-Pd2-02BA 

93.0(2), N3"-Pd2-02AA 99.0(2), N3 "-Pd2-02BA 173.8(2), 02AA-Pd2-02BA 87.0(2). 

The ligand acts as a doubly chelating C,N-donor bridging two palladium atoms by 

forming five-membered chelate rings. Coordination through the nitrogen rather than the 

sulphur was confirmed by retinement of the atom identities and is in accord with that 

previously observed for the cyclopal1adation of 2-phenylbenzothiazole2Iw~ and 2-p

tolylbenzothiazole.m TI1e central benzene ring is dipalladated in a para arrangement, 

rather than the alternative ortho-dipaUadated possibility, probably due to steric reasons. 
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As a consequence, the ligand adopts an anti conformation of the two benzothiazole rings 

with respect to the benzene ring. The ligand is approximately planar (mean deviation 

from plane O.098(8)A). with the benzothiazole rings forming dihedral <mgles with the 

central benzene ring of 4.5(6) and 6.2(6)°. for the rings containing N3' and N3", 

respectively. Pd2 is slightly out of the plane of the ligand [O.234(6)A], while Pdl is 

displaced significantly from the plane [O.560( 6)A]. 

All palladium-donor bond lengths are normal, with the usual lengthening of the 

bond trans to the carbon a-donor being observed.m .m The geometry at each palladium is 

approximately square-planar. with the largest deviations being associated with the C-Pd

N chelate rings. The Pd 1-Pd2A separation is 2.881 (1 )A. which is considered non

bonding.13
[ 

The two central benzene rings, being related by a centre of inversion. are necessarily 

parallel and are separated by J .42(1 )A. This J[-J[ interaction possibly contributes to the 

preference for dime l' formation over polymer formation. 

Recently, papers have appeared describing 1,4-dipalladated benzene rings within a 

series of Schiff bases derived ti'om terephthaldehyde, along with their liquid crystalline 

properties.59
,15i> The products formed from reaction with palladilU11 acetate were depicted 

as polymeric species. Given the structural similarity of these compOlmds, the present 

result suggests that these might, in fact, possess tetranuc1ear dime ric structures. 

5.3 Cyclopalladation of bis(2-pyridyloxy)benzenes 

Double cyclopalladati'on of the central benzene nng of 501 gave a complex 

containing five-membered chelate rings. It was then decided to investigate the possibility 

of doubly palladating a benzene ring to give complexes containing six-membered chelate 

nngs. The ligand 2-phenoxypyridine, 5.2. was palladated by de Geest to give 

monopaHadated complexes that contain a single six-membered chelate ring (Figure 

5.2).213 Two of these structural motifs incorporated into one ligand would give the 

desired metallated complex with two six-membered chelate rings. Hartshorn earlier 

studied the coordination chemistry of the three isomeric bis(2-pyridyloxy)benzenes/1.34 

1.6, 2.5 and 2.6, but did not investigate their cyclometallation chemistry. Therefore, the 

cyclopalladation chemistry of these three ligands is discussed in this section. 
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CyclopaJJadation of 1,2-bis(2-pyridyloxy)benzene, 2.5 

Reaction of 2.5 with two equivalents of palladium acetate in ret1uxing acetic acid 

gave, after Soxhlet extraction with chloroform, an acetato complex, 507, as a brown solid 

in 67(Vo yield. The 'H NMR spectrum of507 shows two equivalenL pyridine rings, a two

proton singlet (6.36 ppm) for the benzene ring, and two acetate singlets (2.04, 2.22 ppm). 

The singlet due to the benzene ring suggests a doubly palladated complex. The IR 

spectrum of 507 contains bands at 1578 and 1420 cm-' that are typical of bridging 

acetates. This spectral evidence suggests, and by analogy with the structure of 506, the 

complex 507 has a dimeric doubly cyclopaUadated structure, consisting of two ligands of 

2.5, each of which is dipalladated in the 3- and 6-positions, with four acetates bridging 

the four palladilm1 atoms. 

Q 
0:(1 
o 

~N 
lJ 

2.5 

Pd(OAc):z 

HOAc 

507 508 

Figure 5.7 Cyclopalladation of 1 ,2-bis(2-pyridyloxy)benzene, 2.5, to give acetato, 507, 

and acac, 508, complexes. 

Reaction of 507 with acetylacetone in acetone in the presence of triethylamine gave 

an acac complex, 508, as a brown solid in 72% crude yield. Recrystallisation by vapour 

diffusion of pentane into a chloroform solution of 508 gave an analytically pure sample, 

as yellow crystals, that analyse as [(2.5-2H)Pd2(acach.(CI-ICl:;)]. The F AB mass 

spectrum of 508 shows a strong cluster of peaks centred arOlll1d 674 a.m.ll, with the 

correct isotope distribution for the monomeric dinuclear structure shown in Figure 5.7. 

The' Hand 'JC NMR spectra of 508 were completely assigned by a combination of one

and two-dimensional techniques. The 'H NMR spectrum of 508 shows four signals due 

to the equivalent pyridine rings and a singlet (7.24 ppm) for the benzene protons, as for 
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the acetato complex, but also shows singlets for the acac methyl groups (2.06, 2.08 ppm) 

and a singlet for the acac CH (5.41 ppm). 

Cyclopalladation of 1,3-bis(2-pyridyloxy)benzene, 2.6 

Whereas 2.5 can only undergo cyclopalladation in the 3- and 6-positions, 2.6 has 

two possible modes of reaction: either single metallation in the 2-position, with 

coordination by the two pyridyl rings, or double metallation in the 4- and 6-positions. 

For related compounds, both modes of reaction are known.2
(JO,21H-233,257 -llIe two products 

would be readily identified by IH NMR, as the benzene ring of tlIe former would give 

rise to a doublet and a triplet, while the benzene ring of the latter would give rise to two 

singlets. 

2.6 
509 X= OAc 
510 X = CI 

erOal 3 O,7Q' ~ , I 
I I I 4 

I .+ 
/.N, 60-. IN '----;;;5' 

Pd 5 Pd 6' 
/ , , 

o 0 0/ 0 . 

~U~~ 
511 

Figure 5.8 1,3-Bis(2-pyridyloxy)benzene, 2.5, and its cyclopalladated derivatives. 

The reaction of 2.6 with two equivalents of palladium acetate in acetic acid at room 

temperature gave the acetato complex, 509, as a brown solid in the modest yield of 36%. 

Again, the IR spectnun of the complex shows bands at 1566 and 1421 CITl-
1
, which are 

characteristic of bridging acetates. The IH NMR spectrum of 509 shows two equivalent 

pyridines, two singlets (H2, 6.13 and H5, 6.47 ppm) for the benzene ring, arld two 

singlets (1.97, 2.20 ppm) for the acetates. The splitting patlem of the benzene protons 

contirms the double palladation at the 4- and 6-positions. Once again, a dimeric 

tetranuclear structure, with four bridging acetates, is proposed for 509, The cleft-shaped 

topology of snch a species would be similar to that of a doubly-cyclopalladated product 

from reaction of 1,3-bis(l-ethylbenzimidazol-2-yl)benzene, which has recently been 

characterised crystallographically. 25) 

Ligand metathesis of 509 with excess lithium chloride gave the chiaro-bridged 

complex, 510, in 74% yield, as a brown solid. Subsequent reaction of 510 with sodium 

acac gave the acac complex, 511, in 52% crude yield, as a black solid. Recrystallisation 

by vapour ditlusion of pentane into a chloroform solution of 511 gave an analytically 
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pure sample of 511, as brown crystals, that analyse as [(2.6-2H)Pd2(acach.(CHCb)]. 

Again, a cluster of peaks around 674 a.m.u is observed in the FAB mass spectrum of 511 

with the correct isotope pattern for the structure shown in Figure 5.1. The IH spectrum 

of 511 was completely assigned, witb the two singlets (H2, 6.70 and H5, 7.67 ppm) of 

the benzene ring being assigned on the basis of their chemical shifts. This is consistent 

with the proton ortho to the oxygen being upfield, and the proton ortho to the palladium 

being downfield in the spectrum of the acac complex of 2-phenoxypyridine, 5.2.213 

However. the complex was not sufficiently soluble to allow the complete a<;signment of 

the DC NMR spectrum, with the acac CO peaks being the only quaternary peaks able to 

be assigned. 

Cyclopalladation of 1,4-bis(2-pyridyloxy)benzene, 1.6 

The ligand 1,4-bis(2-pyridyloxy)benzene, 1.6, can in principle, react to give two 

regioisomers: either double palladation at the 2- and 3-positions, or double palladation at 

the 2- and 5-postions. By analogy with the reaction of 501, it is likely that metallation 

would occur at the 2- ~md 5-positions. 

1.6 

c;N\X 0*0 X-Pd-N~ 
II .~ 
~ 

512 X= OAc 
513 X=Cl 

514 

Figure 5.9 1,4-Bis(2-pyridyloxy)benzene, 1.6, and its cyclopalladated derivatives. 

Reaction of 1.6 and palladium acetate at room temperature in acetic acid gave the 

acetato complex, 512, as a yellow solid in the modest yield of 27%. The lH NMR 

spectrum of 512 shows two equivalent pyridine rings, a singlet (6.22 ppm) for the 

benzene ring and two acetate singlets (2.06, 2.31 ppm). The characteristic bridging 

acetate bands arc observed in the lR spectrum at 1582 and 1427 cm- I. The FAB mass 

spectrum of the complex shows a duster of peaks around 1186 a.m. u, which displays the 

expected isotope distribution for the formulation [(1.6-2H)Pd2(OAc)2,h. In addition, 
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clusters of peaks are observed around 1127, 1068 and 1059 a.m.u., that correspond to the 

sequential loss of acetates ti'om the parent ion. Yellow crystals of the complex were 

grown by slow evaporation of a cllloroform solution of 512. and they analyse as [(1.6-

2H)2Pd.t(OAc).t.\I;(H20)]. To conJirm the dimeric nature of the complex a single crystal 

X-ray structural determination was performed. 

Crystal structure of 512 

The complexcrystallises in the centrosymmetric monoclinic space group P2dc, the 

same as complex 506. and has a similar doubly-palladated dimeric structure. The 

asymmetric unit contains one doubly-substituted molecule of 1.6. two palladiu111s. two 

acetates, a 11101ecule of chloroform disordered over three sites, and a molecule of water 

disordered over two sites. As for 506, the two cyclopalladated units are positioned about 

a centre of inversion, with four acetates bridging the four palladium atoms, so that the 

molecular structure of 512 is a similar counter-hinged molecular box (Figure 5.10). 

Figure 5.10 The molecular box structure of 512. Hydrogen atoms and solvent 

molecules are omitted for clarity. Selected bond lengths (A) and angles (0): Pdl-C2 

1.980(7), Pdl-Nll 2.044(6), Pdl-OlA 2.052(5), Pdl-OIB 2.171(5), Pd2-C5 1.962(7), 

Pd2-N41 2.007(5), Pd2-02AA 2.067(4), Pd2-02BA 2.158(5); C2-Pdl-N11 89.3(2), C2-

Pdl-OlA 9l.6(2), C2-Pdl-OlB 177.6(2), Nil-Pd 1-0lA 176.6(2), Nll-Pdl-OlB 

92.9(2), 01A-Pdl-0 IB 86.2(2), C5-Pd2-N41 86.4(2), C5-Pd2-02AA 92.5(2), CS-Pd2-



158 

02BA 178.1(2), N41-Pd2-02AA 178.8(2), N41-Pd2-02BA 92.5(2), 02AA-Pd2-02BA 

88.7(2). 

The ligand acts as a doubly cbelating C,N-donor bridging two palladium atoms via 

the formation of six-membered chelate rings. The benzene ring is dipalladated in a para 

arrangement. as observed in 506, and thus the ligand adopts an anti conformation of the 

two pyridine rings with respect to the benzene ring. While the ligand in 506 has an 

approximately planar conformation, the ligand in 512 does not (Figure 5.11). The 

pyridine rings are inclined to the benzene ring at angles of 30.1 (5) and 37.7(5t, for the 

pyridines containing Nil and N41, respectively, with one ring being inclined above the 

plane of the benzene ring and one inclined below. This lack of planarity is due to 

flexibility provided by the oxygen atom spacer, and the formation of six-membered 

chelate rings, rather than the five-membered rings of 506. The six-membered chelate 

rings have shallow boat conformations, with the palladium and oxygen atoms lying out 

of the planes of the carbon and nitrogen atoms [Pdl 0.410(6), 01 0.288(8)A; Pd2 

O.821(6),040.372(8)AJ. 

Figure 5.11 View of 512 showing the non-planarity of the ligands and the boat 

conformations of the six-membered chelate rings. 

All palladium-donor bond lengths are normal, and again, the usual lengthening of 

the bond trans to the carbon (J-donor is observed.1J7,23i The geometry at each palladium is 

square-planar, with the deviations observed in the structure of 506 being absent, due to 

the larger bite angle in the six-membered C-Pd-N chelate nngs. The Pd I-Pd2A 

separation is 2.918(1 )A. which is considered non-bonding. m 
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The two central benzene rings. being related by a centre of inversion. are necessarily 

parallel and are separated by 3.21 ( 1 )A. While this is a shorter separation than in 506. the 

two rings are offset so that a bond of one ring nearly sits over the centroid of the other 

rIng. Thus. there would be poorer orbital overlap and probably a weaker it-it interaction 

in 512. 

Ligand metathesis of 512 with excess lithium chloride gave a chloro-bridged 

complex, 513. as a yellow sol id. in 92% yield. This was then conyerted to the acac 

complex, 514. by reaction with sodium acac. with a white solid being obtained in 94% 

yield. This complex is insoluble in common NMR solvents: however other 

characterisation was possible. Elemental analysis of 514 is consistent with the 

formulation [(1.6-2H)Pd2(acac )2], while the F AB mass spectrum shows a cluster of peaks 

centred around 673 a.m.u., which is also consistent with this formulation. 

This senes of doubly-cyclopaJ.ladated complexes represents the tIrst examples of 

double cyclopalladation with the formation of two six-membered rings. unsupported by 

additional donor groups. 

5.4 Cyclopalladation of (2-naphthyloxy)pyridines and bis(2-pyridlyloxy)

naphthalenes 

After the successful double cyclopalladation of the bis(2-pyridyloxy)benzenes, 

attention was turned to the possible double cyclopalladation reactions of the bis(2-

pyridyloxy)naphthalenes. This series of ligands offers a wider range of possible 

topologies due to the different dispositions of the pyridine substituents about the 

naphthalene core, as well as a greater potential for regioisomers from reaction with a 

particular ligand. 

A number of monopalladated complexes of naphtllalene-containing ligands have 

previously been reported. The ligand 1-[l-(dimethylamino)ethyl]naphthaJene undergoes 

palladation in tile 2-position. and the resulting complexes have been \videly used as chiral 

resolving agents, a number ur' wilich have been characterised crystallographically.153-2cll 

The cyclopaUadation or' other I-substituted naphthalenes has been shown to occur in 

either or both the 2- and 8-positions, depending on the nature of the substituent.16
}-}67 

Naphthalenes bearing substituents at the 2-position have also been palladated. The 

ligands 2-[ 1-( dimethyl amino )ethyl Jnaphthalene;'('~ 2-(2-naphthyl)pyridine,269 4,4-
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dimethyl-2-(2-naphthy l)oxazoline, 270 and 2-[( dimethy lamino )methylJnaphthalene27o all 

undergo direct cyclopalladation selectively in the 3-position. A single example of double 

palladation of a Llaphthalene core exists, with the ligand 1,5-

bis( dimethy lamino )naphthalene undergoing metallation in tile 4- and 8-positions. 229 

To assist in the characterisation of the palladation mlducts of the bis(2-

pyridy loxy)naphthalenes, the two mono-substituted napllthalene isomers were first 

cyclormlladated to provide model compounds. 

The two ligands 2-(l-naphthyloxy)pyridine, 502, and 2-(2-naphthyloxy)pyridine, 

503, were prepared by the reactions of I-naphthol and 2-naplltho1. respectively, with 2-

bromopyridine via the sulpholune method used to prepare some of the bis(2-

pyridyloxy)naphthalenes. The new compound, 502, was prepared in 63% yield, while 

the known compound, 503, was prepared in 88% yield, which is a slight improvement on 

the 83% yield previously obtained.17I Both compounds were fully characterised by LH 

and L3C NMR, mass spectrometry and elemental analysis. 

Cyclopalladation of 2-(l-naphthyloxy)naphthalene, 502 

Reaction of 502 was expected to result in palladation at the 2-position with the 

formation of a six-membered chelate ring. Palladation at the 8-position was not 

expected, as this process would require the formation of a less favourable seven

membered chelate ring. Reaction of 502 with palladium acetate in acetic acid gave an 

acetate-bridged dimelic complex, 515, as a crimson solid. The crude product was 

sufficiently pure for use without further purification; however, a sample was 

recrystalUsed from acetone to give 515 as a yellow crystalline material that analyses 

[(502-H)Pd(OAc)J2. The FAB mass spectrum of 515 contains 11 cluster of peaks centred 

around 772 a.m.u. that shows the correct isotope distribution for the given formulation. 

The IH NMR spectrum of 515 was completely assigned by the use of a number of 

techniques. A doublet at 8.01 ppm was identitied as the pyridyl H6' proton, and 

irradiation of this in a ID-TOCSY experiment isolated the complete pyridyl ring spin 

system. The most downfield doublet at 8.12 ppm was assigned as H8 of the naphthalene, 

and irradiation of this proton isolated the three remaining protons of the naphthalene ring 

system. Palladation at the 2-position was confirmed by the observation of an AB quartet 

for the two remaining naphthalene protons, H3 and H4. lrradiatioll of H5 in a difference 

nOe experiment resulted in the observation of an nOe dIect for H4, thus confirming the 

assignment ofH3 and H4. and also the order of H5 to H8. A singlet for the acetate group 
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appears at 2.16 ppm. The 2-D GHSQC and GHMBC experiments allowed the complete 

assignment of the I.3C NMR spectrum, with the exception of C2, for which a peak was 

not observed. 

502 515 X= OAc 
516 X=Cl 517 

Figure 5.12 2-(1-naphthyloxy)naphthalene, 502, and its cyclopalladated derivatives. 

Reaction of 515 with an excess of lithilU11 chloride gave the chloro-bridged complex, 

516, as a violet solid. in 83% yield. This was then reacted with sodium acac to give the 

mononuclear acac complex, 517, as a crimson solid. in 58% yield. Alternatively, 

reaction of the acetato complex, 515, with acetylacetone in the presence of triethylamine 

gave analytically pure 517, directly, in 70% yield. The complex was found by elemental 

analysis to have the composition [(502-H)Pd(acac)], which was also confirmed by FAB 

mass spectrometry. by the observation of a cluster of peaks centred about -.+25 a.m.u. The 

I H NMR spectrum of 517 was assigned with the same techniques used to assign the 

spectrum of 515, although the overlap of peaks prevented the use of nOe experiments. 

The downfield H8 of the naphthalene was distinguished from H5 on the basis of 

chemical shift, while H4 was distinguished from H3 by the peak broadening of H4, due 

to its five-bond coupling to H8. Complete assignment of the 13C NMR spectrum was 

achieved with the use of the GHSQC [md GHMBC 2D-experiments. 

Cyclopalladation of 2-(2-naphthyloxy)pyridine, 503 

As discussed previously, 2-substituted naphthalenes have been shown to undergo 

palladation in the 3-position. thus cyclopalladation of 503 was expected to give a 3-

substituted regioisomer. Instead reaction of 503 with palladium acetate in acetic acid at 

room temperature resulted in metallation at the l-position to give the acetate-bridged 

dimer, 518, as a brown solid that was used without further pmitication. This complex 

was characterised by IR spectroscopy, which reveals the typical bridging acetate bands at 

1572 and 1420 cm- I
• and by FAB mass spectrometry. which reveals a cluster of peaks 
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centred about 772 a.m.u., with the appropriate isotope distribution for [(503-

H)Pd(OAc)h. While 518 is soluble in chlorofonn, the IH NMR spectrum in CDCb 

could not be assigned due to significant peak broadening. 

503 

Pd(OAch 

HOAc RT .. 

CIl3CO~ Pd(OAch 

or 12: ~ 
CD3C02D 

reflux 

518 

1 
HOAc 
reflux 

1 hour 

(i) LiCI 
(ii) Na(acac) 

520 

X 
3' 

8a lon' '/" I 2 I ~ 4' 

I N ~, 
-l 3 pl 6' 5' 

I "-o 0 

~ 
522 X = H 
52~ X=D 

Figure 5.13 Reaction scheme for the cyclopalladation reactions of 2-(2-

naphthyloxy)pyridine, 503. 

Reaction of 518 with excess lithium chloride gave the chloro-bridged complex, 519, 

in 61 % yield, as a pale yellow solid. This was, in turn, reacted with sodium acac to give 

the monomeric acac complex, 520, in 59% yield, as a white solid. Alternatively, 518 was 

converted directly to 520 by reaction with acetylacetone in the presence of triethylamine 

in 77% yield. A pure sample of 520 was obtained by vapour diftllsion of pentane into a 

chloroform solution of 520, and elemental analysis was consistent with the formulation 

[(503-H)Pd(acac)]. This composition was also confirmed by FAB mass spectrometry, 

which shows a cluster of peaks centred about 425 a.m.u. The I Hand I3C NMR spectra 

were completely assigned by a combination of one- and two-dimensional techniques. 

The IH NMR spectrum confirms palladation at the 1-position of the naphthalene by the 

presence of doublets for H3 and H4 (Figure 5.14(i)). 
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Figure 5.14 Aromatic region of the :H ?--JMR spectra of (i) 520. (ii) 522 and (iii) 524. 

Peaks marked with an asterisk are due to the solvent. 

In contrast reaction of 503 with palladium acetate in ret1uxlng acetic acid gave the 

acetate-bridged dimer 521, as a brown solid, that was sufficiently pure for use without 

further purification. The IR spectrum of 521 has the typical bridging acetate bands at 

1420 and 1570 cm- I
, while the F AB mass spectrum shows a cluster of peaks centred 

about 772 a.m.ll., which. again. is consistent with the formulation [(503-H)Pd(OAc)J2. 

The 1 H NMR revealed a complex different to 518, as shown by the presence of two 

singlets (7.06, 7.23 ppm) in the aromatic region, which are assigned to HI and H4 of the 

naphthalene, respectively. The presence of the two singlets is consistent with the 

naphthalene being paLladated in the 3-position. Thus, performing the reaction in 

refluxing acetic acid, rather than at room temperature, produced the second regioisomer. 

Reaction of 521 with acetylacetone in the presence of triethylamine gave the aeae 

complex, 522, as a brown solid. in 82°1<) yield. A sample was rccrystallised by vapour 

ditTllsion of pentane into a chloroform solution of 522, and this was found to have the 

composition [(503-H)Pd(acac)] by elemental analysis. This composition was also 

confirmed by a cluster of peaks centred about 425 a.m. n. in the mass spectrum of 522. 

Once again, the I and 13C NMR spectra were completely assigned by a combination of 
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one- and two-dimensional techniques. The I H spectrum contains two singlets (7.44, 

8.01) in the aromatic region, wbich are assigned to H1 und H4. respectively (Figure 

5.14(ii)). 

Thus. reaction of 51)} with palladium acetate in room temperature acetic acid results 

111 palladation at the I-position. while reaction in retluxing acetic acid results in 

palladation at the 3-position. Mech<mistic studies of the cyclopalladation reaction have 

usually assigned the mte-I imiting step to the C-H bond-breaking step of the mechanism. 

which is normally represented as an irreversible process. I
%,2IiL217 The f(nmation of the 

different regioisomers on palladation of 503 suggests that this is not the case. and that 

reaction in the 1-position is a reversible process. Reaction of 503 at room temperature 

proceeds under kinetic control to give the l-palladated regioisomer. whereas reaction 

under ret1ux occurs under thermodynamic control to give the 3-palladated regioisomer. 

This is analogous to the standard organic textbook example of kinetic versus 

thermodynamic control exemplified by the reversible sulphonation of naphthalene. 

To confirm the reversible natme of this reaction a number of additional experiments 

were performed. Firstly. the I-palladated acetate-bridged dimer. 518. \vas refluxed in 

acetic acid for 1 h. This resulted in near complete conversion to the 3-palladated acetate

bridged dimeI', 521. Secondly. reaction of 503 with palladium acetate in ret1uxing d.;

acetic acid under nitrogen for 1 h. followed by conversion to the acac derivative, gave a 

3-palladated product, 524. containing >85% deuterium incorporation in the 1-position, as 

determined by IH NJvlR (Figure 5.14(iii)). This reaction must, therefore, proceed via 

reversible palladation in the I-position. The deuterium incorporation is also observed in 

the 'H NMR spectrum of the intermediate acetate-bridged dimer. 523. thus confirming 

the original assignments of HI and H4 in the spectra of 521 and 522. Finally, the 

unlabelled product 521 was re±luxed in d.;-acetic acid for 16 h, which resulted in ~40% 

incorporation of deuterium in the I-position, i.e. conversion to 523. Thus. the fonnation 

ofthe them10dynamkally more stable 3-substituted isomer is also a reversible process. 

Having demonstrated that the cyclopalladation of 2-(2-naphthyloxy )pyridine, 503, is 

a reversible process, the issue of whether tillS might, in fact, be a general phenomenon 

was addressed. Palladation of phenyl groups directed by adjacent donor atoms is the 

most common form of cyclopalladation.")~ However, unlike the above example which 

involves interconversion of regioisomers. reversibility in the metallation of a pheny 1 ring 

would normaLly go undetected, since the interconversion would be a degenerate process 

due to the equivalence of the 2- and 6-positions of a phenyl ring, Nevertheless, such a 
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process can be detected by deuterium labelling experiments. Thus, the reactions of 2-

phenoxypyridine, 5.2. which was previously cyclopaUadated by de Geest,213 and 2-

phenylpyridine. 5.1. which has been previously cyclopalladated by a number of 

workers.215.~72-2S(l were fe-examined. 

Each of these ligands was reacted with palladium acetate in renuxing d.racetic acid 

and the resulting acetate-bridged dimers were converted to acac derivatives by reaction 

withacetylacetone in the presence of triethylamine (Figure 5.15). The amount of 

deuterium incorporated into the products was detennined by I H NMR. Reaction of 2-

pllenoxypyridine, 5.2. for 1 h gave 5.3 with little or no incorporation of deuterium. 

However, reaction for 16 h resulted in the formation of 5.4 with 100% deuterium 

incorporation. Similarly, reaction of 2-phenylpyridine for 1 h resulted in a small «10%) 

incorporation of deuterium in the product 5.5. whilst reaction for 16 h resulted in ~80% 

deuterium incorporation to give 5.6. The rate of deuterium incorporation in 5.5 is slower 

than that in 5.3 probably because the tive-membered chelate ring in 5.5 is more stable 

than the six-membered chelate ring in 5.3, thereby slowing the reverse reaction. Thus, 

these reactions provide compelling evidence that the cyclopaHadation reactions of 

aromatic ligands are, in fact. reversible processes. 

5.3 X = H 

5.4 X = 0 

x 

O-D '" / Pd 
/ '-o 0 

~ 
5.5 X = H 

5.6 X= 0 

Figure 5.15 Cyclopalladated acae derivatives of 2-phenoxypyridine, 5.2, and 2-

pheny lpyridine, 5.1. 

Having prepared the l11onopalladated naphthalene model compounds, the double 

palladation of the bis(2-pyridyloxy)naphthalenes was subsequently investigated. Given 

the unexpected finding that the ligand 503 could be selectively palladated in the 1- or 3-

positions, it was envisaged that a number of different isomers ii'om the reactions of 

ligands containing 2- (or 3-,6- or 7-) pyridyloxy substituents could be prepared. 
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Cyclopnlladntion of 1,3-bis(2-pyridyloxY)Ollphthalene, 201 

The ligand 201 can potentially react in two modes: either single metallation in tl1e 2-

position, with coordination by the two pyridyl rings, or double metallation in the 2- and 

4-positions. The two products would be readily distinguished by 'H NIvIR as the l{)fmer 

would contain one singlet due to the one monodentate acetate and a singlet due to H4, 

while the latter would contain four singlets due to four inequivalent bridging acetates. 

Reaction of 201 with two equivalents of palladium acetate in ret1uxing acetic acid 

gave a product wl1ich was identified by 1 H NiVIR as being monopalladated at the 2-

position. by the appearance 0 t' only one singlet (2.10 ppm) in the acetate region of the 

spectrum. and a singlet (7.42 ppm) for H4. Therefore, the reaction was repeated with one 

equivalent of palladium acetate and the monomeric acetato complex. 525. was obtained 

as a brown solid. The F AB mass spectrum of 525 shows a cluster of peaks centred about 

419 a.m. u. corresponding to [(201-H)Pdf' which is consistent with the loss of acetate 

from 525. In the IH NMR spectrum of 525 the naphthalene protons were unambiguously 

assigned by llse of 1-0 TOCSY and difference nOe experiments. The protons in the 3-

position of tl1e two pyridine rings are isolated and this allows the identification of the two 

spin systems via 1-D TOCSY experiments; however, the two systems CaImot be reliably 

assigned to a specific pyridine ring. 

~ 
~'ll 

N 0 
I 

~N ~~~ 
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201 

3" 

525 X= OAc 
526 X = Cl 

Figure 5.16 1 J-Bis(2-pyridyloxy)naphthalene, 201, and its cyclopalladated derivatives. 

Reaction of 525 with excess lithiw11 cl1loride gave the monomeric chloro complex, 

526, in 58!Yo yield, as an off-white solid. A sample was recrystallised by vapour difIusion 

of pentane into a chloroform solution of 526. and this was found to analyse as [(201-

H)pdCIJ, FAB mass spectrometry identified tlle iOI1 [(201-H)Pdf, as observed for 525, 

whicll is consistent with the loss of chloride from 526. In the IH NMR spectrum of 526, 

H6 and H7 were 110t resolved. so are assigned as a mUltiplet. but the remaining 
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napbtbalene protons were isolated and assigned. As for 525, the spin systems of tbe two 

pyridine rings could be identified by 1-D TOCSY experiments. but tbey could not be 

assigned to a specific ring. The IJ C NMR spectrum was assigned \yjtb the use of the 

GHMQC experiment. 

CyciopalJadation of 1,5-bis(2-pyddyloxy)naphthaJene, 202 

The ligand 202 can only undergo palladation at the 2- and 6-positions to glVe 

symmetrical doubly-palJadated complexes. Reaction of 202 with tWL) equivalents of 

palladium acetate in rethLxing benzene gave the acetato complex 527 as an olive solid. in 

99% yield. which \vas used without fmther purification. The lR spectrum of 527 

contains bands at 1566 and 1416 cm- I
. which ':lre typical of bridging iJcetates. The IH 

NMR spectrum of 527 is consistent with a symmetrical doubLy-palladated complex, as 

there are just six aromatic peaks. four due to the two pyridines. and two doublets (6.79, 

7.24 ppm) that are assigned to H3,H7 and H4. H8. respectively. There are two singlets 

(2.11, 2.32 ppm) due to acetates. By analogy to the doubly-paLiadated acetate bridged 

dimers observed for the benzene-containing ligi:U1ds, 527 is proposed to have a dimeric 

tetranuclear structure consisting of two doubly-pallaliated units ""ith the four palladium 

atoms bridged by four acetates. Low-resolution mass spectrometry sho\\'s a highest mass 

cluster of peaks centred about 1287 a.m.ll., which is consistent with the proposed dimeric 

formulation [(202-2H)Pd2(OAc)2b, and other clusters at 1228, 1169 and 1108 a.m.u. tbat 

are consistent with the sequential loss of acetates from the parent ion. 

I " aUN 
202 // 

Figure 5.17 1 ,5-Bis(2-pyridyloxy)naphthalene. 202. and its cyclopalladated derivatives. 

Reaction of tbe acetato complex, 527. with excess lithium chloride gave the chloro 

complex, 528, as an olive solid, in 91 % yield. This was then reacted with sodium acac to 

give the monomeric doubly-palladated acac derivative, 529, as a grey solid in 46% yield. 



168 

By elemental analysis, 529 was found to have the formulation [(202-2H)Pd2(acac)2]. 

FAB mass spectrometry reveals a cluster of peaks centred about 724 a.m.u. which 

displays the expected isotope distribution for the above formulation. The lH NMR 

spectrum of 529 has the expected six resonances in the aromatic region, with two 

doublets (7.78, 8.04 ppm) due to l-IJ. H7 and H4. H8. respectively. and four peaks due to 

the pyridine rings. In addition. therc are two singlets (2.06. 2.13 ppm) due to the four 

acac methyl groups, and a singlet (5.45 ppm) due to the two ileac methine protons. The 

complex is not sufftciently soluble in CDC13 to provide 13C NMR spectrum. 

CyclopaUadation of 1,6-bis(2-pyridyloxy)naphtlIalene, 203 

The ligand 1,6-bis(2-pyridyloxy)naphthalene. 203. can potentially undergo double

metallation via two modes: cither double palladation at the 2- and 5-positions, or at the 2-

and 7-positions. Given the results of the cyclopalladation of 2-(2-naphthyloxy)pyridine, 

the fonner mode of reaction should be favoured by reaction under kinetic control, while 

the latter mode should be favoured when the reaction proceeds under thermodynamic 

control. Therefore reactions were performed under different conditions. 

Reaction of 203 with palladium acetate in acetic acid at room temperature gave the 

acetato complex, 530, as a brown solid, in quantitative yield. The LR spectrum of 530 

has the characteristic bridging acetate bands at 1566 and 1420 em-I. The low-resolution 

mass spectrum of 530 contains a bighest mass cluster of peaks centred about 1286 a.m.u., 

and another cluster centred about 1228 a.m.u., that have an isotope distlibution consistent 

with the formulation [(203-2H)Pd2(OAc)2]2, and loss of an acetate, respectively. Thus, 

530 is proposed to have a dimeric tetranuclear structure consisting of two doubly

palladated ligand units with the four palladiums bridged by four acetates. 
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Figure 5.18 1,6~bis(2-pyridyloxy)naphthalene, 203, and its cyclopalladated derivatives. 
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Figure 5.19 Aromatic region of the 'H NMR spectra of (i) 531 and (ii) 533. Peaks 

marked with an asterisk are due to the solvent. 

On reaction with acetylacetone and triethylamine, 530 was converted to the acac 

derivative, 531, as a brown solid, in 92(% yield. Recrystallisation, by vapour diffusion of 

pentane into a chloroform solution of 531, gave a sample that analyses as [(203-



170 

2H)Pd2( aCLl(': h"h(I-I20) J. F AB mass spectrometry reveals a cluster 0 f peaks centred about 

724 a.m.u., which is consistent with the fOI111Ulation [(203-2H)Pd2(acach], as well as 

clusters of peaks centred about 625 and 526 a.m. u., that correspond to the sequential loss 

of acac groups. Thus, the monomeric dipalladated nature of 531 is contirmed, but the 

substitution pattern of the complex is not. However, the IH NMR spectrum of 531 

confirms that the complex is the 2.5-dipalladated regioisomer. by the presence of four 

doublets due to the protons H3. [-(4. H7 and H8, as shown in Figure 5.19(i). Irradiation 

of the isolated doublets in 1-0 TOCSY experiments established the two pairs of doublets 

belonging to the two spin systems. and the peaks were then assigned by comparison with 

the monopalladared model compounds 517 and 520. The doublets due to theH6 protons 

of the two pyridine rings are isolated, thus irradiation of these two protons in 1-D 

TOCSY experiments established the two pyridyl spin systems. Comparison of the 

chemical shifts of the two H6 pyridine prorons wirh the model compounds 517 and 520 

allows assignment of the two spin systems to the individual pyridine rings. The aromatic 

region of the I H NMR spectrum is shown in Figure 5.19(i). The presence of two acac 

ligands is confirmed by the presence of two singlets for the two methine prorons, and 

f!Jur singlets due to the four methyl groups. Due to the low solubility of 531, only peaks 

I' due to protonated carbons are observed in the JC NMR spectrum. and these were 

assigned with the use of the GI-ISQC experiment; however, the chemical shifts of C8, C5 1 

and C 5" are so similar that they could not be confidently assigned. 

I laving successfully prepared the 2,5-dipalladated regioisomer under kinetic controL 

the preparatioIl of the 2.7-dipalladated regioisomer was attempted by reaction under 

thermodynamically controlled conditions. Thus. 203 was reacted with palladium acetate 

in ret1uxing acetic acid to give 532, as a brown solid, in 70% yield. Again, the IR 

spectnm1 of 532 reveals the characteristic bridging acetate bands at 1566 and 1420 em-I. 

The FAB mass spectrum contains a cluster of peaks at 1286 a.m.u that shows the 

expected isotope distribution for the formulation [(203-2H)Pd2(OAchh. In addition, 

clusters of peaks are observed at 1227, 1168 and 1109 a.m.ll. tbat correspond to the 

sequential loss of three acetates ti'om the parent LOn. Thus. a climeric tetranuclear 

structure is also proposed for 532. This structure is supported by the I I-I NMR spectrum 

of 532, which contains three singlets in the acetate region (2.08. 2.22, 2.47 ppm), OIle of 

which has an integral twice that of the other two. The aromatic region of the spectrum 

confirms the double palladatiol1 of the ligand in the 2- and 7- positions by the presence of 

two singlets (6.74, 7.78 ppm) for H5 and H8, respectively, and two doublets (6.76, 6.91 
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ppm) for H4 and H3, respectively. The doublets due to the H6 protons of the two 

pyridines are isolated, and subsequent 1-D TOCSY experiments allows the identification 

of the two pyridyl ring systems: however, the\' have not been assigned to the specific 

pyridine rings. 

Reaction of 532 with acetylacetone and triethylamine gave the ncac derivative 533, a 

brown solid, in 94% yield. A sample was recrystallised by vapour diffusion of pentane 

into a chloroform solution of 533, and this was found to analyse as [(203-

2H)Pd2(acac)2. Yz(H20)]. The FAB mass spectrum of 533 shows a cluster of peaks 

centred about 724 a.m.u that is consistent with the formulation [(203-2H)Pd2(acac)2]. 

Other clusters of peaks are observed at 625 and 526 a.m.u. that ~ll'e consistent with the 

sequential loss of the acac ligands. Therefore, 533 has a monomeric dipalladated 

structure. Again, double palladation in the 2- and 7 -positions is confirmed in the IH 

NMR spectrum of 533, by the presence of two singlets (7.43. 8.52 ppm) for H5 and H8, 

respectively, and two doublets (7.46, 7.66 ppm) for H4 and H3, respectively. The spin 

systems of the two pyridine rings were identified by irradiation of the two isolated 

doublets of the H3 pyridine protons in 1-D TOCSY experiments. The two spins systems 

were assigned to the specific pyridine rings by comparison of the shifts of the pyridine 

H3 protons with those in the monopalladated model compounds 517 and 522. The 

aromatic region of the spectrum is shown in Figure 5.19(ii). The presence of two acac 

ligands is confirmed by two singlets for the two methine protons, and four singlets for the 

four methyl groups. All of the peaks due to the protonated carbons are assigned in the 

13C NMR spectrum, with the assistance of the GHSQC experiment but only a few of the 

peaks due to non-protonated carbons can be assigned. 

The ligand 1,6-bis(2-pyridyloxy)naphthalene, 203, has been shown to undergo 

selective double cyclopalladation to give the 2,5- or 2,7-dipalladated regioisomers, by 

performing the palladation reactions under kinetic or thermodynamic control. 

CyclopaUadation of 1,7-his(2-pyridyloxy)naphthalene, 204 

The ligand 1,7-bis(2-pyridyloxy)naphthalene, 204, can potentially undergo double 

metallation via two modes: either double palladation at the 2- and 6-positions, or at the 2-

and 8-positions. Given the results of the cyclopalladation of 2-(2-naphthyloxy)pyridine, 

the former mode of reaction should be favoured by reaction under thermodynamic 

control, while the latter mode should be favoured when the reaction proceeds under 

kinetic control. 
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Reaction of 204 with palladium acetate at room temperature in acetic acid failed to 

give a cyclopalladated complex. The I H NMR spectrum of the reaction product shows a 

species with fourteen proton resonances in the aromatic region. with shifts different to 

those of the unreacted ligand. The individual spin systems of the naphthalene and 

pyridine rings were isolated by 1-0 TOCSY experiments. TheretcH'e. the reaction 

product appears to be a coordination complex or protonated ligand. To test the latter 

possibility, an acetic acid solution of the ligand was stirred overnight. The lH NMR 

spectrum of the product of this reaction is identical to the spectrum of lmreacted 204. 

Thus, the product of the original reaction is probably a coordination complex. Attempts 

to obtain crystalline samples of this complex failed, and so the complex was not 

investigated fu11her. 

204 

533 535 

FigUl"e 5.20 1 ,7-Bis(2-pyridyloxy)naphthalene, 204, and its cyclopalladated derivatives. 

[n order to prepare a cycloPQUadQted complex of 204, it was reacted with palladium 

acetate in ret1uxing benzene, conditions that have previously been used to prepare 

cyclopalladation complexes.2u This method gave the acetato complex. 534, as a pale 

brown solid in 94% yield. The [R spectrum of534 shows bands at 1574 and 1420 cm· l 

that are characteristic of bridging acetates. FAB mass spectrometry shows a 11ighest

mass cluster of peaks ccntred about 1286 a.m.u.. whicll IS consistent with the 

composition [(204-2I-f)Pd2(OAchh, as well as other clusters of peaks centred about 
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1227, 1168 and 1109 a.m.u., that correspond to the sequential loss of three acetates from 

the parent ion. Thus, a dimerie doubly-palladated structure is proposed for 534. 

Reaction of 534 with acetylacetone and triethylamine gave the acac complex, 535, 

as a light brown solid in 8M'iJ yield. A sample was recrystallised by vapour diffusion of 

pentane into a chloroform solution of 535, and this was found. by elemental analysis. to 

have the composition [(204-2fI)Pd2(acaeh.Y2(H20)]. The FA8 mass spectrum shows a 

cluster of peaks centred about 724 a.l11. u. that is consistent \vitb the expected isotope 

distribution for the formulation [(204-2H)Pd2(acac)2]. In addition there are also clusters 

of peaks centred about 625 and 526 D..m.u. that are consistent with the sequential loss of 

two aeacs from the parent ion. These results support a doubly-palladated structure for 

535. The IH NMR spectrum of 535 also supports this structure due to the presence of 

two singlets due to two acac methine protons and three singlets. one of twice the integral 

of the others. due to four acne methyl groups. The aromatic region of the spectrum 

establishes that the complex is the 2.6-dipaJladated regioisomer by tile presence of two 

singlets (7.87,8.00 ppm) for H8 and H5, respectively, and two doublets (7.53. 7.64 ppm) 

for H4 and H3, respectively. The assignments of these peaks were confinned by the 

observation of nOe enhancements between H4 and H5. The doublets due to the H3 

protons of the two pyridine rings are isolated. so they were irradiated in 1-D TOCSY 

experiments to isolate the individual spin systems, which were assigned to specific rings 

by comparison with the model compounds 517 and 522. The peaks due to protonated 

carbons were assigned in the 1JC spectrum of 535 with the use of the GHSQC 

experiment, while the non-protonated carbon peaks assigned arc those due to the acae 

carbonyl carbons. 

Thus, the ligand 1.7-bis(2-pyridyloxy)naphthalene, 204, has been cyelopalladated to 

give the thennodynamically favourable 2,6-dipalladated complexes. 

Cyclopalladation of 2,3-his(2-pyddyloxy)naphthalene, 205 

The ligand 2,3-bis(2-pyridyloxy)naphthalene. 205, can only undergo dOllble 

metallation in the 1- and 4-positiolls. Reaction of 205 with palladium acetate in acetic 

acid at room temperature gave the acetato complex, 536, as a brown solid. in 54% yield. 

The usual bridging acetate bands are observed in the IR spectrum of 536 at 1572 and 

1414 em-I. The F AB mass spectrum of 536 contains a cluster of peaks centred about 

1286 a.m.ll. that displays an isotope distribution that is consistent with the fomlUlation 

[(205-2H)Pd2(OAchb In addition there is a cluster of pe~.d(s centred about 1227 a.m.ll. 
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that is consistent with tile loss of an acetate from the parent ion. Thus, a dimeric 

structure is proposed for 536 that contains two doubly-palladated Llilits bridged by four 

acetate ligands. The IH NMR spectrum of 536 contains six aromatic proton peaks with 

four due to the pyridine rings, and two multiplets at 7.01 and 8.40 ppm due to H6, H7 

and H5, H8, respectively. This is consistent with the ligand being doubly metallated in 

tile 1.- and 4-positions. Two singlets are observed for the bridging acetates. 

Q 
)::0 
o 

(; 205 

536 X= Y= OAc 
537 X = Y= CI 
539 X= OAc, Y = OR 

538 

Figure 5.21 2,3-Bis(2-pyridyloxy)naphthalene, 205, its cyclopalladated acac derivative, 

538, and the mixed acetato/hydroxo-bridged dimer, 539. 

Reaction of the acetato complex. 536, with excess lithium chloride gave the chloro 

complex, 537, as a brown solid, in 74% yield. This was then c0l1ye11ed to the acac 

complex, 538, by reaction with sodium acac. Alternatively. reaction of the acetato 

complex, 536, with acetylacetone and trielhylamine gave 538 directly. as a yellow brown 

solid, in 89% yield. A sample was recrystallised by vapour diffusion of pentane into a 

chloroform solution of 538, and tllis was found, by elemental analysis, to have the 

composition [(205-2H)Pd2(acac)2]. The FAB mass spectmm of 538 contains the 

expected cluster of peaks centred about 724 a.m.Ll. that is consistent with the fonnulation 

[(205-2H)Pd2(acac )2], as well as a cluster of peaks centred at 625 a.m.u. that corresponds 

to the loss of an acac from the parcnt ion. The I H NMR spectrum. as for 536, contains 

six aromatic peaks with four of them due to the pyridines and the other two due to tile 

symmetrical doubly-pallaclateclnHphthalene. The multiplets duc to [-]5. H8 and H6, H7 at, 

8,43 and 7.27 ppm, respectively, were assigncd by cOinparison with the spectrum of the 

model monopalladated complex 520. In addition, three singlets are observed due to the 
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two equivalent acac ligands. The DC spectrum was fully assigned with the use of 

GHSQC and GHMBC experiments. 

From attempts to recrystallise the acetato complex. 536. evidence for another 

complex, 539, was observed in the 1[1 NMR spectrum. A second set of six aromatic 

proton peaks is observed tlla! displays tlle characteristics of the 1.4-dipalladated 

naphthalene unit, i.e. four pyridyl proton peaks and two naphthyl mUltiplets. In the 

acetate region there appears only one singlet. From an attempt at recrystallising 536 by 

diffusion of diethyl ether into a OMF solution of 536. crystals of 539 vvere grown that 

were suitable for analysis by X-ray crystallography: thus such an analysis was performed. 

Crystal structure of 539 

Complex 539 crystallises in the centrosymmetric monoclinic space group P2,/c. 

The complex has a dimeric structure consisting of two doubly palladated ligand units that 

are bridged by two acetates and two hydroxides. One complete dimer and a diethyl ether 

solvent molecule form the contents of the asymmetric unit. The dimeric structure is 

shown in Figure 5.22, with full labelling for half of the molecule and selected labelling 

for the other half. 

Figure 5.22 Oimeric structure and selected atom labelling of 539. Hydrogen atoms and 

solvent are omitted /(,)1' clarity. Selected bond lengths (A) and angles (0): Pd1-Cl 

1.978(3), Pdl-N2l 2.009(3), Pcll-03A 2.034(2), Pdl-OIA 2.1%(2), Pd2-C4 1.989(J), 
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Pd2-N31 2.011(3), Pd2-03B 2.026(2), Pd2-01B 2.157(2), Pd3-Cl' 1.963(3). Pd3-N21' 

2.025(2), Pd3-03A 2.036(2), Pd3-02A 2.131 (2). Pd4-C4' 1.975(3), Pd4-N31, 2.020(3), 

Pd4-03B 2.035(2), Pd4-02B 2.129(2): Cl-Pd 1-N2l 87.7(1), C I-Pd 1-03A 93.5(1), C 1-

Pdl-0lA 177.9(1). N2l-Pdl-03A 174.7(1), N21-Pdl-01A 91.4(1). 03A-Pdl-OIA 

87.6(1), C4-Pd2-N31 88.1(1), C4-Pd2-03B 94.6(1), C4-Pd2-0IB 177.5(1), N3l-Pd2-

03B 175.4(1), N31-Pd2-01B 89.6(1), 03B-Pd2-01B 87.7(1), Cl'-Pd3-N21' 88.4(1), Cl

Pd3-03A 91.7(1), CI-Pd3-02A 178.1(1), N21'-Pd3-03A 171.4( 1). N21'-Pd3-02A 

90.5(1), 03A-Pd3-02A 89.5( 1), C4'-Pd4-N31' 87.3(1), C4'-Pd4-03 B 92.8(1). C4'-Pd4-

02B l76.5(l),N3l'-Pcl4-03B 177.6(1), N3l'-Pd4-02B 89.6(1), 03B-Pd4-02B 90.3(1), 

Pdl-03A-Pd3 97.2(1), Pd2-03B-Pd4 96.7(1). 

The ligand acts as a doubly chelating C,N-donor bridging two palladium atoms by 

forming six-membered chelate rings. Each ligand is dipallaclated in the 1- and 4-

positions, as suggested by the IH NMR spectrum of 539. The two ligand units are 

bridged to form a tetranuclear dimeric structure with pairs of palladium atoms being 

bridged by an acetate ligand and a hydroxide ligand. 

The geometry at each of the palladium atoms is square planar. and the bond lengths 

are within the range of values observed in related structures/J7.2JS although the bond 

lengths of the bridging hydroxides are at the short end of the range previously repOlied 

for two palladium atoms bridged by a hydroxide.lsl.~s7 The inter-palladium separations 

are 3.052(1) and 3.034(l)A. for Pdl-Pd3 and Pd2-Pcl4. respectively, which are 

considered non-bonding. Tn the previous structures 506 and 512 that are bridged by two 

acetates the palladium coordination planes are approximately paralleL However, in 539 

which is bridged by a hydroxide and an acetate the coordination planes are nearly 

perpendicular, with the Pdl and Pel3 planes forming an angle of 85.2(2)° and the Pd2 and 

Pd4 planes forming an angle of 96.8(2)°. This is due to the one-atom hydroxide bridge 

requiring the two planes to twist towards each other. whereas two three-atom acetate 

bridges allow the planes to be apart. This further results in the napllthalenes deviating 

significantly from planarity. The palladated atoms C 1 and C4 are pulled up out of the 

mean-plane of the naphthalene by 0.102(4) and 0.094(4)A, respectively, while C2 and C3 

are below the mean-plane by 0.129(4) and 0.1 14(4)A, respectively. Similarly, for the 

second ligand, el' and C4' nre pulled out of the mean-plane by 0.102(4) and 0.064(4)A, 

respectively, while C2' and C3' lie out of tile mean plnne on the opposite side by 0.097(4) 

and 0.122(4)A, respectively. The palladium atoms nre all signiticantly pulled out of the 
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naphthalene mean-planes by 0.323(2) - 0.601(2)A. The pyridine rings are inclined to 

their connecting naphthalenes at angles of 29.0(4) - 5l.8(4? The four six-membered 

chelate rings all have boat conformations with the palladium and oxygen atoms lying out 

of the planes of the carbon and nitrogen atoms. The palladium atoms lie out of the planes 

by 0.789(2) - 0.859(2)A, while the oxygen atoms lie out of the planes by 0.306(4) -

0.471( 4)A. 

The mean-planes of the two naphthalenes are nearly parallel, being inclined at 

3.3(4)°, but they are separated by 4.03(1)A, a distance too great for an attractive 7t-7t 

interaction. All of the slight deviations in bond lengths and angles are sufficient to 

exclude the possibility of any missing crystallographk symmetry from within one 

dimeric molecule. However, in solution the molecule has sufficient conformational 

freedom to exhibit C2y symmetry, as observed in the IH NMR spectrum. 

The substitution of two acetate ligands from 536 by two hydroxides to give 539 

must have occurred due to the presence of water in the solvents used in the 

recrystaJlisation. The displacement of the acetate appears to occur readily, and this .is 

probably due to the steric strain that would occur between the displaced acetates and the 

protons in the 5- and 8-positions of the naphthalenes. This strain is relieved on 

substitution by the hydroxide. 

Rather than relying on adventitious incorporadon water from the recrystallisation 

solvent to prepare the mixed acetato/hydroxo-bridged dimeI', an attempt was made to 

prepare 539 directly fi'om the acetato complex, 536. A mixture of 536 and 

tetrabutylammonium hydroxide (two equivalents per dimer) was stirred in acetone and 

water. The resulting precipitate was filtered off to give 539 as a brown solid, in 80% 

yield. A sample was recrystallised by diffusion of diethyl ether into a chloroform 

solution of 539 to give pale yellow crystals, that were shown to have the composition 

[(205-2H)Pd2(OAc)(OH).(FbO).Y2(Et20)h, by elemental analysis. The lR spectrum of 

539 shows a peak at 3549 cm-1 that is assigned to the bridging hydroxide. The FAB mass 

spectrum confirms the structure by the appearance of a cluster of peaks centred about 

1202 a.m.u. that is consistent with the formulation [(205-2H)Pd2(OAc)(OH)h Closer 

inspection of the IH NMR spectrum reveals a singlet at -0.67 ppm due to the bridging 

hydroxide ligand. Such an upfield chemical shift is typical for a hydroxide bridging two 

palladium atoms.2gl-287 The protonated carbon peaks in the l3C NMR spectrum were able 
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to be assigned with the assistance of the GHSQC experiment. whil~ th~ peak due to the 

acetate was the only non-protonated peak able to be assigned. 

Cyclopalludation of 2,6-bis(2-pyridyloxy)nuphthuJene, 206 

The ligand 2,6-bis(2-pyridyloxy)naphthalene, 206, can potentially undergo double 

metallation in three ways: either double palladation at the 1- and 5-positions, or at the 3-

and 7-positions to give symmetrical regioisomers, or at the I - and 7- positions to give an 

unsymmetrical regioisomer. Again. these isomers would be readily distinguished by lH 

NMR. 

Reaction of 206 with palladium acetate in acetic acid at room temperature, followed 

bv conversion to the acac derivative, via the chlmo-intermediate, gaye a mixture of 

products on analysis by IH NMR. The mixture included unreacted ligand. and possibly 

some monomeric species: however, none of the expected three doubly-palladated 

derivatives could be identified. 
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Figure 5.23 2,6-Bis(2-pyridyloxy)naphthalene, 206, and its cyclopalladated derivatives. 

Instead, 206 was reacted with palladium acetate in retluxing benzene to give 540, as 

a yellow solid, in a poor yield 0 t' 25%. The lR spectrum of 540 contains bands at 1570 

and 1416 cm'l that are typical of bridging acetates. The complex is not sufficiently 

soluble for analysis by NMR spectroscopy; however, based on the previous 
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cyclopalladated complexes. a doubly-palladated tetranuclear dimeric structure is 

proposed for 540. 

Reaction of 540 with acetyl acetone and triethylamine g~m~ tl.1C acac derivativc. 541, 

as a grey solid. in 98% crude yield. A sample was purified by SLlxhlet extraction with 

chloroform and washing \vith acetone, and by elemcntal analysis. tilis was found to have 

the composition [(206-1H)Pch(acach.Y2(IbO)]. The FAB mass spectrum supports such a 

structllre due to the occurrence of a cluster of peaks about 724 em,l. that is consistent 

with thc formulation [(206-2H)Pd2lacac )2]. 'fhc I H NMR spectrum contains a singlet 

(S.4S ppm) due to an acac methine. and two singlets (2.0S. =:.15 ppm) due to the methyl 

groups of an acac. The aromatic region of the spectrum contains six peaks clue to the 

symmetrical double cyclopalladation of the ligand. Four of these peaks are due to the 

pyridine rings, and the remaining two are singlets 0.44. 7.91 ppm) Liue to HI, HS and 

H4, H8, respectively, which confil111S the 3- and 6-positions as the sites of palladation. 

The two singlets were assigned by comparison with thc monopalladatcd model 

cOlnpound 522. The 13 C NMR spectrum of 541 was assigned by comparison with 522 

and by GHSQC and GHMBC experiments. 

Thus, the symmetrical 3.7-c1ipalladated reglOlsomcr has been prepared by the 

reaction being performed under thermodynamic control. 

Cyclopalladation of 2,7 -his(2-pyridyloxy)nuphthalene, 207 

Thc ligand 2.7-bis(2-pyridyloxy)naphthalene. 207, can potentially undergo double 

metallation in three ways: either double palladation at the 1- and 8-positions, or at the 3-

and 6-positions to give symmetrical regioisomers. or at the 1- and 6- positions to give an 

unsymmctrical regioisomer. Once again. these isomcrs should be readily distinguished 

by I H NMR. Therefore, reactions were perforu1ed under different conditions in attempts 

to contro I the regiocbcmistry of the product. 

Reaction of 207 with palladium acetate in ret1uxing acetic acid gave the acetato 

complex, 542. as a brown solid, in 69% yield. A sample was recrystallised from a 

clichlorOlnethane/acetone solution of 542 and analyses as [(207-2H)Pd2(OAchh. Low

resolution mass spectrometry reveals n e/uster of peaks centred aboU[ 1286 a,m.u. that is 

consistent with the formulation [(207-2H)Pch(OAc)2b. and a second cluster of peaks 

centred about 1227 a.m.u. that corresponds to the loss of an acetate tl'Ol11 the parent ion. 

The II-{ NMR spectrum 01'542 displays two acetate singlets and six peaks in the aromatic 

region, which suggests that the ligand is symmetrically dipaJladmed. and tbe presencc of 
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two singlets (6.66, 6.85 ppm) due to HL H8 and H4, H5, respectively, confirms that 

metallation has occurred in the 3- and 6-positions. The protonated carbon peaks in the 

13 C NMR spectrum of 542 are readily assigned with the assistance of tile GHSQC 

experiment. Thus, the proposed structure for 542 is dimcric. consisting of two 3,6-

dipalladated ligand units with the four palladium atoms being bridged by four acetate 

ligands. 
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Figure 5.24 2,7-8 is(2-pyriclyloxy)napbthalene, 207, and its cyc 10 pnlladated deri vatives. 
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On reaction with acetylacetone and triethylamine, 542 was converted to the 

monomeric acac derivative, 543, in 78% yield. Recrystallisation by vapour diffusion of 

pentane into a chloroform solution of 543 gave a sample that was found to analyse as 

[(207~2H)Pd2(acac)2]. FAB mass spectrometry reveals a cluster of peaks centred about 

724 a.m. u. that is also consistent with this formulation. The I H NMR spectrum of 543 

also contains six peaks in the aromatic region, as shown in Figure 5.25(ii), and the 

presence of two singlets (7.34, 7.97 ppm) due to HI, H8 and H4, HS, respectively, again 

confirms double palladation in the 3- and 6-positions. Comparison with the model 

compound 522 allowed assignment of the two singlets. Use of the GHSQC experiment 

allowed the assignment of all protonated carbon peaks in the I3C NMR spectrum. 
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Figure 5.25 Aromatic region of the I H NMR spectra of (i) 545, (ii) 543 and (iii) 543 and 

547. Peaks marked with an asterisk are due to the solvent. 

Reaction of 207 with palladium acetate in ret1uxing acetic acid occurs under 

thermodynamic control and allows the preparation of the 3,6-dipal1adated derivatives. 

Reactions were also performed under other conditions in attempts to prepare the other 

two possible regioisomers. 

On one occasion reaction of palladium acetate and 207 in acetic acid at room 

temperature gave a product that was identified by IH NMR to be the 1,8-dipalladated 

regioisomer, 544. This was established by the presence of six peaks in the aromatic 



182 

region of the spectrum, four of which are due to the pyridines. with the remaining two 

doublets (7.02. 7.36 ppm) being due to H3. H7 and H4, H5. However. this proved to be 

an isolated occurrence. as the reaction at room temperature generally produced a mixture 

of the three regioisomers 542, 544 and 546. which are proposed to have dimeric 

tetranuclear structmes. Reaction of 207 with palladium acetate in ret1uxing chloroform 

produced a similar mixture of the three species. 

The mixture of three acetato complexes was reacted with acetyiacetone and 

triethylamine to give a mixture of the three acac regioisomers 543. 545 and 547, as a 

brown solid. in a combined yield of 85%. The isomers were determined by 'H NMR to 

be present in the approximate ratio 1 :4:2, respectively. Recrystallisation of the crude 

mixture from chlorofonn selectively separated the 1,8-dipalladated regioisomer, 545, as 

yellow crystals suitable for analysis by X-ray crystallography. The crystals were shown 

by elemental analysis to have the composition [(207-2H)Pd2(acac)2.2(CHCb)]. Two 

clusters of peaks are 0 bserved in the F AB mass spectrum of 545 centred about 724 and 

625 a.m.u. which correspond to the parent ion M = [(207-2H)PcbCacac)lr. and loss of an 

acac from the parent ion, respectively. The 'H NMR spectrum of 545 contains six peaks 

in the aromatic region, as shown in Figure 5.25(i), with tour due to the pyridine rings, 

and two doublets (7.05, 7.39 ppm) due to H3. H7 and H4. HS. respectively, that confirm 

the 1- and 8-positions as the sites of palladation. The acnc methine proton has an 

unusually high-field chemical shift of 5.26 ppm, and one acac methyl group also has an 

unusual upfield shift of 0.96 ppm. These upfield shifts may be due to the shielding effect 

of the adj acent pyridine rings. which is probably a consequence the crowded environment 

that results from the double palladation in the 1- and 8-positions. The '3C spectrum of 

545 was assigned by llse of the GHSQC and GHMBC experiments, as well as by 

comparison with the model compound 520. To determine the exact nature of this 

complex a single-crystal X-ray structure determination was performed. 

Crystal stmcture of 545 

The complex crystalliscs 111 the non-centrosymmetric orthorhombic space group 

Fdd2 and has a monomeric dipaUadated structure. The asymmetric unit consists of half 

of a paUadated ligand unit ancl a disordered chloroform molecule. Two half molecules 

are related by a two-fold rotation axis, that passes through C4A and e8A, to give the full 

molecular structure shown in Figure 5.26. 
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Figure 5.26 Molecular structure of 545. Hydrogen atoms and chloroform solvate are 

omitted for clarity. Selected bond lengths (A) and angles n: PdI-Cl 1.961(4), Pd1-N21 

2.023(2), Pd 1-032 2.029(2), Pd1-034 2.090(2); C I-Pel J-N21 87.2(1). C1-Pd1-032 

89.6(1). Cl-Pdl-034178.6(l). N2l-Pdl-032 171.4(1), N21-Pdl-034 91.5(1). 032-Pd1-

03491.5(1). 

The ligand 207 acts as a doubly chelating C.N-donor bridging two palladium atoms 

by forming two six-membered chelate rings. Each molecule of 207 is doubly palladated 

in the 1- and 8-positions (i.e. at C 1 and CIA in Figure S .26), as suggested by the 1 H 

NMR spectrum of 545. Each palladium atom is also coordinated to two oxygen atoms of 

illl acac ligand which also forms a six-membered chelate ring. The pGlIadiwn geometry 

is approximately square planar. ,md the palladium-donor bond lengths are similar to those 

in related compounds, both in the literatllre112
.
m .229 and in this thesis. 

To accommodate the two palladium atoms and the acac ligands the naphthalene core 

is substantially twisted so that eland CIA each lie out of the naphthalene mean-plane, 

in opposite directions, by 0.168(S)A, and the palladium atoms, Pd 1 and PdlA, each lie 

out of the mean-plane by 0.813(3)A. These deviations can be seen in the view down the 

C4A-C8A bond in Figure S.27. The coordination planes are twisted out of the meall

plane of the naphthalene by 43.LJ(2)". wllile the pyridine rings are inclined to the 

naphthalene at an angle of 31.9(2t. The twisting results in a palladium-palladium 

separation of 3 .lS2( 1), a distance too great for a bonding interaction. The twisting of the 
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molecule results in the methine and one methyl group of an ucac ligand sitting over the 

face of a pyridine, thereby explaining the uptield shifts observed in the I H NMR 

spectrum of 545. 

Figure 5.27 View down the C4A-C8A bond (the two-fold rotational axis) of545. 

The C.N-donor six-membered chelate ring exists in a boat conformation with Pdl 

and 02 sitting out of the plane of the nitrogen and carbon atoms by 0.799(3) and 

0.361(5)A, respectively. Meunwhile, the acac chelate ring is approximately planar [mean 

deviation 0.043(5)A]. 

The twisting of the molecule results in it being chiral; however, the crystal itself 

contains a racemic mixture of molecules of opposite chirality related by a glide plane. 

The correct chirality of thc molecule in the asymmetric lillit is coniirmed by the Flack x 

parameter that refines to -0.017(0.026). 

Following fractional recrystallisation of 545 a mixture of the remaining two 

regioisomers 543 and 547 was obtained by vapour diUusion of pentane into a chlorofOlm 

solution of the residue. After identifying the peaks due to 543, the unsymmetrical 1,6-

dipalladated regioisomer, 547. was also identified in the IH NMR spectrum of the two 

compounds, as shown in Figure 5.25(iii). The two pyridine rings were isolated by I-D 

TOCSY experiments. (although peaks due to one ring overlap with the pyridine peaks of 

543) and H3. which is overlapped by signals from three other protons, was isolated by 
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irradiating H4 in a I-D TOCSY experiment. The singlets due to H5 and H8, and the 

doublets due to H3 and H4 were assigned by comparison with the spectra of the two 

symmetrical compounds 543 and 545. 

The ligand 207 has been shown to undergo double palladation via three modes. The 

thermodynamically most stable 3.6-dipalladated regioisomer can be formed selectively 

by performing the reaction under thermodynamic controL while a mixture of the three 

regioisomers are produced under more mild reaction conditions. 

This study represents the first systematic investigation of the cyclopalladation 

reactions of ligands containing a naphthalene core. This work has greatly increased the 

number of cyclopaUadated naphthalene complexes, in particular the number of doubly 

palladated naphthalenes has been expanded t1'om the one previous example. As well, it 

expands the number of doubly cyclopalladated complexes containing six-membered 

chelate rings. The ability to control the regiochemistry of the palladation reaction has 

been demonstrated in certain systems, thus providing access to various multiply 

substituted naphthalenes. 

A detailed study of the and l3C NMR spectra of a senes of nineteen acac 

complexes of various cyclometallated phenyl-containing ligands was reported by 

Caygil1.1l5 This study showed that cyclopalladation leads to consistent changes in certain 

chemical shifts for the complexes. relative to those of the starting ligand. This study was 

subsequently expanded to 45 such compounds and thereby refined by de Geest. 213 In 

general, similar coordination imluced shifts are observed lor the cyclopalladated 

naphthalene compounds in the current study. An exception to this is observed for 

palladation in the I-position, which results in a large downfield shift for the proton in the 

8-position. This is due to the deshielding effect of the acac oxygen which is in close 

proximity to H8. Extensive use of NMR spectroscopy was made to characterise the 

complexes prepared during this study and these results are summarised here in tabular 

form. 



Table 5.1 lH NMR data for the acetato derivatives of cyclopalladated 2-naphthyloxypyridnes and bis(2-pyridyloxy)naphthalenes (ppm). 

Complex HI Hl H3 H4 H5 H6 H7 H8 H3' H4' H5' H6' Me 

I 515 7.07 7.14 7.70 7.37 7.44 8.12 6.71 7.16 6.35 8.01 2.16 

I 521 7.06 7.23 7.51 7.30 7.30 7.60 6.77 7.35 6.40 7.98 2.18 
............. _ .... __ .. _ .. 

525 7.42 7.80 7.48 7.48 8.31 7.33 7.88 7.11 8.70 2.10 

7.48 7.90 7.13 8.72 

527 6.79 7.24 6.79 7.24 7.07 7.62 6.72 8.26 • 2.11,2.31 

532 6.91 * 6.76* 6.74 7.78 7.32, 7.62, 6.72, 8.39, 12.08 (3H) 

7.03 7.77 6.82 8.13 2.21,1.47 

536 8.40 7.01 7.01 8.40 7.25 7.63 6.83 8.49 

542 I 6.66 
I 

6.85 6.85 

• 

6.66 6.97 7.70 6.75 8.07 

544 7.02 7.36 7.36 7.02 7.36 7.90 7.17 8.61 1.11 

Table 5.2 13C NMR data for the acetato derivatives of cyclopalladated 2-naphthyloxypyridnes and bis(2-pyridyloxy)naphthalenes (ppm). 

Complex Cl C2 C3 C4 C4a C5 C6 C7 C8 C8a C2' C3' C4' C5' C6' Me C=O 

515 143.05 131.18 121.56 • I'"'? 48 • .:l_. 127.07 124.56 125.01 120.34 123.16 156.34 113.77 139.18 117.52 148.10 24.57 181.15 

521 110.88 148.65 120.46 133.02 130.35 .116.88 124.02 124.67 126.67 131.94 158.04 114.34 140.09 118.06 .149.04 14.66 181.37 

-.., -.::l_.::l 1,,(6.26* 107.35 152.88* 109.79 132.87 127.18 115.29 115.97 120.48 122.10 157.62, 114.95, 140.10, J 19.36, 149.70, 14.36 177.28 

158.62 115.18 141.39 119.40 149.84 

542 108.71 133.03 133.03 108.71 115.03 139.94 118.11 148.80 24.39, 

• 

24.79 

* denotes shifts that may be interchangeable 



Table 5.3 lH NIvIR data for the acac derivatives of cyclopalJadated 2-naphthyloxypyridnes and bis(2-pyridyloxy)naphthalenes (ppm). 

Complex HI H2 H3 H4 H5 H6 H7 H8 H3' H4' i H5' H6' CH Me 
I 

• 517 7.78 7.55 7.84 7.42 7.49 8.33 7.43 i 7.87 7.13 8.87 
1

5.46 1 2.07,2.13 
1 

i 520 7.11 7.55 7.72 7.37 7.37 8.53 7.29 7.83 7.12 8.61 5.44 1.94,2.04 
I 

522 7.44 8.01 7.82 7.34 7.34 7.74 7.28 7.85 7.12 8.81 5.46 2.06,2.16 

529 7.78 8.04 7.78 ! 8.04 7.43 7.87 7.11 8.87 
1

5.45 2.06,2.13 

i 531 7.68 8.21 7.21 8.08 7.40 7.84 7.08 8.85 • 5.42, 1.93,2.03, 

7.29 7.82 7.11 8.61 5.44 2.05,2.11 

533 7.66 7.46 7.43 8.52 7.40 7.82 7.07 8.84 5.44, 2.06,2.08, 

7.17 7.84 7.10 8.81 5.49 2.12,2.23 

535 7.64 7.53 8.00 7.87 7.45 7.85 7.09 8.85 5.44, 2.05 (6H), • 

7.31 7.85 7.10 8.8 [ 5.45 2.11,2.15 

538 8.43 7.27 7.27 8.43 7.40 7.83 7.11 8.59 5.42 1.91, 2.03 
._--_ ... 

541 7.44 7.91 7.44 7.91 .7.27 7.84 7.1 0 .8.80 5.45 2.05,2.15 
.. _ ...... 

5.t3 7.34 7.97 7.97 7.34 7.27 7.84 7.10 i 8.81 5.45 2.05,2.14 

545 7.05 7.39 7.39 7.05 7.26 7.82 7.10 8.77 5.26 0.96,2.08 

t7 7.07 7.53 7.85 8.15 7.26 7.79 7.09 8.60 5.44, \.93,2.05, 

7.13 7.83 7.11 i 8.80 5.46 2.05,2.14 



Table 5.4 13C NMR data for the acac derivatives of cyclopalladated 2-naphthyloxypyridnes and bis(2-pyridyloxy)naphthalenes (ppm). 

Complex CI C2 C3 C4 iC4a (:5 C6 C7 CS C8a C2' C3' C4' C5' C6' CH Me C=O 

517 144.94 117.45 131.08 122.55 133.12 127.49 124.70 125.33 .120.24 123.69 157.90 114.85 140.21 IIS.69 14S.21 100.45 27.58,27.97 187.00, 188.15 

520 122.58 149.12 116.34 126,48 132.01 127.45 124.29* 124.39* 131.79 138.79 159.33 114,46 140,49 119.26 148.88 100.IS 26.85, 27.91 186.3S, 187.97 
.-.---~ 

522 111.17 149.96 122.86 132.88 130.93 127.28 124.20 124.72 126.85 132.45 15S.90 115.11 140.60 118.89 148.50 J 00,47 27.69,27.96 187.07, IS8.15 

531 - 129.34 126.81 115,42 118.42* 114.92 139.99, 118.71* 148.26 100.09, 26.88,27.89, 

114.49 140.34 119.14* 148.97 100.33 28.00 (2C) 

533 129.92 121.S5 110.91 124.93 158.18, 114.77 139.93, 118.39, 148.25, • 100.38, 27.62,27,48, 186.58, 186.98, 

158.87 115. J 8 140.50 118.71 148.44 100,44 28.00,28.03 188.09, 18S.40 

535 129.02 122.22 132.43 104.45 TI4.93, 140.05, .IIS.51, 148.25, 100,41, 27.62,27.72, 187.07,187.15, 

115.14 140.481118.75 148.52 100.44 27.97 (2C) 188.09 (2C) 

538 121.85 [37.79 137.79 121.85 136.51 J 31.08 122.91 122.91 J 31.08 136.51 159.62 114.56 J 4038 119.37 149.06 100.06 26.86,27.87 186.49.187.62 

541 110.55 i 148.91 121.09 131.35 130.14 110.55 148.91 121.09 131.35 130.14 159.19 115.17 140.45 118.65 148.50 100,42 27.72,27.98 187.05, 188.12 
i 

-~ 

m.T9 5·0 110.09 132.19 110.09 1 J 5.15 140.43 118.72 148.57 100.37 27.65,27.98 

5-45 122.68 147.92 113.84 l'r rl pq I" _J. J _ .. J 125.43 113.84 147.92 122.68 146.17 158.76 114.161139.701118.56 149.35 99.S2 26.74,27.98 185.98, 187.12 
." 

* denotes shifts that may be interchangeable 

00 
00 
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5.5 Cyclopalladation of 2,3,6,7,1 U, Il-hexalds(2-pyridyloxy)triphellylene, 305 

Cyclopalladation of 305 could potentially result in the formation of a trinuclear 

complex that contains no auxiliary ligands. Each of the external benzene rings of the 

ligand contains two sites adjacent to pyridines that are available for metallation. Two of 

these sites in adjacent benzene rings are suitably disposed for one palladium atom to 

metallate both of the benzene rings. Thus, each palladium would be coordinated to two 

carbon atoms of different benzene rings and to two pyridine nitro gens. with the formation 

of one five-membered and two six-membered chelate rings. The four donor atoms would 

satisfy tile preference of palladium(II) for a square-planar geometry, while the two 

anionic carbon donors would satisfy the dicationic charge of the palladium, and thus, no 

other ligands or counterions would be involved. The three-fold symmetry of 305 means 

that it can potentially bridge three palladium atoms, thus, acting as a triply N,C,C,N

tetradentate ligand, as shown in Figure 5.28. 

C'l 
N 0 

(
N 
II 

~~o 

o 
~N 
V 

305 

~. 
o...--I:::C-

N 
JJ 

o 

o 

0-0 o-{) 
-N\ Ij ~ r 

~ _Pd. Pd~ O~ 
\;N I /- N_ o-Q ;, ~ C 

o Pd 0 ob 
Figure 5.28 2,3,6,7,lO,l1-hexakis(2-pyriclyloxy)naphthalene, 305. and a potentially 

trinucl ear cyclopalladated complex. 

A number of cyclopallmlated complexes have been reported that contain two carbon 

donors and two nitrogen donors. [VIost of these contain two C,N-chelating ligands, and 

some of these complexes have been characterised crystallographically to show that the 

carbon donors can be cis,2xs.2x~ or trans. 2
')0.191 Thus, there is a precedent for the formation 

of cyclopalladated complex with cis carbon donors. Newkome et aL have prepared a 

series of compounds that combine two nitrogen donors and two carbon donors in the 

same ligand. CyclopaJlacJated complexes containing three cllelate rings were prepared 
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with the individual complexes having a variety of different sized chelate rings. 77
•
292 

Complexes having three five-membered chelate rings, a six-membered and two five

membered chelate rings, and a seven-membered and two five-membered chelate rings 

were prepared. However, a ligand that could potentially form a Eve-membered and two 

six-membered chelate rings was found to metallate only once, rather than twice. These 

tetradentate cyclopalladated complexes all contain sp] donor carbons. and the central 

chelate ring contains two nitrogen donors. unlike 305, which contains s/ aromatic donor 

carbons that would be included in the central chelate ring. Thus. there is also a precedent 

tor the formation of a palladated complex with the four donors being provided by the one 

ligand. However, there is no precedent for the formation of such a complex with 

aromatic donors, nor for the tormation of a complex with two six-membered and one 

five-membered chelate rings. While many doubly palladated complexes have been 

prepared, to the best of my knowledge, triple palladation of 305 would also represent the 

first example of a ligand being metallated by three palladium atoms. 

The tirst attempt to palladate 305 involved reacting the ligand with slightly more 

than three equivalents of palladium acetate in refluxing acetic acid. The only product 

identified by IH NMR was one containing three sets of pyridine peaks and two singlets in 

the aromatic region. This is consistent with the symmetrical monopalladation of 305 

with the ligand acting as a N.C.C.N-tetradentate donor. Thus. the reaction was repeated 

with slightly more than one equivalent of palladium acetate. which gave a cleaner 

product. 548, as a brown solid. A cluster of peaks is observed centred about 891 a.m.u. 

in the FAB mass spectrum of 548 that is consistent with the formulation [(548-2H)Pd]. 

In addition, there are smaller clusters at 997 and 1092 a.m. u. that are consistent with the 

respective formulations [(548-4H)Pd2J and [(548-6H)Pd3l The H6 protons of the three 

sets of pyridine rings are all isolated, and irradiation of these signals in 1-D TOCSY 

experiments allowed tile identification of the three pyridine spin systems. The doublet at 

8.43 ppm has been assigned to H6' of the coordinated pyridine due its downfteld 

chemical shift, relative to the ti'ce ligand and the other two H6 pyridine doublets. The 

remaining two sets of pyridine protons cannot be assigned to a particular ring. The 

singlet at 8.30 ppm has been assigned to H5, H8 as these protons are in a non-metallated 

ring, cmd therefore, have a shift similm to the singlet in the free ligand (8.35 ppm). The 

singlet at 7.87 ppm has been assigned to H4, H9 as these protons are in the palladated 

rings and experience an npfield shift relative to their chemical shift in the free ligand. 
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548 

Figure 5.29 Mononuclear cyclopalladated complex, 548. 

Since the doubly and triply palladated complexes were observed in mass 

spectrum of 548, further attempts to triply palladate the ligand were made. Thus, 305 

"las reacted "lith seventeen equivalents of palladium acetate in refllD(ing acetic acid for 

three days. The product obtained ,vas washed with cll1oroform and the washings were 

analysed by NMR. The spectrum showed that the major was 2-

pyridone, which is proposed to result from decomposition of the ligand as a consequence 

of the harsh reaction conditions. The black solid. obtained after washing with 

chloroform, proved to be insoluble in common N1vIR solvents. thus nature of this 

solid has not been determined. 
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Conclusion 

This thesis describes the preparation of a series of nitrogen-containing heterocyclic 

ligands. The ligands contain a central arene core. to which are appended a number of 

heterocycles via spacer groups. The coordination chemistry of Illest: ligands llas been 

investigated with the construction of a variety of metaUosupramolecular assemblies. In 

addition. the cyclopalladation chemistry of a number of the ligands has been investigated. 

A series of ligands containing naphthalene as the central mene core with two 

appended pyridine groups has been studied. The naphthalene core offers a greater 

number of isomers than does the previously studied benzene core, thus seven of the ten 

possible isomeric bis(2-pyridyloxy)naphthalenes have been prepared. As well, a bis(2-

pyridylmethoxy)naphthalene ligand has been synthesised. The varied substitution about 

the naphthalene core has resulted in the formation of coordination complexes of diverse 

structural types. A number of one-dimensional metallopolymers. [2+ 2J macro cyclic 

species, a supramolecular box, and discrete monomeric chelating complexes have been 

characterised by X-ray crystallography. Included in the polymers are two compounds 

that contain [2+2J macrocyclic subunits that form polymers by silver-silver interactions 

or chiaro bridges between the metals. Another complex consists of two [2+2J 

macrocycles that form a dimer by chloro bridges. The [2+2J macro cyclic species. with 

one exception, contain 11:-11: stacking of the naphthalene cores of 1\vo ligands. The 

molecular box consists of four ligands that form the sides, and t\VO metals that form the 

ends of the box. The chelate structures include two complexes with nine- and eleven

membered chelate rings. 

/\. range of ligands has been prepared with the pyridine heterocycle appended to 

biphenyl, binaphthalene and triphenylene cores. Again, pyridyloxy- and pyridylmethoxy 

substituents have been attached to the central cores. MononLlclear and polymeric 

complexes of the biphenyl-containing ligand have been characterised. The ligands with a 

binaphthalene core have been Llsed to prepare chelate complexes. one-dimensional 

polymers and [2+2J macrocycles. Racemic mixtures of a ligand have been used to form 

macrocyclic structures that eontain both enantiomers of tbe ligand. or in one case only 

one enantiomer of tbe ligand. A homocbiral ligand has also been prepared and it bas 

been shown to form a [2+2J macrocycle, similar to that formed r'rom the racemic ligand. 

The macro cycles do not contain Jt-11: stacking of central arene cores. The triphenylene-
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containing ligands have six appended pyridine groups and have been shown to form 

triply-chelating monomeric. [2+2J macrocyclic zl11d [2+3] macrobicyclic complexes. The 

two latter structures contain it-it stacking of the triphenylene cores. 

A number of ligands have been prepared with different heterocycles appended to a 

central benzene ring. The quinoline heterocycle has been incorporated into two ligands, 

one of which was shown to form a one-dimcnsional metallopolymcr. The heterocycles 

1,2A-triazole and benzotriazole have been appended to thc benzene core via a methylene 

spacer group with 1,3-, lA- l,3.5- substitution at the benzene ring. A number of 

coordination complexes of these ligands have been characterised crystallographically, 

including one- and two-dimensional metallopolymers, a [2+2] macro cycle and a triple 

helicate. One of the polymers is a molecular ladder which is the first such ladder to 

contain a ligand as the T -shaped connector and metals as the linear connectors. The 

triple helicate is the first to be constructed from trigonal metal termini. 

The cyclopalladation chemistry of a number of ligands has been investigated. This 

study made extensive use of NMR spectroscopy to characterise the complexes. In 

addition, four complexes were characterised by X-ray crystallography. The ligand 1,4-

bis(benzothiazol-2-yl)benzene \vas shown, by X-ray crystallography, to form a 

tetranuclear dimeric molecular box on reaction with palladium acetate. The structure 

consists of two ligands, each of which is dipaJladated at the benzene ring, with the four 

palladium atoms being bridged by four acetate ligands. A similar structure was also 

observed for the reaction of palladium acetate with 1 A-bis(2-pyridyloxy)benzene. A 

senes of doubly-cyclopaUadated complexes were prepared from the bis(2-

pyridyloxy)benzenes which represent the first examples of double cyclopalladation with 

the formation of two six-membered rings, unsupported by additional donor groups. 

The two isomeric 2-naphthyloxypyridines were synthesised and metallated to 

provide model compounds to assist in the characterisation of cyclopalladated complexes 

prepared from the bis(2-pyridyloxy)naphthalenes. The cyclopaUadation of 2-(2-

l1uphthyloxy)pyridine was found to be a reversible process, which allowed the 

regiochemistry of the products to be controlled by performing the reaction under kinetic 

or thermodynamic contro I. The reversibility of tbe cyclopalladatioll reaction was shown 

to be a general phenomenon by the re-investigation of two previously studied ligands. 

Subsequently the cyclopaJjadation chemistry of the bis(2-pyridyloxy)naphthalenes 

was investigated and control of the regiochemistry of the double cyclopalladation of 

some of the ligands was demonstrated. Thus, a range of substitution patterns within the 
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naphthalene core are now accessible, This study represents tile tirst systematic 

investigation of the cyclopalladation of ligands containing a naphthalene core. 

The ligand 2.3.6.7,10.1 I-hexnkis(2-pyridyloxy)triphenylene potentially can be 

triply-palladated. Only l11onopnlladation of this ligand was observed to 

with N,C,C,N-donors which contains fused 6,5,6-membered chelate 

a complex 

Thus. a variety of beterocyclic-containing ligands have been synthesised, and they 

have been used to prepare a diverse range of coordination and cyclopalladated 

complexes. 
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Experimental 

General Experimental 

IH NMR spectra were recorded on a Varian 300 Unity spectrometer with a 3mm 

probe and operating at 300MHz. 13C NMR spectra were recorded on a Varian XL-300 

spectrometer with a 3m111 probe operating at 75MHz. Spectra recorded in CDCI} were 

referenced relative to internal Me4Si and those recorded in dr,-DtvlSO were referenced 

against the solvent signal. When required, nOe, I-D TOCSY, GHSQC and GHMBC 

experiments were performed using standard pulse sequences and parameters available 

with the Unity 300 system. In IH NMR spectra multiplets have been described in terms 

of their two- and three-bond coupling only, with splitting due to four- and five-bond 

coupling being ignored. 

IR spectra were recorded as KBr pellets usmg a Shimudzu FTfR-8201PC 

spectrophotometer. Melting points were determined using an Electrothennal melting 

point apparatus and are uncorrected. 

Mass spectra were recorded using a Kratos MS80RFA spectrometer with a Mac 3 

data system. Electron Impact spectra were obtained at 70eV with a source temperature of 

150°C. Fast Atom Bombardment (FAB) spectra were acquired in a nitro benzyl alcohol 

matrix using an Iontech ZNIFW F AB gun operated at SKV and 2mA. 

Elemental analyses were performed by the Chemistry Department. University of 

Otago, Dunedin. 

Column chromatography was performed with silica gel (grade 923 100-200 mesh). 

Radial chromatography was performed with silica gel (grade 60 PF254). Solvents were 

purified according to literature procedures. 

Unless otherwise stated reagents were obtained from commercial sources and used 

as supplied. 1,3-bis(bromomethyl)benzene,2')) 1 A-bis(bromomethyl)benzene,"94 1,3,5-

tris(bromomethyl)-2,4,6-trimethy Ibenzene, 2~5 and bis( acetonitrile )clichloropalladimn2
% 

were prepared according to literature procedures. 
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Preparation of Lig~lnds 

General procedures for the preparation of the poly(2-pyridyloxy)-substituted arenes 

The poly(2-pyridyloxy)arene ligands were prepared using two methods: 

(i) A mixture of the poly(hydroxy)arene (1 equiv.), 2-bromopyridine (~1.5 equiv. per 

hydroxyl) and potassium carbonate (~~2 cquiv. per hydroxyl) was ret1uxed in DMF for 72 

hours~ The mixture was added to a solution of aqueous sodium hydroxide (10%) and this 

was repeatedly extracted with chloroform. The chloroform was removed in vacuo and 

the resulting DMF solution was :1dded to acetone. This solution was heJted, treated with 

decolourising charcoaL then tlltered. The sol vent was then removed to give the crude 

product which was purified by recrystallisation and/or column chronwtography. 

(ii) A mixture of the poly(hydroxy)arene (1 equiv.) and potassium carbonate (~2 

equiv. per hydroxyl) was stilTed in sulpha lane/toluene (2: 1) with nitrogen bubbling 

through it for 30 min. To this was added 2-bromopyridine (~-1.5 equi\'. per hydroxyl). 

The mixture was heated under nitrogen for 40 hours. The mixlure was added to a solution 

of aqueous sodium hydroxide ( 10%) and this was repeatedly extracred with chloroform. 

The chloroform was removed in mcuo and the resulting sllipholane solurion was added to 

acetone. This solution was heated. treated with decolourising charcoal. then filtered. The 

acetone was removed in V[{CUO and water was added to the sulpholane solution to 

precipitate the crude product \yhich was redissolved with acetone. The product was 

allowed to recrystallise from this solution. 

General procedurc for the preparation of 2-pyridylmcthoxy su bstituted ligands 

A mixture of the appropriate hydroxy-substituted arene( I eql1iv.), 2-picolyl chloride 

hydrochloride (~1.1 eqlliv. per hydroxyl group) and tlnely ground sodium hydroxide (4 

equiv. per hydroxyl group) was stirred in DMF overnight. The reaction mixture was 

poured into water to precipitate the product. which was filtered. and washed with water. 

The crude product was recrysta1lised trom acetone/water. 

General pn}ccuure for the preparation of substituted 1,2,'f-triazoles and 

benzotriazoles 

These Hew compounds were prepared by a method analogous to that used by 

Katrizky et al. to prepare [- and 4-bellzyl-I,2A-triazole and 1- and 2-
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benzylbenzotriazole. 177 A mixture of the appropriate bromomcthyl-subsLituted benzene (J 

equiv.), benzotriazole or 12,4-triazole (1 equiv. per bromomethyl group) and finely 

ground sodium hydroxide (4 equiv. per bromomethyl group) was stirred in DMF. The 

reaction mixture was poured into water and if the product precipitated it was filtered oft: 

otherwise it was extracted with chloroform. The chloroform extract was dried with 

sodiu111 sulphate, and reduced to dryness to give crude product. The products were 

further purified, and/or isomers were separated by recrvtallisation or radial 

chromatography. 

1,3-Bis(2-pyridy1oxy)naphthalene,201 

Reaction of 1,3-dihydroxynaphthalene (O.SOOg, 4.9911111101), 2-bromopyridine (1.63g, 

10.3mmol), potassium carbonate (2.91g, 21.1m11101) in sulpholane/toluene gave crude 

201 which was recrystallised from acetone/water to give 201 

as colourless crystals (O.391g.1.4%), 111.p. 105-106°C (Found: 

C, 76.46; H, 4.44 N, 9.04. C2oHlc+N202 requires C, 76.42; 

4.49: n 8.91. Found Nrc, 314.1047. C2oHI4N202 requires 

"tvf~. 314.1055). IH NMR (CDCh) 8: 6.94-7.02. 4H, 111, H3'. 

7 

6 

H3", H5', H5"; 7.10, 1H, 111, H2: 7.40, 1l{ t, H7; 7.46, 1H, s, H4: 7.-1-9. 1H, t, H6; 7.68, 

2H, 111 , H4', H4"; 7.81, 1H, d. H5; 8.01, 1H, d,H8; 8.20. 2B. 111. H6'. H6". i3 C NMR 

(CDC b) 0: 111.17, 111.69, C3'. C3"; 112.76, C2; 114.28, C4: 118.75. C5', C5"; 122.16, 

C8; 125.09, C8a; 125.30, C7; 127.07. C6: 127.56, C5; 1.35.02. C4a: 139.48, 139.56, C4', 

C4"; 147.80, 147.97, C6', C6"; 151.12, C1: 151.59, C3; 163.50, 163.90. C2', C2". 

1,5-Bis(2-pyridyloxY)llaphthalcne,202 

Reaction of 1,5-dihydroxynaphthalene (1.10g, 6.8711111101), 2-bromopyridine (2.17g, 

13.7m11101), potassium carbonate (l.90g, 13.7mmol) in DMF gave crude 202 which was 

recrystallised from acetone/water to give 202 as pale yellow 

crystals (0.450g, 21(%), m.p. 187-188°C (Found: C, 76.34: H. 

4.42; N, 9.12. C2ol-I14N202 requires C, 76.42; H, 4.49: N. 8.91. 

Found tvC, 314.1056. C20I-I14N202 requires M+, 314.1(55). I H 

NMR (CDCb) 0: 6.97, 21--L d, 1-13'; 7.02. 2R 1. H5 T
; 7.26, 2H, U, 

H2, H6; 7.45, 2H, t, H3, H7; 7.71, 2H, l, H4'; 7.90, 2H, d, H4, 

H8; 8.20, 2H, d, H6'. 13C NMR (CDCb) 6: 111.07, C3'; 117.67. 
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C2, C6; 118.55, C5'; 119.13, C4, C8; 126.01, C3, C7; 129.15, C4a, C8a: 139.53, C4'; 

147.94, C6'; 150.19, Cl, C5; 164.21, C2'. 

1,6-Bis(2-pyridyloxy)naphthalcnc, 203 

Reaction of l,6-dihydroxynaphthalene (1. 109, 6.8711111101), 2 -bromopyridine (2.17 g, 

13.711111101). potassiu111 carbonate (3.80g, 27.5m11101) in DMF gave crude 203 which was 

purified by column chromatography and recrystallisation fro111 acetone/water to give 203 

as pale yellow crystals (0.387g, 18%), m.p. 101-102DC (Found: C. 76.21: H, 4.50; N, 

8.92. C2oH14N202 requires C, 76.42; H, 4.49: N. 8.91. 

Found rvr+', 314.1059. C2oH 1-I]\h02 requires M+', 

314.1055). IH NMR (CDCb) 0: 6.93, 2H. 111, H3', H3"; 

6.97, 2H. 111, H5', H5"; 7.18, 1H. d. H2; 7.27, 1H. d, H7; 

7.48, IH. 1. H3; 7.61, 1H. s, H5: 7.67, 1H, d, H4; 7.71, 

-I' 

5'U~~: 
/' -

6' N/ 0 

I' ~'l g 6" 

2~7 ~~5" 
'~~4" -' -I -Ia .; 6 0 2" ,,, 

- ~ 

2H, 111, H4'. H4"; 8.05, IH. d, H8; 8.20, 2H, 111, H6', H6". l3C NMR (CDCh) 8: 110.82, 

111.50, C3', C3"; 116.24, C2; 117.24, C5; 118.39, 118.53, C5', C5": 121.-1-0, C7; 123.86, 

C8; 124.27, C4; 124.78, C8a; 126.45, C3; 135.81, C4a; 139.36 (2C). C4'. C4"; 147.53, 

147.73, C6', C6"; 150.08, C1; 152.28, C6; 163.36. 163.99, C2', C2". 

1,7 -Bis(2-pyridyloxy)naphthalcnc, 204 

Reaction of l,7-dihydroxynaphthalene (1.13g, 7.0511111101), 2-bro111opyridine (2.23g, 

14.1111mol), potassium carbonate (3.93g, 28.4mmol) in 

sulpholane/toluene 

recrystallised from 

gave crude 204 

acetone/water to 

which was 

give 204 as 

colourless crystals (1.479g, 67%), 111.p. 118-119DC 

(Found: C. 76.34; H, 4.28; N, 8.86. C2oHl-lN202 requires 

4' 

5'0~: 
6'~N~O 

I ~a 8 0 2" 3" 
1/'/ ''/ 7 1)4" - .-' I I 
,~ ~ 6 N./- 5" 

_1 ~ ~a .5 6" 

C, 76.42; H, 4.49; N, 8.91. Found M+', 314.1056. C2oH14N202 requires Nt·, 314.1055). 

lH NMR (CDCb) 8: 6.90, 2H, 111, H3', H3": 6.98, 2H, 111, H5', H5": 7.25. IH, d, H2; 7.33, 

1H, d, H6: 7.45, IH, t, H3; 7.66, 2H, 111, H4', H4"; 7.71, 1H, s, H8; 7.72, 1H, d, H4; 7.92, 

IH, d, H5; 8.16, 2H, m, H6', H6". 13C NMR (CDCb) 8: 110.99. 111.40, C3', C3"; 

112.15, C8; 117.56, C2; 118.46,118.51, C5', C5"; 122.01, C6; 124.72, C4; 125.03, C3; 

128.40, C8a; 129.71. C5; 132.47. C4a; 139.35, 139.44, C4', C4": 147.68. 147.84, C6', 

C6"; 149.66, C1; 152.10, C7; 163.61, 164.04, C2', C2". 
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2,3-Bis(2-pyridyJoxy)naphthalene, 205 

Reaction of 2,3-dihydroxynaphthalene (1.10g, 6.87mmol), 2-bromopyridine (2.17g, 

13.7mmol). potassium carbonate (3.80g. 27.5mmol) in DMF gave crude 205 which was 

recrystallised from acetone/water to give 205 as colourless crystals 

(1.22g, 57%), m.p. 161-l62°C (Found: C, 76.25; H. 4.42; N, 8.84. 

C2oH14i'h02 requires C, 76.42; H. 4.49; N, 8.91. Found M+, 

314.10S1. C2oH14~h02 requires M"-·, 314.1055). lH NMR (CDCh) 

0: 6.72, 2H, d, H3'; 6.93, 2H, t. HS'; 7.45, 2H, 111, H6, H7; 7.58, 2H, 

t, H4'; 7.72, 2H, s, H1,4; 7.80, 2H, m, H5, H8; 8.11, 2H, d, H6'. 13C 

NMR (CDCh) 8: 110.84, C3'; 118.36, C5'; 120.50, Cl, C4; 125.63, 

C6, C7; 127.29, C5. C8; 131.58, C4a, C8a; 139.06, C4'; 144.98, C?. C3; 147.39, C6'; 

163.25, C2'. 

2,6-Bis(2-pyridyJoxy)naphthalene, 206 

Reaction of 2,6-dihydroxynaphthalene (0.795g, 4.96mmol), 2-bromopyridine (2.35g, 

14.9mmol), potassium carbonate (2.93g, 21.21mnol) in sulpholane/toluene gave crude 

206 which was purified by recrystaUisation from acetone/water 

to give 206 as pale yellow-brown crystals (l.18g, 7S%), m.p. 

146-147°C (Found: C, 76.71: H, 4.53; N, 9.16. C2oH14N202 

requires C, 76.42; H, 4.49; N, 8.91. Found Mi', 314.1055. 

C2oH14N202 requires M+', 314.1 OS5). lH NMR (CDCb) 0: 6.95, 

2H, d, H3'; 7.02, 2H. t, H5'; 7.31, 2H, d, H3, H7; 7.S9, 2H s, HI, 
. .. 13 

HS; 7.71, 2H, t, H4'; 7.82, 2H. d, H4, H8; 8.21, 2H, d, H6'. 'C 

NMR (CDCh) 8: 111.46, C3': 117.60, C1, CS; 118.51, CS'; 122.04. ('3, C7; 129.06, 

C4,8; 131.70, C4a, C8a; 139.42, C4'; 147.76, C6'; 151.37, C2, C6; 163.83, C2'. 

2,7 -Bis(2-pyridyloxy)naphthalene, 207 

Reaction of 2,7-dihydroxynaphthalene (1. 109, 6.87mmol), 2-bromopyridine (2.17g, 

13.7mmol), potassium carbonate (3.80g, 27.5mmol) in DMF 

gave crude 207 which was purified by column chromatography 

and recrystallisation from acetone/water to give 207 as pale 

yellow crystals (0.658g, 30(Vc»), m.p. 112-113°C (Found: C, 

76.49; H, 4.24; N, 8.77. C2oHl4Nz02 requires C, 76.42; H, 4.49; 
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N. 8.91. Found M+', 314.1053. C2oHI4N202 requires Mr., 314.1055). IH NMR (CDCb) 

5: 6.95, 2H, d, H3'; 7.02, 2H, L H5'; 7.26, 2J-L d. H3, H6; 7.50, 2E, s. H1. H8; 7.70, 2E, t, 

H4'; 7.88. 2H, d, [-14, H5; 8.21, 2H. d. H6'. I3C NMR (CDCb) 8: 111.62. C3'; 117.03, Cl, 

C8; 118.62, C5'; 120.64, C3, C6; 128.44. C4a; 129.53. C4. C5; 135.26. CSa; 139.45, C4'; 

147.82. C6'; 152.49. C2, C7; 163.72. 

2,3-Bis(2-pyridylmethoxy)na phthalene, 208 

Reaction of 2,3-dihydroxynaphthaJene (1.00g, 6.24mlllol). 2-picolyl chloride 

hydrochloride (2.50g, 15.2m11101) and sodiu111 hydroxide (2.05g, 51.3ml11ol) in DMF 

gave, on addition to water, a white solid which was collected by filtration. The crude 208 

was recrystallised from acetone/water to give 208 as a white 

solid (1.30g, 61%), m.p. 116-117°C (Found: C, 77.13: H. 

5.34; N, 8.28. C22HlsN202 requires C, 77.17; H, 5.30: N, 

8.18. Found M+', 342.1370. C22HI~N202 requires M+', 

342.1368). lH NMR (CDCb) 8: 5.44, 4H, s, CH2: 7.21, 2H, 

s, HI, H4; 7.23, 2H, m, H5'; 7.31,2H, 111, H6, H7; 7.63, 2H, 111, H5. H8: 7.65, 2H, d, H3'; 

7.71, 2I-L t, H4'; 8.63, 2H, d, H6'. 13 C NMR (CDC b) 8: 71.24, CH2; 108.98, C1, C4; 

121.27, C3'; 122.58; 124.38, C6, C7; 126.40, C5, C8; 129.25, C4a. CSa; 136.80, C4'; 

148.34, C2, C3; 149.13. C6'; 157.18, C2'. 

4,4'-Bis(2-pyridyloxy)biphenyl,30] 

Reaction of 4,4'-dihydroxybipheny1 (1.28g, 6.87mmol). 2-bromopyridine (2.17g, 

13.7mmol), potassium carbonate (3.80g, 27.5mmol) in DMF gave crude 301 which was 

recrystallised from acetone/water to give 301 as colourless crystals (o.nOg, 31 %), m.p. 

133-134°C (Found: C, 77.45; H, 4.73; N. 8.20. 

CnHlc,N202 requires C, 77.63; H, 4.74: N, 8.23. 

Found Mr., 340.1209. CnH 16N202 requires NI+, 

340.1212). II-{ NMR (CDCb) 0: 6.96. 2H, d, H3'; 

7.01, 2H, t, H5'; 7.21, 4H. d: H3, H5: 7.61, 4H. d. 

I' H2, H6; 7.71, 2H, t, H4'; 8.24, 2H, d, H6'. JC NMR (CDCh) 0: 111.62. C3'; 118.48, C5'; 

121.32, C3, C5; 128.23, C2, C6; 137.03. C1; 139.42, C4'; 147.66, C6'; 153.43, C4; 

163.60, C2'. 
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(±)2,2'-Bis(2-pyridyloxy)-1,1 '-binaphthalene, 302 

Reaction of (±)-1,1'-bi(2-naphthol) (1.50g, 5.24mm01), 2-bromopyridine (2.50g, 

15.8mmol) and potassium carbonate (3.10g, 22.4mmol) in sulpholane/toluene gave crude 

302 which was recrystallised from acetone/water to give 302 as colourless crystals 

(964mg, 42%), m.p. 182-183 D C (Found: C, 81.80; H, 4.29; N, 

6.36. C30H20N202 requires C, 81.80; H, 4.58; N, 6.36. Found 

M+', 440.1531. C30H20N:201 requires M+', 440.1525). IH NMR 

(CDCh) 8: 6.54, 2H, d, H3'; 6.73. 2H, 1, H5'; 7.22, 2H, 1, H7; 

7.31, 2H, d, H8; 7.36, 2H, t, H4'; 7.36, 2H, 1. H6: 7.40, 2H, d. 

H3; 7.84, 2H, d, H5; 7.89, 2H, d, H6'; 7.92, 2H, d, H4. 13C NMR (CDCb) 8: 111.50, C3'; 

117.83, C5'; 121.57, C3; 123.41, C1; 124.87, C6; 126.10, C7; 126.33. C8; 127.76, C5; 

129.34, C4; 130.93, C4a; 133.92, C8a; 138.62, C4'; 147.07, C6'; 149.97. C2; 163.40, C2'. 

(±)2,2'-Bis(2-pyridylmethoxy)-1,l'-binaphthalene, 303 

Reaction of (±)-lJ'-bi(2-naphthol) (l.21g, 4.23mmol). 2-picolyl chloride 

hydrochloride (1.73g, 10.5mmol) and sodium hydroxide (1.59g, 39.8mmol) in DMF 

gave, on addition to water, a white solid which was collected by filtration. The crude 303 

was recrystallised from acetonehvater to give 303 as colourless 

crystals (l.73g, 87%), m.p. 129-130DC (Found: C, 81.94; H, 5.13 

N,6.12. C31H14Nl0l requires C. 82.03; H, 5.16; N, 5.98. Found 

M+', 468.1836. C32H24N202 requires M+', 468.1838). IH NMR 

(CDCh) 8: 5.20,5.21, 4H. AB q, CH1; 6.70. 2H, d, H3'; 7.02, 2H, 

t, H5'; 7.23, 2H, t, H4'; 7.24, 4H. m, H7, H8; 7.34, 2H, m, H6; 

7.45, 2H, d, H3; 7.89, 2H, d, H5: 7.97, 2H, d, H4; 8.43, 2H, d, 

H6'. 13C NMR (CDCb) 8: 71.35, CH2; 114.89, C3; 120.01, C1; 120.60, C3'; 122.00, C5'; 

123.70, C6; 125.29, C8; 126.37, C7; 127.83, C5; 129.27, C4a; 129.43, C4; 133.99, C8a; 

136.30, C4'; 148.50, C6'; 153.54. C2: 157.51. C2'. 

(R)-2,2' -Bis(2-pyddylmethoxy)-1,1' -binaphthalene, 304 

Reaction of (R)-(+)-l, l'-bi(2-naphthol) (0.490g, 1.71 mmo1) , 2-picolyl chloride 

hydrochloride (0.716g, 4.36mmol) and sodium hydroxide (0.696g, 17.4mmol) in DMF 

gave, on addition to water, a white solid which was collected by filtration. The crude 304 

was recrystallised from acetone/water, at room temperature, to give 304 as a white solid 
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(0.609g, 76%), m.p. 71-76 DC (Found: C, 81.81; H, 5.15 N, 6.19. C32H24N202 requires C, 

82.03; H, 5.16; N, 5.98. Found M+', 468.1832. C32H24N202 

requires M\ 468.1838). IH NMR (CDCb) 0: 5.20,5.21, 4H, AB 5 

q, Clh 6.70, 2H, d, H3'; 7.02, 2H, t. H5'; 7.23, 2H, t, H4'; 7.24. 

4H, m, H7, HS; 7.34, 2B, m, H6; 7.45, 2H, d, H3; 7.S9, 2H, d. 

H5; 7.97, 2H, d, H4; 8.43, 2H, d, H6'. \3 C NMR (CDCb) 8: 

71.35, CH2; 114.89, C3; 120.01, C1; 120.60, C3'; 122.00, C5'; 

123.70, C6; 125.29, C8; 126.37, C7; 127.83, C5; 129.27, C4a: 

129.43, C4; 133.99, C8a; 136.30, C4'; 148.50, C6'; 153.54, C2; 157.51, C2'. 

2,3,6,7,10,11-Hexakis(2-pyridyloxy)triphenylene,305 

2,3,6,7,l0,1l-Hexamethoxytriphenylene, 3.5, was prepared by oxidative 

trimerisation of 1,2-dimethoxybenzene, 3.4, by ferric chloride.l-l& This was converted to 

2,3,6,7,10, I1-hexahydroxytriphenylene.3H20, 3.6, by reaction with hydrobromic acid 

and acetic acid. 145 Reaction of 2,3,6,7,10,11-hexahydroxytriphenylene.3fbO, 3.6, 

(0.944g, 2.50mmol), 2-bromopyridine (3.00g, 

19.0mmol) and potassium carbonate (6.60g, 

47.8mmol) in sUlpholane/toluene gave crude 305 

which was recrystallised from acetone/water to 

give 305 as colourless crystals (1.32g, 65%), m.p. 

225-226°C (Found: C, 70.47; H, 3.79; N, 10.35. 

C48HJoN606.3/2(H20) requires C, 70.S4; H, 4.09; 

N, 10.33. Found MH+', 787.2321. C4sHJ 1N606 

requires MH+', 787.2305). IH NMR (CDCb) 0: 

4' 5'(1(3' . I 'J' 
:--... -

6' N 0 

o 

~N 
V 

x'] 
o N 

8 7 0 

o 
6.75, 6H, d, H3'; 6.93, 6H, t, H5'; 7.59, 6H, t, H4'; 8.10, GE, d, H6'; 8.35, 6H, s, HI, B4, 

H5, HS, H9, H12. \3 C NMR (CDC b) 8: 110.82, C3'; 118.21, C}' C4, C5, C8, C9, C12; 

118.51, C5'; 127.60, C4a, C4b. CSa, CSb, C12a. C12b; 139.20, C4'; 145.55, C2, C3, C6, 

C7, C10, Cl1; 147.53, C6'; 163.20, C2'. 

2,3,6,7,10,1l-Hexakis(2-pyridylmethoxy)triphenyJene,306 

Reaction of 2,3,6,7, 10.11-hexahydroxytriphenylene.3H20, 3.6, (0.357g, 

0.944mmo1), 2-picolyl chloride hydrochloride (l.54g, 9.39mmol) and potassium 

carbonate (4.35g, 31.5mmol) in su1pholane/toluene gave a crude product that was 
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recrystallised from acetone/water to give 306 as a white solid (0.227g. 28%), m.p. 197-

19S0C (Found: C, 71.26; H, 5.06: N. 9.39. 

C54H42N60C,.2(H20) requires C. 71.51: I-L 

5.11; N, 9.27. Found MH-. 871.3229. 

C54H43N606 requires MH+, 871.3244). 'H 

NMR (CDC h) 15: 5.51, 12H, s. CH2; 7.26, 

61l m, H5'; 7.73, 12H. m, H3', 1-14'; 7.85, 

6B, s, HI, H4, H5, HS. Ef9, B12: 8.71, GH, 

d. H6'. DC NMR (CDCh) 8: 71.93, CI-h; 

107.52, C1. C4, CS. C9, C10, C12: 121.63, d 

o 
jJ 

C3'; 122.79, C5'; 123.60, C4a. C4b. C8a, C8b, C12a, C12b; 136.93, C4': 148.00, C2, C3, 

C6, C7, C10, Cll; 149.24, C6': 157.39, C2'. 

1,4-Bis(2-quinolyloxy)benzene,307 

Reaction of 1,4-dihydroxybenzene (O.SSg, 5.0mmol). 2-ch10roquinoline (l.64g, 

10.0mmol), potassium carbonate (l.3Sg, 10.0mmol) in DMF gave crude 307 which was 

recrystallised from acetone/water to give 307 as colourless crystals (0.602g, 33%), m.p. 

197-199DC (Folmd: C, 79.00: H. 4.34; N, 7.43. 

C24H16N202 requires C, 79.11; Ii. 4.43;~, 7.69. 

Found M\ 364.1214. C24H'6N202 requires M+, 

364.1212). 'H )'TMR (CDCh) 8: 7.14, 2B, d, H3'; 

7.32, 4H, s, J12, H3, H5, H6; 7.43, 2H, t, H6'; 7.64, 

2H, t, H7'; 7.77, 2H, d, HS'; 7.88. 2H, d, HS', 8.15, 

2B, d, H4'. DC NMR (CDCb) 8: 112.66, C3'; 122.56, C2. C3, CS. C6; 124.S7, C6'; 

125.69, C4a'; 127.33, C5'; 127.85, C8'; 129.89, C7'; 139.86. C4'; 146.36, CSa'; 150.40, 

Cl, C4; 161.78, C2'. 

1 ,4-Bis(8-q uinolyloxymethyl)benzene, 308 

A mixture of 1.4-bis(bromomethyl)benzene (0.363g, l,3Smmol), S-

hydroxyquinoline (0.462g, 3.1811111101) and sodium 11ydroxide (O.S30g. 13.3mmol) was 

stirred in DMF overnight. The yellow suspension was poured into water. A pale green 

solid was filtered off and washed with water. The crude 30B was recrystallised from 

acetone/water to give 30B as colourless crystals (0.412g, 76%). m.p. 1S9- 191°C (Found: 
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C, 79.32; H, 5.04; N, 7.00. CuJhoN20l requires C, 79.57; H, 5.14: N. 7.14. Found 

MIt·, 393.1603. C26H21N20:: requires MIt·, 3' 2' 

393.1603). lH NMR (CDC13) 0: 5.44. 4H, s, CH2; 4'\\ :» //u, 

7.03, 2H. t, H6'; 7.38, 4H, m, H5', H7': 7.44, 2B. ln, ;,"u,o I ~ \:3 

6 7 ~o-g\: H3'; 7.53. 4H, s, H2. FI3, H5, H6; 8.13. 2H, d. H4'; 

8.97, 2I-L d. H2'. 13 C NMR (CDCI]) 0: 70.44, CH2: '/ \\. 
N \, 

109.85, C6'; 119.83, C5'; 121.53. C3'; 126.50. C7'; I 308 - I 

127.40, C2, C3, C5, C6; 129.42, C4a': 135.81, C4'; 136.55. CL C4: 140,.1.2. C8a'; 149.30, 

C2'; 154.21, C8'. 

1,3-Bis(1 ,2,4-triazol-l-ylmethyl) benzene, 401 and 1-(1,2,4-triazo1-1-ylmethyl)-3-

(1,2,4-triazol-4-ylmetbyl)benzene, 402 

Reaction of 1,3-bis(bromomethyl)bcnzcnc (0.845g, 3.20mmol). 1,2,4-triazo1e 

(0.472g, 6.83mmol) and sodium hydroxide (1.18g, 29.5mmol) in DMF gave, after 

chloroform extraction. a mixture of the two isomers which were separatcd by radial 

chromatography. Crude 401 was separated as a white solid (0.393g. 

51 %). A samplc was rccrystallised from petroleum ether/chloroform 

(r~1 :1) for analysis, m.p. 110-112°C (Found: C, 59.92; H. 4.90; N. !A' 
N .N':', 

34.94. CdII2N(, requires C, 59.99; H, 5.03; N, 34.98. Found rvur. 5'~'N N 1/ 
;.;~ LN 

239.1046. C 1zH I1N(j requires MH .. ·. 239.1(45). IH NMR (CDCb) 0: ,--'_.:-3' ___ ...J 

5.34, 4H, s, CHl ; 7.16, Ills, H2; 7.23, 2H, d, H4, H6; 7.39, 1 H, t, H5: 7.98, 2H, s, H3'; 

8.09, 2B, s, H5'. lJ C NMR (CDCb) is: 52.84, CH2; 127.13, C2; 127.83. C4, C6; 129.56, 

C5; 135.51, CI, C3; 143.01, C5'; 152.04, C3'. Crude 402 was separated as a white solid 

(0.049g,6%). A sample was recrystallised from petroleum ether/chloroform for analysis, 

m.p. 155-157°C (Found: C, 59.45; H, 5.34; N, 33.36. 

CI2HI2N6.V4(CH3CH20H) requires C, 59.63; H, 5.40; N, 33.38. 

FOllnd [M-H]'"', 239.1046. C I2H 1I N(, requires [M-H]'"', 239.1045). 

lH NMR (CDCh) 0: 5.18, 21-1, s. 3-CH2: 5.35, 2I-I, S, 1-CH2; 7.10, 

1R s, H2; 7.15, IH, d, H4; 7.26, 1H, d, H6; 7.42, lH, t, H5; 7.98, 

N, 
5'~ ~ 

N ." ., 

2 
N 

J"~ 17 5" 

N-N 

1H, s, H3'; 8.12, 1H, s, H5'; 8.17, 2H, s, H3", H5". IJ C NMR (CDCb) 8: 48.63, 3-CH2; 

52,86, ]-CH2; 126.95, C2; 127.63, C4; 128,37, C6; 130.06, C5; 135.22. C3; 136.16, Cl; 

142.81, C3", C5"; 143.21, C5'; 152.30, C3'. 
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1,4-Bis(l ,2,4-triazol-I-ylmethyl)benzene, 404 

Reaction of L4-bis(bromomethyl)benzene (0.618g, 2.34mmol\ 1,2.4-triazole 

(0.336g, 4.86mmol) and sodium hydroxide (0.800g, 20.0mmol) in DMF gave, after 

chloroform extraction, crude 404 which was recrystallised :2 3 

-, I~ ~ J\d4 \ from ethanol to give 404 as a white solid (0.305g, 54%), m.p. 

194-195°C (Found: C. 60.02; R 5.20; N, 34.75. C 12HI2N6 liN. 6 5 N' II 
NyN ~N 

requires C 59.99; R 5.03; N, 34.98. Found M+', 240.1124. "---=_1 ______ ---' 

C I2H 12N6 requires rvt, 240.1123). IH NMR (CDCh) 8: 5.35. 4H, s, CH2; 7.27. 4H, s, 

H2, H3, H5, H6; 7.97, 2R s, H5'; 8.08, 2H, s, H3'. 13 C NMR (CDCb) 0: 53.00, CH2; 

128.58, C2, C3, C5, C6; 135.20, Cl. C4; 143.09, C5'; 152.31. C3'. 

1,3,5-Tris(I,2,4-triazol-I-ylmethyl)-2,4,6-trimethylbenzene, 406 and 1,3-bis(I,2,4-

triazol-I-ylmethy 1)-5-(1,2,4-triazol--'-ylmethyl)-2,4,6-trimethyl benzene, 407 

Reaction of 1,3,5-tris(bromomethyl)-2,4,6-trimethylbenzene (l.20g, 3.0 1mmol), 

1,2,4-triazole (0.636g, 9.21mm01) and sodium hydroxide (1.68g, 42.0mmol) in DMF 

gave, after chloroform extraction, a mixture of the two isomers which were separated by 

radial chromatography. The crude -'06 was recrystallised from 

ethanol to give 406 as a white solid (0.700g, 60%), m.p. 138-

139°C (Found: C 56.10; R 6.06; N. 32.47. C 1sH24N9.3/2(H20) 

requires C, 55.80; H, 6.16; N, 32.54. FOLlnd M+', 363.1926. 

CISH24Nq requires M+, 363.1920). IH NMR (CDCh) 8: 2.43, 

5 

N. 
\\ N 

9H, s, CH3; 5.48, 6H, s, CH2; 7.85, 3H, s, H5'; 7.96, 3R s, H3'. N~ 
~------~ 

13C NMR (CDCb) 8: 16.58, CH3; 48.56, CH2; 130.36, C1, C3, C5; 139.77, C2, C4, C6; 

142.42, C5'; 152.27, C3'. The crude 407 was isolated as a white solid (0.145g, 13%). A 

sample was recrystallised from ethanol for analysis, m.p. 235-

237°C (FoLlnd: C, 58.69; H, 5.93: N. 34.36. ClxH24Nl).V4(H20) 

requires C, 58.76; H, 5.89; N, 34.26. FOLlnd MH+, 364.1988. 

C1sl-bsNl) requires MH+', 364.1998). IH NMR (CDCh) 8: 2.39, 

6R s, 4,6-CH3; 2.46, 3H, s, 2-CH3: 5.3 L 2H, s, 5-CH2; 5.48, 

4H, S, 1,3-CH2; 7.90, 2H, s, H5'; 7.95, 2R s, H3'; 8.02, 2H, s, 
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H3". 13C NMR (CDCI 3) (): 16.56 C4a, C6a; 16.63 C2a; 44.28. C5a: 48.38, CIa, C3a; 

129.56, C5: 130.88, CL C3; 139.33. C4. C6; 140.23, C2; 142.04. C3". C5"; 142.44, C5'; 

152.33. C3'. 

1,3-Bis(benzotriazol-l-ylmethyl)benzene, 408 and 1-(benzotriazol-l-ylmethyl)-3-

(benzotriazol-2-ylmethyl)benzene, 409 

Reaction of 1.3-bis(bromometbyl)benzene (0.885g. 3.3511111101). benzotriazole 

(0.832g, 6.9911111101) and sodium hydL'Oxide (l.50g, 37.5mmol) in DMF gGve, on addition 

to water, a mixture of the two isomers as a white solid which was collected by tiltration. 

The two isomers were separated by radial chromatography. 408 was isolated as a white 

solid (0.324g, 28%). A sample was recrystallised ii'o111 

ethanol for analysis, m.p. 135-137°C (Found: C, 70.36; H, 

4.65; N, 24.93. C2oHI6Nrl requires C, 70.57; H, 4.74; N, 

24.69. Found M+', 340.1436. C2oH I6N(, requires rvr·, 
340.1436). IH NMR (COCl:;) is: 5.79, 4H, s. CH2; 7.18-

7.32, 4H, 111, H2. H4, TIS, H6: 7.26, 2H, 111, HT; 7.35, 4H, 111. 

5 

2 

H5" H6'; 8.06, 2H, 111, H4'. IJC NMR (COCl3) is: 51.83, CH2: 109.43. CT; 120.16, C4'; 

124.02, C5'; 126.64, C2; 127.56, 127.67, C6', C4, C6; 129.82. C5; 132.67, C7a'; 135.77, 

C1, C3; 146.29, C3a'. 409 was isolated as a white solid (0.042g, 4%) (Found M
j

-·, 

340.1443. C2oI-I\(5NG requires [VI-'-, 340.1436). IH NMR 5 6(14 
(CDCh) ii: 5.79, 2H, s. l-CH,: 5.83, 2H, s, 3-CH,; 7.12-7.38. (~ 
4H, 111, H2, 1-14, H5, H6; 7.24-7.34. 3H, 111, H5', H6', lIT; 7.35. N N 

1 ~ ...' 

Ow
, 7a' N N N 

(,' Ij '" ~ Ja'J--iZ7a" 

5' ~4' ~,a 4"V 7" 

2H, m, H5", H6"; 7.84,21-1,111, H4", (-IT'; 8.04, IH, m, H6'. 
.~"" " 

13C NMR (CDCh) is: 51.61, l-CH2: 59.65, 3-CH2 ; 109.40, 

C7'; 117.88, C4", C7"; 119.77, C4'; 123.76, C5'; 126.30, C5", 
51' (}n 

C6"; 127.23,127.27,127.54.128.13,129.41, C2, C4, C5, C6, C6'; 132.51, C7a'; 135.34, 

135.37, Cl, C3; 144.39, C3a", C7a"; 146.03, C3a'. 

l,4-Bis(benzotriazol-l-ylmethyl)bcnzcne, 410 ami 1-(bcnzotriazol-l-ylmcthyl)-4-

(benzotrinzol-2-ylmcthyl)benzene, 411 

Reaction of l,4-bis(brol11ol11ethyl)benzene (0.500g, 1.89mmol), benzotriazole 

(0.451g, 3.79mmoL) and sodium hydroxide (0.805g. 20.111111101) in DMF gave. on 
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addition to water. a mixture of the two isomers as a yellow solid which was collected by 

filtration. Fractional recrystallisation from benzene gave tirstly -'1 n as a white solid 

(0.264g, 41°/c»), m.p. 156-258°C (Found: C, 70.81; E, 4.40: N. 24.75. C2oH I6Nr, requires 

C, 70.57: H, 4.74; N. 14.69. Found l'v[~·. 340.1431. C2oHU;N(, requires rv(. 340.1436). IH 

NMR (CDCb) 8: 5.82, 4H, s, CH2 : 7.24, 4H, s. 1-12, 

H3. H5, H6; 7.31-7.43. 6H, m, H5'. H6', H7': 8.07, 

2H. d. H4'. l3 C NMR (CDCl:;) 0: 51.67, CH2 ; 

109.48, C7'; 120.19. C4'; 124.03. C5'; 127.57. C6'; 

128.21, C2. C3, C5, C6. Subsequent recrystallisation from benzene gave -'11 as a white 

solid (0.131g, 20%), m.p. 179-ISODC (Found: C, 70.35; H, 4.87: N. 24.71. C2oHI6N6 

requires C, 70.57; H. 4.74; N. 14.69. Fonnd M+, 340.1435. C1oHu,N6 requires M+', 

340.1436). IH NMR (CDC b) 8: 5.83, 2H, s, l-CH2; I~ 

5.85, 2H. s, 4-CH2; 7.25, 2H, d, II2. II6; 7.31-7.44, 7' ~.j \ 

3H, m, II5', H6', H7'; 7.37, 211, m. H5", II6"; 7.37, I \ - I \ 

2H, d, II3. H5; 7.84. 2H, m. H4", H7"; 8.06, IE. d, 

H4'. DC KMR (CDCI3) 8: 51.67. l-CI-h; 59.75.4-

6'07
<1' N (, .; N-N 

5' ~ / N N ~ 7a" 
/ 7" 

4' 3a' N 3an 
I 

6" 

5" 

Cl-b; 109.52, C7'; 118.04, C4", C7"; 120.08, C4'; 123.93. C5'; 126.47. C5". C6"; 127.48, 

C6'; 128.01. C2, C6; 128.91, C3. C5; 132.68, C7a'; 134.98. C4: 135.23, Cl; 144.58, 

C3a", C7a"; 146.26, C3a'. 

1,3,S-Tris(benzotriazol-1-ylmethyl)-2,4,6-trimethylbenzene, 412, 1,3-

bis(benzotriazol-l-y Imethyl)-S-(benzo triazo 1-2-ylmethyl)-2 ,4,6-trimethy Ibenzene, 

413 and l-(benzo triazol-l-y Imethy 1)-3,5-bis (benzotriazo 1-2-ylmethyl)-2 ,4,6-

trimethylbenzene,414 

Reaction of 1,3,5-tris(bromomethyl)-2,4,6-trimethylbenzene (l.20g, 3.01mmol), 

benzotriazole (1.1 Og, 9.24mmol) and sodium 

hydroxide (1.51g, 37.8mmol) in DMF gave. on 

addition to water, a mixture of isomers as a white 

solid which was collected by tiltration. The isomers 

were separated by radial chromatography. The crude 

412 was recrystallised from ethanol to give 412 us a 

white solid (0.411g, 26%), m.p. 200-201 DC (Found: C, 

68.78; H, 5.05; N, 24.01. CwHnN9.1;2(I-hO) requires 
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C, 68.95; H, 5.40; N, 24.12. Found MH+', 514.2470. C30H281\lq requires MH+', 514.2468). 

IH NMR (CDCb) 8: 2.42. 9H. s. CHJ; 5.93, 6H. s, CH2; 7.08. 3H. m. H7'; 7.32. 6H, m, 

H5'. H6'; 8.05, 3H, m. H4'. IJ C NMR (CDC h) 8: 17.00. CH3; 47.84. CH2; 109.44, C7'; 

119.92. C4'; 123.82. C5'; 127.50. C6'; 130.20, Cl, C3, C5; 132.62. C7a': 139.68, C2, C4, 

C6; 145.95, C3a'. The crude 413 was recrystallised from ethanol to gi,'e -n3 as a white 

solid (0.371g, 23%). m.p. 192-193°C (Found: C, 68.54; H. 5.-1-3; N, 24.26. 

C30H27N9.213(H20) requires C. 68.55; H, 5.43; N, 23.98. 

Found M+', 513.2401. C30H27N9 requires rvt·, 513.2389). 

IH NMR (CDCh) 8: 2.38. 3H. S. 2-CH3; 2.57. 6H, S, 

4,6-CH3; 5.93, 4H, S. 1,3-CH2; 6.05. 2H, s, 5-CH2 ; 7.08. 

2H, m. H7'; 7.30, 4H, m, H5', H6'; 7.37, 2H. m, H5", 

H6"; 7.83. 2H, m, H4", H7"; 8.04. 2H, m, H4'. DC 

Q
'i' (' 

+' '/ \' 
., t 7' 
"7--..:: N 7'1' 
\\ N 
N~ 

N, 
NMR (CDCh) 8: 16.91. 2-CH3; 16.99, 4,6-CH3; 47.90. i'~ liN 

~N 1,3-CH2; 54.65, 5-CH2; 109.55, C7'; 117.83. C4", C7"; L..-________ ----' 

119.83, C4'; 123.70, C5'; 126.20, C5". C6"; 127.29, C6'; 129.85. C1. C3; 131.00 C5; 

132.62, C7a'; 139.67, C2; 139.97, C4. C6; 144.07, C3a", C7a"; 145.89. C3a'. The crude 

414 was recrystallised from ethanol to give 414 as a white solid (0.032g. 2%), m.p. 129-

132°C (Found: C, 68.31; H, 5.57; N, 24.33. C30H27N9.2/3(H20) requires C, 68.55; H, 

4G'~ \6' 
Jll' 7' 

---...: 7a' 

N,\ N 
N- ~ _ 

~'I'''(' )"~ ~) N~-);-!I 
3 4 N 

N 

5.43; N, 23.98. Found M+, 513.2394. C30H27N9 requires 

M+', 513.2389). IH NMR (CDCh) 8:' 2.54, 6H, s, 2,6-

CH3; 2.69, 3H, S, 4-CH3; 5.94, 2H, s, l-CH2: 6.03, 4H, s, 

3,5-CH2; 7.11, IH, m, H7'; 7.31, 2H, m, H5', H6'; 7.35, 

4H, m, H5", H6"; 7.83, 4H, m, H4". H7"; 8.04, IH, m, 

H4'. 13 C NMR (CDCh) 8: 17.10. 4-CH3; 17.18,2,6-

CH3; 48.30, l-CH2; 54.94, 3,5-CH2 ; 109.87. C7'; 118.07, N N 
311U' \ 1 7a" 

C4", C7"; 120.06, C4'; 123.81. C5'; 126.30, C5", C6"; 4" 7" 
\ /; 

127.39, C6'; 129.63, C1, 130.88. C3, C5; 132.87, C7a'; L..-5"_-'6:....." ______ ........J 

140.25, C2, C6; 140.56, C4; 144.28, C3a", C7a"; 146.16, C3a'. 

2-(1-Naphthyloxy)pyridine, 502 

Reaction of I-naphthol (l.02g, 7.07mmol), 2-bromopyridine (1.69g, 10.7mmol) and 

potassium carbonate (1.96g, 14.2mmol) in sulpholane/toluene gave crude 502 as an oil 

which was precipitated from water to give 502 as a brown solid (980mg, 63%). This was 
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sufficiently pure for the preparation of complexes; however a sample of 502 was 

recrystallised from ethanol for characterisation. m.p. 88-89°C (Found: C. 81.56; H, 5.01; 

N,6.36. CI:iH1INO requires C. 81,43; H, 5.01: N. 6.33. Found M+, ~. 

{()

1O /'" 5' 
221.0840, C I5H 11NO requires iVL+. 221.0841). IH NMR (CDCh);-); " 

~::--.. /' (' 

6.94, 1H. d. H3'; 7.00, IlL t, H5'; 7.24. 1 H, d. H2: 7.44, lH. t. H7; 

7.50, III t J16; 7.48, 1H. t, H3: 7.69. 1H, t H4'; 7.74, I H. d. H4; 

7.89, 1H. d. H5; 8.00, IH, (1. H8: 8.18, lI-L d, H6. I3C Niv[R 

a N 1 

(CDCh) 8: 110.87, C3'; 117.05, C2: 118.36, C5'; 121.96. C8: ~24.92. C",,-; 125.68, C3; 

126.04, C7: 126.33, C6; 127.42, C8a; 127.88, C5; 134.92, C4a: 139.41. C",,-'; 147.86, C6'; 

149.98, Cl; 164.23, C2'. 

2-(2-Naphthyloxy)pyridine, 503 

Reaction of 2-naphthol (l.03g. 7. 14mmol). 2-bromopyridine (1.69g. 10. 7mmol) and 

potassium carbonate (1.92g, 13.9mmol) in sulpholane/toluene gave crude 503 as an oil 

which solidified to give a brown solid (1.39g. 88%). This was sufficiently pure for the 

preparation of complexes; however a sample of 503 was sublimed to give a white solid 

for characterisation m.p. 52-53°C (Ut.17I 52.5-53.5°C), (Found: C, 51 

81.50; IL 5.08; N, 6.40. CI5HI1NO requires C, 81.43; H, 5.01: N, 
N ~ 3' 
6'Q~. 4' 

6.33. FoundM 1·',221.0841.C I5H II NOrequiresM+,221.0841). IH x I 2' 

7ro:' 8n? 0 
NMR (CDCh) 8: 6.96, IH. d, H3': 7.01, IH, L HS': 7.30, 1H. d. [13; 12 

(, ~ 0... _ 
4a j 

7,45, 2H, 111, H6, H7; 7.57, lH. s, H1: 7.71. 1H, t, H4'; 7.78. lH. d. 5 4 

H8; 7.85, IH, d, H5; 7.88, 1H, d, H4; 8.21, lH, d, H6'. 13 C NJVLR (CDC!:,) 8: 111,45, C3'; 

117.30, C1; 118.43, C5'; 121.25, C3; 125.03, C6; 125.26, C7; 127.28. C8; 127.64, C5; 

129.48, C4; 130.82, C4a; 134.10. C8a; 139.31. C4'; 147.61, C6': 151.70. C2; 163.65, C2'. 

Preparation of Coordination Complexes 

General Procedure for the Preparation of Silver Complexes 

A solution of silver nitrate (0.5 equiv, per heterocycle) 111 methanol, acetone, 

acetonitrile or D:tvIF was added to a solution of the ligand. The time and conditions for 

precipitation varied. 



212 

General Procedure for the Preparation of Copper Complexes 

A methanol solution of copper chlOlide dihydrate (0.5 equiv. per heterocycle) was 

added to a solution of the ligand. Green/blue precipitates formed within minutes, unless 

otherwise stated. and were collected by tiltration. 

General Procedure for the Preparation of Palladium Complexes 

Palladium chloride (0.5 equiv. per heterocycl e) disso Ived 111 hot aqueous 

hydrochloric acid (5mL 2M) was added to a solution of the ligand. Orange/yellow 

precipitates formed wi thin minutes. unless otherwise stated. and ,,-ere collected by 

filtration. 

Complexes of bis(2-pyridyloxy)- and his(2-pyridylmethoxy)naphthalenes 

Complexes of 1,3-his(2-pyridyloxy)naphthalene, 201 

With silver nitrate, viz 209 

Reaction of 201 (30mg, 0.095n111101) dissolved in bot methanol (5mL) with silver 

nitrate (32mg, 0.095mmol) ill hot methanol (5mL) gave a colourless solution. The 

volume was reduced to ·-1 mL and vapour diffusion of diethyl ether into this solution 

furnished 209 as colourless crystals suitable for single crystal X-ray structure 

detennination (31mg. 67(Yr)) m.p. 134-136°C (FOlll1d C 49.37: H. 2.88; N. 8.72. 

ClOfhsNc,OlOAg2 requires C, 49.61: H. 2.9\: N, 8.68). 

\Vith copper chloride, viz 210 

Reaction of 201 (60mg, O.19mmol) dissolved in acetone (S111L) "vith copper chloride 

dihydl:ate (33mg, 0.19mmol) gave 210 as a green precipitatc (71mg. 83%), m.p. 210-

211°C (Found C. 53.45; [1 3.26; N. 6.30: CI, 15.80. C2oHI'IN~02CbCu requires C, 

53.53; H, 3.14; N, 6.24; CL JS.SO). 

With palladiul11 chloride, viz 211 

Reaction of 201 (60mg, 0.1911111101) dissolved in acetonc (5mL) with palladium 

chloride (34mg, 0.19mmol) gave 211 as a yellow precipitate (83mg, 87%), m.p. >2S0°C 

(dec.) (Found C, 48.17; H, 3.02; N, 5.60; CL 14.20. C2()HI4N20:zCbPd.Y2(H20) requires 

C, 47.98; H, 3.02; N, S.60; CI, 14.16). 
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Complexes of 1,5-bis(2-pyridyloxy)naphthalenc, 202 

With silver nitrate, viz 212 

Reaction of 202 (60mg, 0.1 9111mol) disso tved in acetone (l5mL) with silver nitrate 

(32mg, 0.19mmol) dissolved in water (5111L) gave crude 212 as a pale brown solid (71mg, 

77%). Slow evaporation of an acetonitrile solution of 212 gave crystals suitable for 

single crystal X-ray structure determination. m.p. 246-248°C (Found C 49.68: H. 2.89; 

N,8.75. C2oHI4N]05Ag requires C, 49.61: H. 2.91; N, 8.68). 

With copper chloride. viz 213 

Reaction of 202 (60mg. O.19mmol) dissolved in acetone (lOmL) with copper 

chloride dihydrate (33mg, 0.19mmol) gave 213 as a blue precipitate (76mg, 89%),m.p. 

>289-291°C (Found C, 53.40; H. 2.81; N. 6.31: Cl, 15.91. C2uHI4N202ChCu requires C, 

53.53; H, 3.14; N, 6.24; CI, 15.80). 

vVith palladium chloride, viz 214 

Reaction of 202 (40111g. 0.13mmol) dissolved in acetone (5mL) with palladium 

chloride (23mg, O.13mmol) gave 214 as a yellow precipitate (60mg, 96%). An 

analytically pure sample was obtained by diffusion of methanol into a DMSO solution of 

214. m.p. >300°C (Found C 49.04; H, 2.64; N. 6.07: C1. 14.01. C:WH14N202ChPd 

requires C, 48.86; H, 2.87; N, 5.70; Cl, 14.42). 

Complexes of l,6-his(2-pyridyloxy)naphtlmlene, 203 

With silver nitrate, viz 215 

Reaction of 203 (60mg, O.19mmol) dissolved in hot methanol (10mL) with silver 

nitrate (32mg, O.19mmol) in hot methanol (8111L) gave a colourless solution. This solution 

was concentrated under reduced pressure to approximately 3mL. Vapour diffusion of 

cliethyl ether into this solution gave 215 as colourless crystals suitable for single crystal 

X-ray structure determination. (82mg. 89%) m.p. 118-120DC (Found C. 49.22; H, 3.00; 

N,8.37. C2oHI4N30sAg requires C. 49.61; H. 2.91; N. 8.68). 
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With copper chloride, viz 216 

Reaction 0[203 (60mg. 0.19m11101) dissolved in acetone (7mL) with copper chloride 

dihydrate (33mg, 0.1911111101) gave 216 as a blue-green precipitate (79111g. 92%), m.p. 

>240°C (dec.) An analyticalJy pure sample was obtained by diffusion of acetone into a 

DMF solution of 216. (Found C, 53.14 H. 3.20: N, 6.46~ Cl. 15.33. C2IlHI-tN202CbCu 

requires C, 53.53; H. 3.14; N, 6.24; CI. 15.80). 

With palladium chloride, viz 217 

Reaction of 203 (4Img. O.! 3m1110l) dissolved in acetone (S111L) \\'ith palladium 

chloride (23mg, 0.13mmol) gave 217 as a yellow precipitate (S3mg. ~ 1 %). m.p. >270°C 

(dec.) (Found C. 47.92; H. 2.96; N. 5.60; CL 13.96. C2othIN20~CbPd.~/;(H20) requires 

C, 47.98; H, 3.02; N. 5.GO; C1. 14.1G). 

Complexes of 1,7-his(2-pyridyloxy)naphthaJene, 204 

With silver nitrate, viz 218 

Reaction of 204 (60mg. 0.19111mo]) dissolved in hot methanol (5mL) with silver 

nitrate (32mg, 0.19mmol) in hot methanol (5mL) gave a colourless solution. The solvent 

was removed under reduced pressure to give an oily residue. The residue ,,-as redissolved 

in the minimum volume of hot methanol (--2mL). This solution gave 218 as colourless 

crystals suitable for single crystal X-ray structure determination (7Gmg, 82%) m.p. 187-

IS8°C (Found C, 49.50; H. 2.91; N, 8.64. C2oHI4";-"'hOsAg requires C, 49.61; H, 2.91; N, 

8.68). 

With copper chloride. viz 219 

Reaction of 204 (GO mg. 0.19mI1101) dissolved in acetone (7111L) with copper chloride 

dihydrate (33mg, 0.19mmol) gave 219 as a blue-green microcrystalline solid (74mg. 

83%), m.p. >220°C (dec.) (Found C. 53.22; H. 3.32; N. 5.79; Cl, 15.10. 

C2oHI4N202ChCld'2(CH]OH) requires C. 52.97~ H. 3.47: N, 6.03: Cl, 15.25). Crystals 

suitable for single-crystal X-ra~t structure determination were grown by layering a 

methanol solution of copper chloride dihydrate on top of an acetone solution of 204. 
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With palladium chloride, viz 220 

Reaction of 204 (60mg, 0.19mmol) dissolved in acetone OmL) \\'ith palladium 

chloride (34mg, 0.19mmol) gave 220 as a yellow precipitate (94mg. 97%). m.p. >230°C 

(dec.) (Found C. 47.15: 3.08: N. 5.49; CL 14.39. C2oHI<tN}02ChPd.(H20) requires C. 

47.13; R 3.16: 1\,5,49: CL 1.3.91). 

Complexes of 2,3-bis(2-pyridyloxy)naphthalene, 205 

With silver nitrate. viz 221 

Reaction of 205 (30mg, 0.095mmol) dissolved in 110t methanol (10mL) with silver 

nitrate (24mg, 0.14mmol) in hot methanol (5mL) gave a colourless solution. The solvent 

was removed under reduced pressure to give a white residue. Tbe residue was 

redissolved in the minimum volume of hot methanol (-2m1) , into which was diffused 

diethyl ether to give 221 as a white microcrystalline material (31mg, 57%) m.p. 127-

129°C (Found C, 42.63; 2.45; N, 8.45. C.IOH2SN7013Ag] requires C, 42.21; H, 2.48; N, 

8.61). 

With copper chloride. viz 222 

Reaction 01'205 (60mg. 0. 19n111101) dissolved in acetone (5mL) with copper chloride 

dihydrate (33mg, 0.]911111101) gave 222 as a blue-green microcrystalline solid (69mg, 

73%), m.p. 218-21 9°C (dec.) Crystals suitable for single-crystal X-ray structure 

determination were grown by diffusion of diethyl ether into a DIvlF solution of 222, 

(Found C, 53.27 H, 3.78; N, 6.06; Cl, 14.52. CWH14N}02ChCu.Yz«CH3CH2)20).Yz(H20) 

requires C, 53.40; B, 4.07; N, 5.66; CL ] 4.33). 

With palladium chloride, viz 223 

Reaction of 205 (60mg, O.19mmol) dissolved in acetone (5mL) with palladium 

chloride (34mg, 0.19mmol) gave 223 as a yello'vv precipitate '(88mg, 94~/o), m.p. >260°C 

(dec.) (Found C. 49.12;H. 2.46:?\, 5.24: Cl, 14.05. C2oBI4N202ChPd requires C, 48.86; 

H, 2.87; N, 5.70; Cl, 14.42. Found M+', 456.9771. C21JHI<tN20235Cllollpd requires M\ 

456.9783). I NMR (CDCh) 8: 7.09, 2H, t. H5'; 7.19, 2B. d, H3': 7.54. 2H, m, H6,7; 

7.79, 2H, s, Hl,4; 7.82, 2H. t, H4'; 7.90, 2H, m, H5,8; 8.73, 2H. d, J-f6'. Crystals suitable 

for single-crystal X-ray structure determination were grown by reaction of an acetonitrile 

solution of 20S and an acetonitriie sol LItion of Pcl(Cl-hCN)2Ch. 
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Complexes of 2,6~bis(2~pyridyloxy)naphthalene, 206 

With silver nitrate, viz 224 

Reaction of 206 (31mg, 0.099mmol) dissolved in hot l11etbanol (lOmL) with silver 

nitrate (l7mg, 0.10mmol) in hot methanol (4mL) gave a colourless solution. This solution 

was taken to dryness in vacuo :mcl the resulting pale brown so I iel was redissolved in the 

minimum volume of hot methanol and the resulting solution was liltered. Colourless 

crystals of 224 suitable for single crystal X-ray structure determination were obtained 

overnight (38mg, 74%) m.p. 209-211°C (Found C, 49.72: H. 2.68; N, 8.77. 

C2oHI 4N]OsAg requires C 49.6 L l-{, 2.91; N. 8.(8). 

With copper chloride, vi~ 225 

Reaction of 20(} (60mg, 0.19mI1101) dissolved in acetone (5mL) with copperchioride 

dihydrate (33111g, 0.19m11101) gave 225 as a blue precipitate (85I11g. 99%). m.p. >260°C 

(dec.) (Found C, 53.55; 2.96; N, 6.37; CI, 15.88. C2oH14N20,C12Cu requires C, 53.53; 

3.14; N, 6.24; Cl, 15.80). 

With palladillll chloride, viz 226 

Reaction of 206 (60111g. 0.l911111101) dissolved in acetone (5mL) with palladium 

chloride (34mg, 0.19mmol) gave 226 as a yellow precipitate (89mg. 94%). m.p. > 3000 e 
(Found C, 48.22; H, 2.99; N. 5.60; CL 14.71. C2oHI4N202ChPd.l!3(H20) requires C, 

48.27; H, 2.97; N, 5.63; Ct 14.2S). 

Complexes of 2,7-bis(2-pyridyloxy)naphthalene, 2()7 

With silver nitrate, viz 227 

Reaction of 207 (61mg, 0.19mmol) dissolved in acetone (5mL) with silver nitrate 

(17mg, O.IOmmol) dissolved in water (SmL) gave crude 227 us a wllite crystalline solid 

(63mg, 81%). Vapour diffusion of ether into an acetonitrile solution of 227 gave crystals 

suitable for single crystal X-ray structure determi nation, m. p. 13 9-140°C (Found C, 

59.86; H, 3.71; N, 8.84. C~I)IJ56NloOI4Ag2 requires C, 60.16; H. 3.53: N, 8.77). 
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With copper chloride, viz 228 

Reaction of207 (60mg. 0.19mmol) dissolved in acetone (5mL) with copper chlOlide 

dihydrate (33mg, 0.1911111101) guve 228 as a blue precipitate lSOmg. 93(%). m.p. >260°C 

(dec.) (Found C, 53.51: H. 3'(J6: N. 6.11; CI, 15.61. C2oH14N202CbCu requires C, 53.53; 

3.14; N, 6.24; CL 15.80). 

With palladium chloride. viz 229 

Reaction 0[207 (40mg. 0.13111l11ol) dissolved in acetone (5mL) with palladium 

chloride (23mg, 0.1J111mol) gave 229 as a yellow precipitate l491l1g. 77%). m.p. >260°C 

(dec.) (Found C, 47.52; 1-1. 2.83: N. 5.85; CI, 14.45. C2oH'4N202ChPd.213(H20) requires 

C, 47.69; H, 3.07; N, 5.56: CL 14.08). 

With cadmium chloride. lIiz 230 

Reaction of207 (59mg. 0.19mmol) dissolved in hot ethanol (12I11L) with cadmium 

cl110ride pentahernihydrate (43mg, 0.19mmol) dissolved in ethanol/water (10: 1, 5mL) 

gave 230 as pale yellow crystals after ~·5 days (52mg. 56%). m.p. > 300°C, (Found C. 

48.40; H, 2.60; N, 5.(J3; CL 14.43. C2oHl4N202ChCd requires C, 48.27: II. 2.83; N, 5.63; 

C1, 14.25). 

Complexes of2,3-bis(2-pyridylmethoxy)naphthalene, 208 

With silver nitrate, viz 231 

Reaction of 208 (71lng, 0.2111111101) dissolved in acetone (SmL) with silver nitrate 

(35mg, O.21rnmol) in water (5mL) gave 231 as colourless crystals suitable for single

crystal X-ray structure determination (97mg, 92%), m.p. >200°C (dec.) (Found C, 51.65; 

H, 3.49; N, 8.20. C22H]sN30sAg requires C, 51.58; H, 3.54; N. 8.20). 

With copper chloride, viz 232 

Reaction of 208 (71 mg, O.21m11101) dissolved in acetone (8mL) with copper chloride 

dihydrate (36mg, 0.2111111101) gave 232 llS a green microcrystalline solid (92mg, 93%), 

m.p. >175°C (dec.). Crystals suitable for single-crystal X-ray structure determination 

were grown by dilIusion of diethyl ether into a DMF solution of232. (Found C, 55.46; H, 

3.76; N, 6.25; Cl, 14.83. C22H,gN20 2CI2Cu requires C, 55.41; H, 3.80; N, 5.87; Cl, 

14.87). 
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With palladium chloride. viz 233 

Reaction of 208 (70mg, 0.20mmol) dissolved in acetonitrile (7mL) with 

Pd(CH3CN)2Ch (53mg, 0.20mmol) dissolved in acetonitrile (71111.) gave 233 as a yellow 

precipitate (54mg, 50%), m.p. >245°C (dec.) (Found C, 49.18: H. 3.29: K, 5.36; Cl, 

13.63. C12HISN202ChPdJ'4(H20) requires C, 49.56; H, 3.69; 1\,5.25: Cl, 13.29). 

Complexe~ of ligands with other cOI'es and heterocycles 

Complexes of 4,4'-bis(2-pyridyloxy)biphenyl, 301 

With silver nitrate, viz 309 

Reaction of 301 (60mg, 0.18mmol) dissolved in acetone (J OI11L) with silver nitrate 

(30mg, O.l8mmol) dissolved in water (5mL) gave 309 as colourless crystals suitable for 

single-crystal X-ray sU'ucture determination (77l11g, 86%). l11.p. :244-245°C (Found C, 

52.31; H, 2.89; N, 8.1l. C22~rI6N305Ag requires C, 51.79: H. 3.16:~, 8.24). 

With copper chloride, viz 310 

Reaction of301 (50mg, 0.1511111101) dissolved in acetone (8mt) with copper chloride 

dihydrate (25mg, 0.15mmol) gave 310 as a blue precipitate (63mg. 90~/o), m.p. >245°C 

(dec) (Found C, 55.35; H, 3.40; N, 5.64; Cl, 14.64. C22H!(jN202CbCll requires C, 55.65; 

H, 3.40; K, 5.90; Cl. 14.(3). Vapour diffusion of methanol into a DMSO solution of 310 

gave dichroic blue-violet crystals, 310a, suitable for single-crystal X-ray stmcture 

determination, m.p. 264-265°C. 

With palladium chloride, viz 311 

Reaction of 301 (61mg, O.l8mmol) dissolved in acetone (8mL) with palladium 

chloride (32mg, 0.18m11101) gave 311 as a yellow precipitate (81mg. 87%), m.p. >265°C 

(dec.) (Found C, 50.63; H, 3.26; N, 5.23; CI, 13.75. CnHI6N20:!CbPd.Y4(H20) requires 

C, 50.60; H, 3.18; N, 5.36; C1. 13.58). 
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Complexes of (±)-2,2'-bis(2-pyridyloxy)-1,1 '-hinnphthalcnc, 302 

With silver nitrate, vi= 312 

Reaction of 302 (59I11g. 0.(311111101) dissolved in hot l11etb::mol (30I11L) with silver 

nitrate (23l11g, 0.14111moJ) in hot methanol gave a colourless solution. The solvent was 

removed under reduced pressure to give a wbite solid, which was redissolved in hot 

methanol (~lmL) and filtered through celite. Diffusion of diethyl ether into this solution 

gave 312 as colourless crystals suitable for single-crystal X-ray structure determination 

(54111g, 66°1i1), m.p. 198-199°C (Found C, 59.21; H. 3,46: N. 6.54. C30H20N30SAg 

requires C. 59.03; H. 3.30; N. 6.88). 

With copper chloride, viz 313<1, 313b 

Reaction of 302 (70mg. 0.16111mo1) dissolved in acetone (I OmL) with copper 

chloride dihydrate (27mg. 0.1 (immol) after three days gave 313a as blue-green crystals 

suitable for single-crystal X-ray structure determination. Tbe crystals were collected by 

filtration (42mg, 46%), m.p. >245°C (dec.) (Found C. 62.30: H. 3.80: N. 4.69; C1. 11.58. 

CJOH20NzOzChCu requires C. 62.67; H. 3.51: N, 4.87; C1, 12.33). The filtrate from above 

was left to stand and after three clays gave 313b as blue-violet crystals suitable for single

crystal X-ray structure determination (31mg, 38%).m.p. >210°C (dec.) (Found C, 70.73; 

3.74; N, 5.73; C1. 6.95. C6(]~()N404CbCu requires C. 70.97; H. 3.97;N. 5.52; C1, 

6.98). 313b was also made by performing the reaction with the appropriate ligand:metal 

stoichiometry of 2: 1. Reaction of 302 (90mg, 0.20mlllol) dissolved in acetone (15mL) 

with copper chloride dihydrate (l7mg, 0.1 Ommol) gave solely 313b as blue-violet 

crystals (87mg, 84%). 

With palladium chloride, viz 314 

Reaction of 302 (70mg, 0.16mmol) dissolved in acetone (15mL) with palladium 

chloride (28mg, 0.16m111(1) gave 314 as 0 yellow precipitate (92mg. 94%), m.p. >275°C 

(dec.) (Found C, 58.47; H, 3.29; N, 3.19; CI. 10.85. C:;oH2oN20 2CbPd requires C, 58.32; 

H, 3.26; N, 4.53; CL 11,48). Ct'ystals suitable for single-crystal X-ray structure 

determination were grown ti'om u DMF solution 01'314. 
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Complexes of (±)-2,2' -his(2-pyridylmethoxy)-1, l'-hinaphthalene, 303 

With silver nitrate, viz 315 

Reaction of 303 (80mg, O.l7mmol) dissolved in acetone (12mL) with silver nitrate 

(29mg, 0.17mmol) in water (5mL) gave 315 as a white microcrystalline solid (l02mg, 

92%), m.p. 228-229°C. Crystals suitable for single-crystal X-ray structure determination 

were grown by slow evaporation of a methanol solution of 315, (Found C, 59.37; H, 3.57; 

N,6.58. C64H4SN6010Agz.(H20) requires C, 59.37; H, 3.89; N, 6.49). 

With copper chloride, viz 316 

Reaction of303 (41mg, 0.088mmol) dissolved in DMF (lmL) with copper chloride 

dihydrate (l5mg, 0.088mmol) dissolved in DMF (0,5mL) gave a green solution. 

Diffusion of diethyl ether into this solution gave 316 as a brown crystalline material, 

(55mg, 84%), m,p. 144-145°C, (Found C, 60.86 H, 5.19; N, 7.26; Cl, 9.40. 

C3zHz4N202ClzCu.2{(CH3)2NCHO} requires C, 60.92; H, 5.11; N. 7.48; C1, 9.46). 

Crystals suitable for single-crystal X-ray structure determination were grown by diffusion 

of diethyl ether into a DMF solution of 316. 

With palladium chloride, viz 317 

Reaction of 303 (80mg, 0.17mmol) dissolved in acetone (12mL) with palladium 

chloride (31mg, 0.18mmol) gave crude 317 as a yellow precipitate (103mg, 93%), m,p. 

>260°C (dec.). Crystals suitable for single-crystal X-ray structure determination were 

grown by diffusion of benzene into a DMSO solution of 317, m.p. 231-233°C (Found 

M-'-', 1257.0810. C64H4SN40435Cbl08Pd2 requires M\ 1257.0819). lH NMR (CDCb) 8: 

6.11, 2H, d, CH2; 7.04, 2H, d, CHz; 7.28, 4H, m, H3 1
, H5 1

; 7.35, 6H, m, H6, H7, H8; 7.45, 

2H, d, H3; 7.61, 2H, t, H4'; 7.86, 2H, d, H5; 7.89, 2H, d, H4; 8.90, 2H, d, H6'. 

Complexes of (R)-2,2'-his(2-pyddylmethoxy)-1,1'-hinaphthaJene, 304 

With silver nitrate, viz 318 

Reaction of 304 (41mg, O.088mmol) dissolved in methanol (8mL) with silver nitrate 

(l5mg, 0.088mmol) dissolved in methanol (5mL) gave 318 as a colourless 

microcrystalline solid (36mg, 64%), m.p. 131-133°C, (Found C, 59.14; H, 3.93; N, 6.67. 

C32H24N]OsAg.Y2(H20) requires C, 59.37; H, 3.89; N, 6.49). 
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With palladium chloride, viz 320 

Reaction of 304 (42mg, 0.090mmol) dissolved in acetone (8mL) with palladium 

chloride (l6mg, 0.090mmol) gave crude 320 as a yellow precipitate (55mg, 92%), m.p. 

>255°C (dec.). Crystals suitable for single-crystal X-ray structure determination were 

grown by slow evaporation of a chloroform/acetonitrile solution of 320, m.p. >265°C 

(dec.) (Found C, 57.92 H, 3.65; N, 4.25; Cl, 13.01. C6~H48N~O~Cl~Pd2.1I3(CHCh) 

requires C, 58.03; H, 3.66; >J, 4.21; C1. 13.31. Found M+'. 1:255.0819. C(,4H4SN40 4-

35Ch I06Pd108Pd requires M+, 1255.0812). IH NMR (CDCb) 0: 6.1 L 2H, d, CH2; 7.04, 

2H, d, CH2; 7.28, 4H, m, H3', H5'; 7.35, 6H, 111, H6, H7, H8; 7.45,:2H, d. H3; 7.61, 2H. t, 

H4'; 7.86, 2H, d, H5; 7.89, 2H, d, H4; 8.90, 2H, d, H6'. 

Complexes of 2,3,6,7,10,1l-hexakis(2-pyridyloxy)tripheny lene, 305 

With silver nitrate, viz 321 

Reaction of 305 (80mg, 0.098mmol) dissolved in hot DIvIF (3111L) with silver nitrate 

(60mg, 0.35mmol) in hot DMF (3mL) gave 321 as a white solid (81mg, 62%), m.p. 

>280°C (dec.) (Found C, 43.03; H, 2.01; N, 9.29. C48H30Nf)OlsAg].2(H20) requires C, 

43.27; H, 2.57; N, 9.46). 

With copper chloride, viz 322 

Reaction of 305 (40mg, 0.049mmol) dissolved in hot acetone (20mL) with copper 

chloride dihydrate (26mg, 0.15mmol) gave 322 as a green precipitate (52mg, 86%), m.p. 

>285°C (dec.) (Found C, 48.40; H, 2.51; N, 7.03; Cl, 17.62. C48H}oN60 6CIGCuJ requires 

C, 48.44; H, 2.54; N, 7.06; Cl, 17.87). Crystals of 322a suitable for single-crystal X-ray 

structure determination were grown from a DMF solution of 322, m.p. >265°C (dec.) 

(Found C, 61.45; H, 3.59; N, 9.81; C1, 7.03. C96H60NI20I2C14CU2.2(C3f-hNO) requires C, 

61.60; H, 3.75; N, 9.86; C1. 7.13). Crystals of 322b suitable for single-crystal X-ray 

structure determination were grown by vapour diffusion of chloroform into a DMF 

solution of 322, m.p. >265°C (dec.) (Found C, 56.02; H, 3.16; N, 8.50; Cl, 12.13. 

CC)6H60NI2012C16CU3.1I3(CHCh).2(H20) requires C, 56.37; H, 3.16; N, 8.19; Cl, 12.09). 
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With palladium chloride, viz 323 

Reaction of 305 (2Img, 0.026mmol) dissolved in acetonitrile (3mL) with 

Pd(CH3CN)2Ch (2 0.081mmol) dissolved in acetonitrile (3mL) gave 323 as a 

yellow precipitate (31mg, 62%), m.p. >300°C (Found C, 42.86; H. 2.74; N, 6.42. 

C4sH30N606CI6Pd3.3/2(H20) requires C, 42.84; H, 2.47; N, 6.24). 

Complexes of 2,3,6,7,1 0,11-hexakis(2-pyridylmethoxy)triphenylene, 306 

With silver viz 324 

Reaction of 306 (20mg, 0.023mmol) dissolved in hot acetonitrile (25mL) with silver 

triflate (I8mg, 0.069rnrnol) in acetonitrile (3mL) gave 324 as a white solid (29mg, 75%), 

m.p. >230°C (dec.) (Found C, 40.39; H, 2.37; N, 4.86. C57H4zN6015F9S3Ag3.2(H20) 

requires C, 40.81; 2.76; N, 5.01). 

Reaction of 306 (43mg, 0.049mmol) dissolved in hot acetone (40mL) with copper 

chloride dihydrate (26mg, O.l5nmlol) gave 325 as a green precipitate (40mg, 61%), m.p. 

>140°C (dec.) (Found C, 48.85; 3.59; N, 6.56; CI, 15.70. C54H42N606CI6Cu3.3(HzO) 

requires C, 48.83; H, 3.64; N, 6.33; CI, 16.01). Crystals suitable for single-crystal X-ray 

structure determination were grown by vapour diffusion of acetone into a DMSO solution 

of325. 

With palladium chloride, viz 326 

Reaction of 306 (30mg, 0.033mmol) dissolved in DMSO (0.5mL) with 

Pd(CH3CN)2Ch (27mg, O.lOmmol) dissolved in DMSO (0.5mL) gave 326 as yellow 

crystals (41mg, 84%), m.p. >285°C (Found C, 44.19; H, 3.13; N, 5.42; CI, 13.97. 

CS4H42N606CI6Pd3.4(H20) requires C, 43.97; H, 3.42; N, 5.70; Cl, 14.42). 

Complexes of 1,4-his(2-quinolyloxy)benzene, 307 

With silver nitrate, viz 327 

Reaction of 307 (80mg, (0.22mmol) dissolved in acetone (40mL) with silver nitrate 

(38mg, 0.22rnrnol) gave 327 as colourless crystals suitable for single-crystal X-ray 
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structure determination (89mg, 741%), m.p. 265-266°C (Found C. 53.19; H, 3.13; N, 

7.44. C24H16N305Ag. Y:.(H20) requires C, 53.06~ H, 3.15: N. 7.73). 

With copper chloride, viz 328 

Reaction of 307 (60mg, 0.16mmol) dissolved in acetone (50mL) with copper 

chloride dihydrate (28mg, 0.16mmol) gave 328 as a blue precipitate (76mg, 92%), m.p. 

291-294°C (Found C, 57.59; H. 3.21; N, 5.78; Cl, 14.29. C14HII,N202CbCu requires C, 

57.79; H. 3.23; N, 5.62: CL 14.:21). 

With palladium chloride, viz 329 

Reaction of 307 (60mg. 0.16mmol) dissolved in acetone (50m1.) with palladium 

chloride (29mg, 0.16mmol) gave 329 as a yeJlow precipitate (76mg. 82%), m.p. >250°C 

(dec.) (Found C, 51.25; I-I. 3.29; N, 5.24. C24HI6N201CI2PcLH20 requires C, 51.50; H. 

3.24; ,5.00). 

Complexes of l,4-his(8-quinoly1oxymethyl)benzene, 308 

With silver nitrate, viz 330 

Reaction of 308 (60mg, 0.15111mol) dissolved in hot acetone (20mL) with silver 

nitrate (26111g, 0.15m11101) in water (3mL) gave 330 as a white precipitate (SOmg, 92%), 

m.p. >220°C (dec.) (Found C 54.60; H, 3.45; N. 7.05. C26H2oN]OsAg.YS.(IhO) requires 

C, 54.66; H, 3.70; N, 7.35). 

With copper chloride, viz 331 

Reaction of 308 (60mg. 0.15m11101) dissolved in hot acetone (25I11L) with copper 

chloride dihydrate (26mg, 0.1511111101) gave 331 as a green precipitate (64mg, 77%), m.p. 

>142°C (dec.) (Found C, 57.17; H. 3.S0; N, 5.32; Cl, 12.65. C;y,H20N202ChCu.(H20) 

requires C, 57.31; H, 4.07; N, 5.14~ CL 13.01), 

With palladium chloride, viz 332 and 333 

Reaction of 308 (57mg. 0.1511111101) dissolved in acetone (25mL) with palladium 

chloride (26mg, 0.15mmol) gave 332 as a yellow-orange precipitate (86mg, 90%), m.p. 

> 150°C (dec.) (Found C, 47.18: H, 3.97; N, 4.36. C26H22N202CLjPd.(H20) requires C, 

47.26: H, 3.66; N, 4.24). IH NMR (do-DMSO) 8: 5.63, 4H, s, Cf-h; 7.77, 4H, s, H2, H3, 
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H5, H6; 7.81. 2H, d, l-I7'; 7.89-7.98, 4l-I, m, H5', H6'; 8.16, 2H. Ill. 1-f3': 9.19. 2l-I, d, 114'; 

9.23. 2l-I, d, l-I2'. l3 C NMR (dr.-DMSO): 0 70.51. CH2; 113.79. C7'; 110.52. C5'; 122.87, 

C3'; 128.46, C2. C3, C5, C6; 119.70, C4a'. C6 '; 131.25, C8a': 136.05, CL C4: 144.86, 

C4'; 145.98. C2': 149.50. C8'. 

Reaction of 308 (41 mg. O. J Ommo1) dissolved in acelonitrile (20mL) with 

Pd(CH]CNhCh (27mg. O.IOmmol) dissolved in CH]CN (3I11L) gave 333 as a yellow 

precipitate (44mg, 66%), m.p. >120°C (Found C. 50.89; l-I, 3.45; N. 5.27; CL 13.90. 

C2(,H2oN202Cl2Pd.'i4{Pd(CH}CN)2Cb} requires C, 51.10; l-I, 3..+1: N . .5.52: Cl, 13.97). 

Complexes of poly(1,1,4-triazol-l-ylmethyl)benzencs mul J?()!y(benzotriazol-1-

ylmethylhenzencs 

Complexes of 1,3-his(1,2,4-triazol-1-ylmethyl)hcnzcnc, 401 

With silver nitrate, viz 415 

Reaction of 401 (59mg. 0.25111mol) dissolved in hot acetone (6I11L) with silver 

nitrate (42mg, 0.2511111101) in water (4mL) gave 415 as a white crystalline solid (59mg, 

58%), m.p. 171-172°C (Found C. 34.86; l-I, 2.63; N. 23.27. C 12HI:N703Ag.'i'4(H20) 

requires C, 34.76; H, 3.04; N, 23.65). 

V\lith copper chloride, viz 416 

Reaction of 401 (59mg, 0.15mmol) dissolved in hot acetone (6mL) with copper 

chloride dihydrate (42mg, 0.2511111101) gave 416 as a pale blue precipitate (88I11g, 95%), 

m.p. >225 D C (dec.) (Found C. 38.78; l-I, 3.16; N, 22.13: CL 18.64. CI2Hl2N6ChCu 

requires C, 38.46; H, 3.23; N. 22.43; C1, 18.92). RccrystaUisation of 416 from DMSO 

gave blue crystals, 416a, suitable for single crystal X-ray structure detennination, m.p. 

214-216°C (Found C, 46.68; H, 3.90; N, 27.08; Cl. 11.65. C24H24NI2CbCu requires C, 

46.87; H, 3.93; N, 27.33; Cl, 11.53). 

With palladium chloride, viz 417 

Reaction of 401 (61mg, O.25ml11(1) dissolved in hot acetone (GI11L) with palladium 

chloride (45mg, 0.2511111101) gave 417 as n. yellow precipitate (97mg, 90%), m.p. >240°C 
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(dec.) (Found C. 33.87; E, 2.86; N. 19.68; CL 15.99. C I2 H I2N(,CbPd.Y::(IbO) requires C, 

33.79; H, 3.07; N, 19.70; CL 16.62. Found M+', 798.8. C2-tH2.+N 12C1,;Pd2 requires M+', 

798.8). lH NMR (d6-DMSO) A complex mixture of species was observed and was 

characterised on the basis of pairs of singlets corresponding to the 1.2A-triazole H3 and 

H5 protons: 8.36. s, J-I3'A: <).33. s. HS'A: 8.37. s, H3'B: 9.35. s. HS'S: 8.45. s. H3'C, 9.12, 

HS'C. Vapour diffusion of acetonitrile into a DMSO solution of -'17 gave crystals 

suitable for single crystal X-ray structure determination. 

Complexes of 1 ,.t-bis(l ,2,4-tl'iazo[-l-ylmethyl)benzene, 404 

Wi th silver nitrate, viz 418 

Reaction of 404 (60mg, 0.2SnU1101) dissolved in hot acetonitrile (SmL) \vith silver 

nitrate (43mg, 0.25I11mol) in hot acetonitrile (SI11L) gave crude 418 as a white precipitate 

(88I11g. 86%). Slow evaporation of an acetonitrile solution 0 f .t 18 gave colourless 

crystals suitable for single crystal X-ray structure determination. m.p. 247-248°C (Found 

C, 35.06; H, 2.73; N, 23.92. Cl2Hl2N703Ag requires C, 3S.14:H, 2.95: N. 23.91). 

With copper chloride, viz 419 

Reaction of 404 (SOmg, 0.21 111mol) dissolved in hot methanol (I OmL) with copper 

chloride dihydrate (36I11g, 0.21mI11(1) gave 419 as a light blue precipitate (72l11g. 90%), 

m.p. >220°C (dec.) (Found C. 37.32; H. 3.27; N, 21.62. CI2HI2Nr,ChCu.Yl(H20) requires 

C, 37.S6; H. 3.41; N. 21.(0). Vapour diffusion of methanol into Q DMSO solution of 419 

gave crystals, 419a, suitable for single crystal X-ray structure determination. 

With palladium chloride, viz 420 

Reaction of 404 (S5mg, 0.l6m11101) dissolved in hot methanol (10mL) with 

palladium chloride (41 mg, 0.16111111(1) gave crude 420 as a yellow precipitate (90mg), 

m.p. >300D C. Alternatively reaction of 404 (24mg, O.10mmol) dissolved in DMSO 

(1.SmL) with palladium chloride dissolved in DMSO (1.5mL) followed by diffusion by 

diffusion of acetonitrile gave 420 as a yellow solid (37mg, 85%), m.p. > 300°C (Found C, 

34.39; H, 2.60; N, 1 g.94; Cl, 16.28. CI2HI2Nr,ChPcUI,,(CHJSOCH3) requires C, 34.3S; H, 

3.11: N, 19.23; Cl, 16.22). 
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Com plexes of 1,3,5-tris(l ,2,~-tr'iazo I-l-yl methy 1)-2,4,6-trimethy lbcnzene, 406 

With silver nitrate, viz 421 

Reaction of 406 (60mg, 0,17mmol) dissolved in hot methanol (lSmL) with silver 

nitrate (42mg, 0.25mmo1) in water (4mL) gave 421 as a white precipitate (79mg, 88%, 

based on AgN03). Slow evaporation of an acetonitrile solution of -'21 gave colourless 

crystals suitable for single crystal X-my structure determination. m.p. 234-23SoC (Found 

C, 39.97: f-L 3.86; N, 25.74. CI~rhINI()03Ag.Yz(I-hO) requires C. 39.87: H, 4.09; N. 

1S.82). 

With copper chloride, viz 422 

Reaction of 406 (60mg, 0.1711111101) dissolved in hot methanol (lSmL) with copper 

chloride dihydrate (28mg, 0.17mrnol) gave 422 as a pale blue precipitate (72mg, 82%), 

m.p. >2]O°C (dec.) (Found C, 40.52: H, 4.77: N. 23.27: Cl, 13.72. 

ClsH21N)CbCu.2(H20) requires C, 40.49; H, 4.72; N, 23.61: C1. 13.28). Vapour diffusion 

of acetonitrile into a DyISO of 422 gave crystals, 422a, suitable for single crystal X-ray 

structure determination. These crystals have 1: 1 ligand:copper stoichiometry. Vapour 

diffusion of acetone into a DMSO of 422 gave crystals, 422b. suitable for single crystal 

X-ray stmcture detel111ination, (Found C. 36.86: H, 4.08: N. ::W.S7; Cl, 17.S0. 

ClsH2IN9CbCUI.5.21J(I-hO).1I2(CH]SOCH]) reqUlres C, 37.04: I L 4.14: N, 20.46; CL 

17.26). 

With palladium chloride, viz 423 

Reaction of 406 (60mg, 0.17mmol) dissolved in hm methanol (lSmL) with 

palladium chloride (44mg, 0.2511111101) gave crude 423 as a yellow precipitate (l02mg, 

8S%). Recrystallisation of 423 from DMSO gave 423 as a yeJlow solid. m.p. >300°C 

(Found C, 33.S0; H, 3.39; N. 16.96; CL 14.59. Cd-b\f,)ChPd u ,5/4(CHJ SOCH3) 

requires C, 33.87; H, 3.9S; N. 17.34; CI. 14.(3). 

Complexes of 1,3-bis(bcnzotdazol-l-ylmethyl)henzene, 408 

With silver nitrate, viz 424 

Reaction of 408 (42mg, 0.12111mo1) dissolved in hot acetone (SmL) with silver 

nitrate (l4mg, 0.08mmol) tl1 water (2mL) gave 424 as a white solid (38mg, 67%). Slow 
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evaporation of an acetonitrile solution of 424 gave crystals suitable lor single crystal X

ray structure determination. m.p. 206-208°C (Found C. 53.07: l-l. 3.36; N. 20.91. 

Cwl-I4xNzo06Agz.CH3CN requires C. 53.12: H. 3.67: N. 20.98). 

With copper chloride. viz 425 

Reaction of 408 (60mg. 0.18mmol) dissolved in hot acetone (8mL) with copper 

chloride dihydrate (30mg. 0.18mmo I) gave 425 as a green precipitate (80mg, 96%). A 

sample was recrystallised by diffusion of acetone into a DMF solution of ·U6 for further 

characterisation. m.p. > 195°C (dec.) (Found C. 50.48: H. 3.52: N. 17.63; CL 14.70. 

C2oH I6N()CbCu requires C. 50.59: H. 3.40: N. 17.70: Cl. 14.93). 

With palladium chloride, viz 426 

Reaction of 408 (59mg. 0.17mmol) dissolved in hot acetone (8mL) with palladium 

chloride (31mg, 0.17mmol) gave crude 426 as a yellow precipitate (79mg, 88%). m.p. 

>240°C (dec.) (Found C, 46.10: H, 3.21: N. 16.02. C2oH 1()Nr,CbPd requires C, 46.40: H, 

3.12: N, 16.23). 

Complexes of 1,4-bis(benzotriazol-l-ylmethyl) benzene, 410 

With silver nitrate, viz 427 

Refluxing a mixture of 410 (34mg, 0.10mmol) suspended in methanol (lOmL) with 

silver nitrate (l7mg, 0.10mmol) in water (5mL) for 40h gave crude 427 as an off-white 

precipitate (25mg), m.p. 273-276°C. Attempts to recrystallise the complex only yielded 

ligand. 

With copper chloride, viz 428 

Refluxing a mixture of410 (60mg, 0.18mmol) suspended in methanol (lOmL) with 

copper chloride dihydrate (30mg, 0.18mmol) for 24h gave 425 as a light green precipitate 

(66mg), m.p. >240°C (dec.). Attempts to recrystallise the complex only yielded ligand. 

With palladium chloride, viz 429 

Refluxing a mixture of 410 (60mg, 0.18mmol) sllspended in methanol (lOmL) with 

palladium chloride (31mg, 0.17mmol) dissolved in HCl (2M, aq.) for 24h gave 429 as a 
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yellow precipitate (81mg, 89%), m.p. >300°C, (Found C, 46.46: H, 2.87: N, 16.09; Cl, 

13.62. C2oHI6N6ChPd requires C, 46.40; H, 3.12: N. 16.23: C1. 13.70). 

Complexes of 1,3,5-tris(benzotriazol-l-ylmethyl)-2,4,6-trimethylbenzene, 412 

With silver nitrate, viz 430 

Reaction of 412 (80mg, 0.15mlTIol) dissolved in hot melhanol ~25l11L) with silver 

nitrate (39mg, 0.23mmoJ) in \vater (6mL) gave 430 as a white precipitate ~95mg, 76%), 

m.p.212-214°C (Found C, 45.36: H, 3.92: N. 17.62. C}()H27NI!J.:,O~:,Ag1.5.(CH30H). 

(H20) requires C, 45.49; R 4.06: N. 17.97). 

With palladium chloride. viz 431 

Reaction of 412 (70mg. 0.13mmol) dissolved in hot methanol (20mL) with 

palladium chloride (36mg, 0.20mm01) gave 431 as a yellow precipitate OOOmg, 92%), 

m.p. >300°C (Found C, 44.19: R 3.69; N, 15.22; C1. 13.17. C30HuNlJCbPdI.5.2(H20) 

requires C, 44.18; H. 3.83; N. 15.46; CI, 13.04). 

Preparation of CyciopaUadated Comp]exes 

General Procedure for the Preparation of Acetato Complexes 

Method A: A mixture of the ligand and one or two equivalents of palladium acetate 

111 glacial acetic acid or benzene was refluxed for 16 homs. The solvent was then 

removed under reduced pressure. 

Method B: A mixture of the ligand and one or two equivalents of palladium acetate 

in glacial acetic acid was stirred at room temperature for ~44 hours. The solvent was 

then removed under reduced pressure. 

General Procedure for the Preparation of Chloro Complexes 

Method C: The acetato complex was stirred in an acetone/water (60/40. v/v) solution 

containing excess lithium chloride (4 equiv.) for up to ['QUf days. The resulting 

precipitate of the chloro complex was collected by filtration. 
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General Procedure for the Preparation of Acetylacetonato Complexes 

Metbod D: The acetato complex was stirred in an acetone solution containing an 

excess of acetylacetone and triethylamine. The acetone was remo\'ed under reduced 

pressure. The residue was suspended in water and the acac complex \vas filtered otl. 

Method E: Excess acetylacetone was added to a freshly prepared solution of sodium 

methoxide in methanol and the resultant solution of sodium acac was added to a 

suspension of the chloro complex in methanol and the mixture stirred tor up to 4 days. 

The precipitated acac complex was tiltered off and wasl1ed with methanol and then with 

ether. 

Cyclopalladation of 1,4-bis(benzothiazol-2-yl)benzene, 501 

Preparation of the acetato complex. viz 506 

A mixture of 501 (248mg. O.72mmol), and palladium acetate (324mg. 1 o4nm101) was 

refluxed in acetic acid (1 OmL) for 5h. The reaction mixture was reduced to dryness in 

vacuo, The brown residue was repeatedly 
, /OAC 

extracted with hot dichloromethane to give an '/ I 

4' Pd , 

orange solution. The combined extracts were 5'1~ N; ~ '~4 IS~ 
~I I __ /~\~ 

red uced to dryness under reduced pressure to (,' 7' S 0 Pet N 

give 506 as a brick-red solid (48Jmg. 95%), m.p. ~~l.., ~OAc ' 

/"' ~ 2 >JOO°C, (Found: C, 42.15~ II. 2.60; N. 4.36. ,--I ____________ ----' 

C4sII]2N40gS4Pd4 requires C. 42.81; H. 2.60; N, 4.16). IR (KBr pellet): Vmux 1574, 148 I, 

1420, 1346, 1250, 1240, 995, 754, 675 cm- I. IH NMR (CDCb): is 2.32. JH, s, OAc-CH3; 

2.52, 3I-I, s, OAc-CH3 ; 6.84. ll-I, s, HJ, H6: 7.03. 4H, m, [-I5', H6'; 7.38, 2H, d, H41 or 

H7'; 7.82, 2H, d, H4' or HT. Crystals suitable for single-crystal X-ray structure 

determina.tion were grown hom brol11obenzene (Found: C, 43.15: H. 2047; N, 3.79. 

C4xHJ2N40RS4Pd4.C(,I-15Br requires C 43.13: [-1. 2.48~ N, 3.73). 

Cyclopalladation of 1,2-bis(2-pyridyloxy)benzene 2.5 

Preparation of the acetato complex. viz 507 

A mixture of 2.5 (152mg. U.56mmol) and palladiul11 acetate (273mg, 1.2mmol) was 

rethnced ill acetic acid (IOmL) tor 1711. The reaction mixture was reduced to dryness in 

voeL/n. Soxhlet extractioll of the resulting solid witl1 chloroform gave the crude acetato-
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bridged dimer, 507, as a brown solid (230mg, 67(~)). IR ([(Br pellet): \l1111L~ 1578, 1475, 

1420,1375,1298.928,772 e111- 1
• IH NMR (CDCb): 82.04. 3H. s. OAc-CI-b; 2.22, 3H. s, 

OAe-Cl-h; 6.36. 2H. s, H4. 1-15; 6.71. 2H, t. HS'; 7.07. 2I-[, cL H3': 7.57. 2H. t. [[4'; 8.38, 

211 d. H6'. 

Preparation oftbe acae complex. l'i:: 508 

A mixture of the acetato complex, 507. (148mg. 0.1211111101). acetylacetone (1 07mg, 

l.1ll1mol) and triethylamine (115mg. 1.1mll101) was stirred in acetone (lOmL) for 16h. 

The resulting solution was filtered and then taken to dryness ill 

W/CliO. The solid was suspended in water. tiltered otT and washed 

with water to give erude 508 as a brown solid (121mg, 72%). The 

cmcle product was reerystullised by vapour diffusion of pentane 

into a chloroform solution of 50S to give 508 as yellow crystals. 

m.p. >21SoC (dec.) (Found: C. 40.85; [1. 2.84; N. 3.64. 

C26H24N20GPd2.CHCb requires C. 40.91; H, 3.18: N, 3.53. FOllnd 

M+', 673.9708. C26H24N20r,1l)('Pdl08Pd requires Nrr
., 673.9705). IR 

(KBr pellet): v l11ax 1614. 1583,1514,1431,1394,1367,1294. 1021,924.772 em-I. IH 

NMR (CDC13): 8 2.03. 6H, s, aeae-CH]; 2.08, 6H, s, acac-Clb: 5.41: 1H. s, aeac-CH; 

7.08; 2H. t, H5'; 7.24. 2H, s, H4, HS; 7.35, 2H. ct, H3'; 7.83, 2H, t. 1-1.4': 8.80. 2H, d, H6'. 

13 C NMR (CDC1 3): 8 27.57 and 27.94, acae-CH3: 100.29, aeac-ell: 115.06. C3'; 118.61, 

C5'; 119.12, C3, C6; 127.90, C4. C5; 137.25, CL C2; 140.10. C4': 148.44. C6'; 158.19, 

C2'; J 87.15 and 187.79, acae-CO. 

Cyclopalladatioll of 1,3-bis(2-pyridyloxy)bcnzcnc, 2.6 

Preparation of the acetato complex, vi:7: 509 

A mixture of 2.6 (l54mg, 0.58m111(1) and palladium acetate (273mg:. 1.2mmol) was 

stirred in acetic acid (1 OmL) for 4411. The precipitated product was filtered off and 

washed with water, then methanol. and tinally with ether to give 509 as a brown solid 

(126mg, 36%), m.p. >220°C (dec.). IR (KBr pellet): V max 1612.1566,1477,1421, 1294, 

1242,1123, 1028,984.777.689 em-I. IH NMR (CDCh): 0 1.97, 3I-[, s. OAc-CH3; 2.20, 

3H, s. OAc-CH3; 6.13, J H, s, H2; 6.47, I fl, s. H5; 6.69, 2H, t, H5': 6.90, 2H, d, H3'; 7.66, 

2H, t, H4'; 8.06, 2H, d, H6'). 
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Preparation of the chloro complex, viz 510 

A mixture of the acctato complex, 509, (I OOmg, 0.084mmol) and LiCI (72mg, 

1.7mmol) was stirred in acetone/water (3:2, SmL) for 3 days. The precipitate was filtered 

off and washed with water and acetone to give 510 as a brown solid (68mg. 74%), m.p. 

>240 D C (dcc.). IR (KBr pellet!: V IllUX 1611, 1570, 1474, 1421. 1294. 1:2-1-:2.1123.982,777 

-I cm . 

Pr~paration of the acac complex, viz 511 

A mixture of the chloro complex SIll (63mg) and sodium acac in methanol was 

stirred for 44h. The resulting precipitate was filtered off and washed with methanol to 

give crude 511 as a blacle solid, (40mg, 52%). The crude solid was recrystallised by 

ditlusion of pentane into a chlorotonn solution of 511 to give 511 as brown crystals, m.p. 

15S-160D C (Found: C. 40.50; H. 2.93; N. 3.54. 0.2 3 0 2' 3' 

~(~~4' 
C26H24N206Pd2.CHCh requires C, 40.91; H. 3.18: N. 3.53. LN. ,M ,N1J" 

+ 6 ,I 0 I ()(, IDS • -I Pd (" / (' -Found M, 673.9 87. C26H241'''2 (, Pd Pd requlres M " /' - Pd,) 
o 0 0/ 0 

673.97(5). IR (KBr pellet): V III ax 1587, 1510, 1475, 1394. ~~ 

1292, 1113, 984, 779, 746 cm· l
. IH NMR (CDCb): 8 2.02. 6H. s, acae-CH]; 2.09, 6H, S, 

acac-CH]; 5.40, 2B. S, acac-CB: 6.70, IFI, s,B2; 7.0S, 2H. t, HS': 7.17. 2H, d, H3'; 7.67, 

HI. s, H5; 7.82, 2H, t, H4'; 8.78. 2H. d. H6'. I3C NMR (CDCb): 827.65 and 27.93, acac

CH3 ; 100.18, acac-CH: 102.98. C2: 114.70, C3'; 11S.43. C5'; 136.91. C5; 140.02. C4'; 

148.S2, C6'; 187.12 and 187.65, acac-CO. 

CycJopaUadation of 1,4-bis(2-pyddyloxy)benzenc, 1.6 

Preparation of the acetato complex, viz 512 

A mixture of 1.6 (lS2mg. 0.S8m11101) and palladium acetate (260rng. 1.2mmol) was 

stirred in acetic acid (I OIl1L) for 44h. The reaction mixture was filtered. Addition of 

water to the filtrate gave <.i yellow precipitate which was tiltered off and washed with 

water to give crude 512 as II yellow solid (92mg, 27(Yo), m.p. /21 ODe (dec.). Slow 

evaporation of a chlorotorm solution of 512 yielded yellow crystals suitable for single

crystal X-ray structure determination, (Found: C, 39.9S; H, 2.71; N. 4.73. C4oH32N4012-

Pd4.Yz(H20) requires C, 40.19; H, 2.78; N, 4.69. Found Mf, 118S.8197. 



232 

12CJ913CH32N4012106Pd210SPd105Pd requires M+, 1185.8199.) IR (KBr pellet): Villa .... 1582, 

1479,1427 1337, 1296, 1242. 1140.899,758,673 cm,l. IB NMR (CDC!.;): B 2.06, 3H, s, 

OAc-CHJ ; 2.31, 3I-L s, OAc-CH3~ 6.22, 211 s. H3, H6: 6.63. 2H. L tIS': 6.88, 2H, d, H3'; 

7.53, 2B, t, B4'; 8.19, 2B, d, HB. 

Preparation of the chlmo complex. viz 513 

A mixturc of the acetato complex 512 (70mg, 0.059mmo1) and LiCI (57mg, 

1.3mmol) was stilTed in acetone/water (3 :2, 7mL) for 3 days. The precipitate was ti,ltered 

otI and washed with watcr and acetone to give 513 as a yellow solil1 (59mg, 92%), m.p. 

>230°C (dec.). IR (KBr pellet): "max 1611, 1591, 1508,1477, 1423. 1292. 1138,1107, 

893, 789 cm,l. 

Preparation of the acac complex. vi::: 514 

A mixture of the chloro complex 513 (59mg) and sodium acac in methanol was 

stirred for 44h. The resulting precipitate was filtered off and 

washed with methanol to give 514 as a white solid, (59mg. 

94%), m.p. >220°C (dec.) (FOlmd: C, 46.12: H, 3.46; N. 

4.25. C26H24N206Pd2 requires C. 46.38; H, 3.59; N, 4.16. 

F" d Nf+ 67" C H N 0 1()(,p illlsPd . '~1"- 67") oun " .). ·.26 24 1 (, ( reqUIres JY', ,). 

IR (KBr pellet): Vrn~x 1589, 1508.1481,1398.1292,1128, 

1113, 1020, 893, 795, 771, 617 cm,l. This complex is 

insoluble in common NMR solvents. 

Cyclopalladation of 2-(1-naphthyloxy)pyridine, 502 

Preparation of the acetato complex, viz 515 

A solution of 502 (120mg. 0.54mmol) and palladium acetate (124mg, 0.55mmol) in 

glacial acetic acid was stirred at room temperature for 44h. The solvent was removed 

under reduced pressure. The residue was redissolved in chlnroJ())'m and was filtered. 

The chloroform solution was reduced to dryness to give the crude acetato-bridged dimcr, 

515, as a crimson solid, (:266mg). A sample of tile crude was l'ecrystallised from acetone 

to give 515 as yellow crystals (Yield >95%), m.p. 161-166°C, (Found C. 53.17; H, 3.69; 

N, 3.60. C34H26N20(,Pd2 requires C, 52.94; H, 3.40; N, 3.63. Found M
r

" 771.9859. 
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C34H26N206106Pdl08Pd requires J'v[+. 771.9862). TR (KBr pellet): v l1lax 16l4, 1568, 1475, 

1416,1311,1294,1240,1111, 1047,808,770,685 cm- I
. IH NMR (CDCb) 8: 2.16, 3H, 

s, OAc-CHJ ; 6.35, IH, 1. H5'; 6.71. II-I, d, I-f")'; 7.07. IF-I. d, i-D; 7.14. IH, d, H4: 7.16, 

IH, t. H4'; 7.37, IE, t, H6: 7,44, II-I. t, H7; 7.70, IE, d. H5; 8.01. IH. d, H6'; 8.12. IE, d, 

H8. liC NMR (CDC b) 8: 24.57, OAc-Cl-b; 113.77, C3'; 117.52. C5': 120.34. C8; 

121.56, C4; 123.16, e8a; 124.56. C6; 125.01, C7; In.07. C5; 1:")1.18. C): 132,48, C4a; 

139.18. C4'; 143.05, Cl; 148.10, C6': 156.34, C2'; 181.15, OAc-CO. 

Preparation oftbe chioro complex. viz 516 

A mixture of tbe acetato complex 515 (112mg, 0.15mmo\) and LiCI (55mg, 

1.3mmol) was stirred in acetone/water (3:2, 5mL) for 3 days. The precipitate was 

filtered off and washed with water to give 516 as a violet solid (87mg. 83%). 

Preparation of the acac complex. viz 517 

A mixture of the chloro complex, 516, (59mg) and sodium acac in methanol was 

stirred for 3 days. The resulting precipitate was filtered off and washed with methanol to 

give crude 517 as a crimson solid. (40mg, 58%). 

Alternatively, the acetato complex, 515, (66mg, 0.086m11101) was stirred in an 

acetone solution (7mL) containing acetylacetone (60mg, 0.60m11lo 1) and triethylamine 

(66mg, 0.65mmol) for 2.5h. The acetone was removed under reduced pressure. The 

residue was suspended in water and 517 was filtered off as a crimson solid (51mg, 70%), 

m.p. 158-160°C (Found C, 56.33; H, 4.15; N, 3.36. C2oHI7N03Pd requires C, 56,42; H, 

4.02; N, 3.29. Found M+, 425.0236. C]oH I7NO]I06Pd requires 

M+', 425.0240). lR (KBrpellet): V Il1UX 1616,1593.1508.1479, 

1439,1396,1296,1240,1067, ]049,1020,814,770,745 cm- I. 

IH NMR (CDCb) 8: 2.07, 3B, s, acac-CH}; 2.13, 3E, s, acac

CHJ : 5,46, 1I-I, s, acac-C}L 7.13, IH. t, H5'; 7,42, 1 H, t, H6; 

7,43, IH, d, H3'; 7,49, lH, t, H7; 7.55, lH, d, H4; 7.78, IH, ct, H3; 7.84. 1H, d, H5; 7.87, 

IH, t, H4'; 8.33, lH, d, H8; 8.87. II-I, d, H6'. 13C NMR (CDCh) 8: 27.58 and 27.97, 

acac-CH3; 100,45, acac-CH; 114.85, C3'; 117,45, C2; 118.69. C5'; 120.24, C8; 122.55, 

C4; 123.69. C8a; 124.70, C6; 125.33. C7; 127,49, C5; 131.08. C3: 133.12, C4a; 140.21, 

C4'; 144.94, C 1; 148.21. C6'; 157.90, C2'; 187.00 and l88.15. acuc-CO. 
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Cyclopalladatioll of 2-(2-naphthyloxy)pyridine, 503 

(a) Preparation of I-palladated complexes: 

Preparation of the acetato complex. viz 518 

A mixture of 503 (l59mg. O.73mmol) and palladium acetate (163mg, 0.73mmol) 

was stirred in acetic acid (1 OmL) at room temperature for 42h. The reaction mixture was 

reduced to dryness in Vc/CI.[() to give a brown residue. This residue was dissolved in 

chloroform, filtered and reduced to dryness to give the crude acetato-bridged dimer, 518 

as a brown solid (397mg) which was Llsed without further puritication. (Found M+', 

771.9881. C34I-126N10c,IOC'Pdl()8Pd requires M+. 771.98(2). IR (KEr pellet): V lllUX 1612, 

1572. 1477, 1437, 1420, 1292. 1184. 115 L 928, 752 ern-I. 

yreparation of the chloro complex. viz 519 

A mixture of the acetato complex 518 (l49mg. 0.1911111101) and LiCl (90mg, 

2.1mmol) was stilTed in acetone/water (3:2. SmL) for 4 days. The precipitate was 

filtered oUand washed with \,yatei' to give 519 as a pale yellow solid (85mg, 61%). IR 

(KEr pellet): Vmllx 1607, 1572. 1475, 1437,1356,1283.1153,964,754 em-I. 

Preparation of the acac complex. l'iz 520 

A mixture of the chloro complex 519 (65mg, 0.090111mol) and sodium acac in 

methanol was stirred for 4 days, TIle resulting precipitate was filtered off and washed 

with methanol to give cmde 520 as a white solid. (45mg, 59%). The crude was 

recrystallised by diffusion of pentane into a chloroform solution of 520 to give a pure 

sample as yeUow-brown crystals. m.p. nO-212°C (Found: C, 56.49: H. 3.90; N, 3.47. 

C201-117N03Pd requires C, 56.42: II. 4.02; N, 3.29. Found M", 

425.0237. C2oHI7N03106Pd requires tvt, 425.0240). IR (KBr 

pellet): V IllUX 1589, 1518, 1477. 1437.1396.1350,1178,928,804. 

733 em-I. lH NMR (CDCb): 8 1.94, 3H, s, aeac-CH]: 2.04, 3H, s_ 

acac-CFb: 5.44, lI-1. S, acae-CH: 7.12. lH, t, FlY: 7.21. lH, d, H3: 

7.29, 1H, d, H3'; 7.37, 2B, m, H6. H7; 7.55, 1H, cL H4; 7.72, lH, d. !-I5: 7.S3, IH, t, H4'; 

8.53, lH, d, H8; 8.61, lB, d. LT6'. lJC NMR (CDCh): 0 26.85 and 27.91, acac-CI-h; 

100,18, aeac-CH; 114.46, C3': 116.34, C3; 119.26, CS'; 122.58. C1: 124.29 and 124.39, 
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C6 and C7: 126.48, C4; 127.45, C5; 131.79, C8: 132.01, C4a: 138.79. C8a: 140.49, C4'; 

148.88. C6'; 149.12, C2; 159.33, C2'; 186.38 and 187.97, acac-CO. 

Alternatively, the acetato complex 518 (33mg, 0.043I11m(1) was stirred in an acetone 

solution (4mL) containing acetylacetone (61mg, 0.61m111(1) ~U1d triethylamine (65mg, 

0.64mmol) for 1611. The acetone was removed under reduced pressure. The residue was 

suspended in water and 520 was tiltered otT as a brown solid (28mg. 77%). 

(b) Preparation of 3-palladated com plexes: 

p~(lration of the acetato complex. viz 521 

A mixture of 503 (159mg. 0.7311111101) and palladium acetate (163mg, 0.73nunol) 

was retluxed in acetic acid (1 0111L) for L 7h. The reaction mixture was reduced to dryness 

in vacuo. Soxhlet extraction of the resulting solid with chloroform isolated the crude 

acetato-bridged dimer, 521, as a brown solid (2 c)Omg) which was used without further 

jJuritlcation, (FoundM+-' 771.9882. CJ4H:!.(,N20(,IO('PdllJHpd requires !'vI". 771.9862). IR 

(KBr pellet): V mllX 1570, 1475. 1420. 1294, 1148,874.748,685 cm- I. IH NMR (CDCb): 

82.18, 3H. s, OAc-CHJ; 6.40. HI. 1. HS'; 6.77.1 d, H3'; 7.06, IE. s, HI: 7.23, IH, s, 

H4; 7.30, 2H, m, H6, H7; 7.35. IE. t, H4'; 7.51, IE. d, H5; 7.60, lB. d. H8: 7.98, IH, d, 

1I6'. IJC NMR (CDCb): 8 24.66. OAc-CIl:;; 110.88. C 1; 114.34, C3'; 118.06, C5'; 

120.46. C3; 124.02. C6; 124.67. C7: 126.67, C8; 126.88. CS; 130.35, C4a: 131.94, C8a; 

133.02. C4; 140.09, C4'; 148.65. C2: 149.04, C6'; 158.04, C2'; 181.37. OAc-CO. 

Preparation of the awc complex, viz 522 

A mixture of the acetato complex, 521, (l64mg, 0.2111111101), acetyl acetone (l79mg, 

1.8mmol) and triethylamine (l95mg. 1.9mmol) was stirred in acetone (8mL) for 16h. 

The resulting solution was ±iltered and then taken to dryness in vacuo. The solid was 

suspended in water, filtered o±f and washed with water to give 

crude 522 as a brown solid (148mg, S2IyO). Tbe erude was 

recrystallised by diffusion of pentane into u cbloroform 

solution of 522 to give a pLire sample as a light brown solid, 

m.p. >160°C (dec.) (FOLlI1d: C, 56.50; H, 4.05; N, 3.40. 

C2oHI7N01Pd requires C. 56.42; H, 4.02; N, 3.29. Found M+', 425.0239. 

C20H17NO]I06Pd requires M4-, 425.(240). IR (KBr pellet): V Il1UX 1582. 1522, 142 L 1394, 

1298, 1150, 1022, 866, 770, 743 em'l. IH NMR (CDCb): 8 2'()6. 3H, 5, acac-CH]; 2.16, 
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3R s, acae-CH3; S.46, lJ I, s, acac-CR 7.12, 1 H, t. 1-1S'; 7.28, 1 H. J. I-D'; 7.34. 2H. Ill, 

H6. H7; 7.44. IH, s. HI: 7.74. lH. d, H8; 7.82, 1H. d, HS; 7.85. IH. r. [-I4'; 8.01, 1H. s, 

H4; 8.81, IE, d. H6'. IJC NMR (CDCb): 827.69 and 27.96. acac-ClL: 100.47, ucuc-CH; 

111.17. C1; 115.1 \, C3': 118.89. CS'; 122.86, C3; 124.20, C6; 1:2'+.72. C7: 126.85, C8; 

127.28, CS; 130.93, C4a; 132.45. C8a; 132.88, C4; 140.60, C4'; 148.50. C6'; 149.96, C2; 

158.90, C2'; 187.07 and 188.15. acac-CO. 

Cyc1opalladation of 1,3-his(2-pyddyloxy)naphthalene, 20 I 

Preparation of the acetato complex. vi::: 525 

A mixture of 201 (lOOmg. 0.32mmol) and palladium acetate (79mg. 0.3Smmo1) in 

benzene was ref1uxed for 14h. The solvent was removed unda reduced pressure. 

Soxhlet extraction of the resulting so lid with chloroform isolated the crude acetato 

complex, 525, as a brown solid (202mg) which was used without further purification, 

(Found: M+', 419.0020. C]oHnN]OlI06pcl requires Pvt. 419.0(09). lR (KEr pellet): V lIlax 

1612, lS74, 1477, 143S. 1381. 1319. 1292, 1242, 1153, 1111, 100::;.71'2 cm,l. IH NMR 

(CDCb) 0: 2.10, 3H, s, OAc-CH.~; 7.11, IH, t, HS'("); 7.13. IH. t. H5"(,); 7.33, 1H, d, 

H3'("); 7.42, lH, s, H4; 7.48. 2H, 111, H6, H7; 7.48,111, d, H3"(,); 7.80. 1H, d, H5; 7.88, 

III t. H4'("); 7.90. 111 t, H4"(,): 8.3 L 1H, d. H8; 8.70, IH. d, H6'(III: 8.7:2. lB, d, 116"('). 

IJ C NlvIR (CDCb) 0: 24.36. OAc-ClI}; 107.3S, C2; 109.79, C4: 114.95, 115.18, C3', 

C3"; 119.37, 119.42, CS'. CS"; 120.48, C8; 122.10. C8a; 12S.29, C7: 125.97. C6: 127.l8, 

CS; 132.83, C4a; 141.11. 141.40. C4', C4"; 149.70. 149.84. C6', C6": 157.62. 158.6S, 

C2', e2"; 177.28, OAc-CO. 

Preparation ofthe chiaro complex, viz 526 

A mixture of the acetato complex 525 (98mg. 0.20mmol) and LiC] (91mg, 2.1mmol) 

was stirred in acetone/water (3 :1, 1 OmL) for 3 days. The precipitate was filtered off and 

washed with water to give 526 as un off-white solid (S4mg, 

58%). A sample was recrystallised by vapour ditIusion of 

pentane into a chlorojorm solution of 526 tor further analysis, 

m.p. >200°C (dec.) (Found: C. 52.4S~ 1-1. 2.63: N, S.91; CI, 

8.17. C2oHlJNz02PdCI requires C, S2.77; H, 2.88; N, 6.1S; CI. 

7.79. Found 419.0. CzoIlIJNz021()6Pd requires M", 419.0). IR 
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(KB1' pellet): Vmax 1612, 1477. 1435, 1292. 1223. 1150, 1003,775.737 em-I. IH NMR 

(CDCb) 8: 7.13, 1R t. H5'(II): 7.15. I R t. H5"(.); 7.35, 1H, d. 1-13'("): 7'-+5, 1H. s, H4: 

7.45-7.54. 2B. m, H6. 1-17; 7.50. IR d. H3"1,); 7.82. lH. d. H5: 7.39. II-I, L H4,11I): 7.92, 

lH, L 1-14"(';; 8.34, lJ-L cL H8: 9.28, HI, d, H6,III); 9.36. IR d, I-I6"ld. i3C NMR (CDCb) 

0: 110.19. C4; 114.96, C3'(II): 115.21, C3"{d: J 19.27, 119.33. C5'. C5": 120.57, C8; 

122.43, C8a; 125.51. 126.16, C6. C7: 127.28. C5: 132.95, C4a; 141.32. 141.62, C4'. C4"; 

146.10,149.44, CL C3; 152.91. 152.95, C6', C6"; 158.23,159.23. C2'. C2". 

Cyclopalladatioll of 1,5-his(2-pyridyloxY)llaphthalene, 202 

f~cparation of the acetato cO!~l)Jlex. viz 527 

A mixture of 202 (200mg. 0.641111no1) and palladium acetate (297mg. l.3mmol) in 

benzene was refluxed for 18h. The precipitated product was filtered off and washed with 

benzene to give crude 527 as an olive solid (416mg, 99%) wllich was used without 

further purification, (Found rvr-. 1287. C4sH3(}N4012I05Pdl()('PdIOkPd2 requires M+', 1287). 

1R (KBr pellet): Villa.\: 1612. 1566. 1477. 1416, 1293. 1261, 1107, 1022.798,752.671 

cm- I
. IE NMR (CDCb) 0: 2.11. 3I-I. s. OAc-CH3; 2.32. 3I-l s, OAc-CHJ : 6.72, 2R t, 

H5': 6.79, 2H, d, II3, H7; 7.07. 2B, d. H3'; 7.24, 2R d, H4. H8: 7.62. 2H. t, H4': 8.26, 

2B, d, H6'. 

Preparation of the chloro complex, viz 528 

A mixture of the aceta to complex 527 (342mg, 0.27m11101) and LiCI (179mg, 

4.2mmol) was stirred in acetone/water (3 :2, 12mL) for 3 days. The precipitate was 

filtered otI and washed with water and acetone to give 528 as an olive solid (288mg, 

91%). 

Preparation of the acac complex. viz 529 

A mixture of the chloro complex, 528, 

(235mg) and sodium acac in meti1anol was stirred 

for 4 days. The resulting precipitate 'was ti1tered 

off and washed with methanol. and 110t acetone to 

give 529 as a grey solid, (130mg, 46(%), Ill.p. 

>245°C (dec.) (Found: C. 49.75; II, 3.40: N, 3.96. 

4' 
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C30~bN206Pd2 requires C. 49.81; E, 3.62; N, 3.87. Found Nt·, 723.9840. 

CJolh6N206106Pdl08Pd requires M+·. 723.9862). IR (KB1' pellet): VIlla;\; 1596,1520, 1481, 

1435, 1396, 1353, 1242, 1109. 1024, 96 L 771 em-I. I H NMR (CDC1.;): [) 2.06, 6R s, 

acac-CH]: 2.13, 6H, s, acac-CLi3: 5.45, 2R s, acac-CH: 7.11. 21-1. L HS': 7.43, 2H, d, 

11"3'; 7.78. 2E. d, E3. H7 or H4. H8: 7.87. 2B. t. H4'; 8'()4, 2IT. d. H3. H7 or H4, H8; 

8.87. 2E. d. H6·. 

Cyclopalladation of 1,6-bis(2-pyridyloxy)naphthalene, 203 

(a) Preparation of 2,5-dipalladated complexes: 

Preparation of the acetato complex. viz 530 

A mixture of 203 (108mg. ILj4mmol) and palladium acetate (157mg, 0.70mrnol) 

\vas stil1'ed in glacial acetic acid ( I OmL) at room temperature for 17h. The reaction 

mixture was reduced to dryness in vacuo. Soxhlet extraction of the resulting solid with 

chloroform isolated the crude acetato complex, 530, as a brown solid (22lmg, 100%) 

which was used without fUl1her purification. (Found tyr', 128S.7. C~8H36N4012Pd4 

requires MT

, 1285.7). IR (KBr pellet): VmllX 1612, 1566. 1475, 1433.1420, 1342. 1294, 

1242.895.772,687 em-I. 

Preparation of the acac com;Jlex. vi::: 531 

A mixture of the acetato complex, 530. (150mg, 0.1211111101). acetylacetone (l77mg, 

1.8rnmol) and triethylamine (203mg, 2.09mmol) was stirred in acetone (8mL) for 24h. 

The solvent was removed in vacuo. The resulting solid was suspended in water, filtered 

off and washed with water to give crude 531 as a brown 

solid (157mg, 92%). The crude was reerystallised by 

diffusion of pentane into a chiaro for111 solution of 531 to 

give 531 as a light brown solid, l11.p. >225°C (dec.) 

(Found: C, 49.06; H, 3.48; N. 4.06. CJOI{u,N206-

Pd2 .Y2(H20) requires C, 49.20; 1-1. 3.72: N. 3.83. Found 

3.1+, 723.9876. C]OH26Nz0610('PclIOgPd requires MT. 

723.9862). IR(KBr pellet): Villa;.; 1612.1585.1518.1475,1437,1394.1294,1265,1242, 

1153. 1022,897,775 em-I. IT-I NMR (CDCb): 0 1.93. 3H, s. aeac-C'I1:,: 2.03. 3H, s, aeac

CH): 2.05, 3H, s, acae-CHJ: 2.11. 3H. s, acac-Cfh 5.42. I H. s. ucue-CH; 5.44, IH, s. 



239 

acac-Crr~ 7.08, III, t, H5'; 7.11. IH, t. H5"; 7.21. 1R d, H7: 7.29, lH. d. H3"; 7.40, lH, 

d. H3'; 7.68, IH, d, H3: 7.82, 1 H. t, H4"; 7.84. III, t. H4'; 8.08. IH. d. H8; 8.21. 1 H, d, 

H4; 8.61, IH. d, H6"; 8.85, IH. d. H6'. 13C NMR (CDC13): 0 26.88. 27.89 and 28.00 

(2C), acac-Cfh; 100.09 and 100.33, acac-CH; 114.49, C3"; 114.92. C3'; 115.42, C7; 

118.42.118.71, 119.14, C8. CS', C5"; 126.81, C4; 129.34, C3; 139.99. 140.34. C4'. C4"; 

148.26. C6'; 148.97. C6". 

(b) Preparation of2,7-dipalladateu complexes: 

Preparation of the acetato complex, viz 532 

A mixture of 203 (111mg. 0.35mmol) and palladium acetate (l66mg, 0.74mmol) 

was ret1uxed in glacial acetic acid (10mL) for 17h. The reaction mixture was reduced to 

dryness in vacuo. Soxhlet extraction of the resulting solid with chlorofonn isolated the 

crude acetato complex. 532, as a brown solid (15 8mg, 70%) which \ms used without 

further purification. (Found ty[-:-. 1285.8520. 13C4713Cfh6N40 121{)('Pd~ I iI~Pd I05Pd requires 

M+', 1285.8512). IR (KBr pellet): Vl1mx 1614, 1566, 1475, 1420, 129-L 1142,1142,1109, 

765, 681 cm-I. IH NMR (CDCb): 8 2.08, 3H, s, OAc-CH3 : 2.21. 1.5E, s, OAc-CH3; 

2.47, 1.5H, s, OAc-CH3: 6.72. 1H, t, H5'; 6.74. 1Ho s. H5; 6.76, IE, d. H3 or H4; 6.82, 

IH. t. H5"; 6.91, IH, d, R3 or H4; 7.03, lR, d, H3"; 7.32, HI, d. H3': 7.62, IH, t, H4'; 

7.77, IE. t, H4"; 7.78, IE. s, H8: 8.13, IE, d, H6"; 8.39. IE. d. H6'. 

Preparation of the acac complex. viz 533 

A miJo..iure of the acetato complex, 532, (59mg, 0.046mmol). acetylacetone (71mg, 

0.71mmol) and triethylamine (75mg, 0.74mmol) was stirred in acetone (8mL) for 24h. 

The solvent was removed in vacuo. The resulting solid was suspended in water, filtered 

off and washed with water to give crude 533 as a brown solid (63mg, 94%). The crude 

was recrystallised by diffusion of pentane into a 4' 

:,'O~~: )A( 
N () ,,/ 

brown solid, m.p. >240°C (dec.) (Found: C. 49.22; 

chloroform solution of 533 LO give 533 as a light 

o I t ~a g Pd, 6" 

H, 3.62; N, 3.92. C30R26N:06Pcb.Y:!(H:O) requires ( f 2 I 7 L I' ~~-Pd ;/~';/ / t:)/ 5" 

~ 0 ,'~ 0--. 0--. 4" 
1 r .' .:Ia 6 0 2" C, 49.20; H, 3.72; N, 3.83. Found M", 723.9881. 4 5 3" i 

C~ilJR26N206106Pdl08Pd reqllircsrvt, 723.9862). IR (KBr pellet): V max 1612. 1585, 1570, 

1518,1477 1437, 1391, 1296,1244,1142,1063,1022,762 em-I. IH NMR (CDCh): 8 

2.06. 3H. s. acac-CH3; 2.08, 3H. s. acac-CR~; 2.12. 3H, S, acac-CI-h; 2.23, 3R, s, acac-
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CH}; 5.44. 1 s, acac-CH; 5.49. II-I. s, acac-CH: 7.07, 1 R t, 1-15': 7.10, 1 H, t, H5"; 7.27, 

IH, d, H3"; 7.40, IH, d, H3'; 7.-+3, If-I. s, H5: 7.46, IH, d, 1-14: 7.66. lH. d, H3; 7.82, IH, 

t, H4'; 7.84, 1 H, t, H4"; 8.52, ll-I, s, H8; 8.8 L IH, d, H6"; 8.84. IH. d. H6'. 13C NMR 

(CDCb): () 27.62, 27.48 28.00. 28.03, acac-CI-b; 100.38, 100.44, acac-CH; 110.91, C5; 

114.77, C3'; 115.18, C3"; 118.39.118.71, C5', CS"; 121.85, C4; 124.93, C8; 129.92, C3; 

139.93, 140.50, C4', C4"; 148.25, 148.44, C6', C6"; 158.18, 158.87 C2', C2"; 186.58, 

186.98. 188.09, 188.40, aeae-CO. 

Cyclopalladatioll of 1,7-bis(2-pyridyloxy)naphtbalene, 204 

Preparation oftlle acetato complex, viz 534 

A mixture of 204 (147mg:, 0.47111mol) and palladium acetate (211mg, 0.94111mol) 

was ret1uxed in benzene (10mL) for 16h. The reaction mixture was reduced to dryness in 

VClCUO. Soxblet extraction of the resulting solid with chloroform isolated the crude 

acetato complex, 534. as a pale brown solid (282Ing, 94%) which \vas used without 

further purification. (Found lVJ+. 1285.8497. C4~H]6N4012IiJ6Pd21IjXPd2 requires M+', 

1285.85(0). IR CKBr pellet): V max 1612, 1574. 1477, 1420, 1365. 1296, 1242, 1153, 

1111,760,675 em-I. 

Preparation of the acac complex. viz 535 

A mixture of tbe acetuto complex. 534, (157mg, 0.12m11101), acetylacetone (l80mg, 

1.8mmol) and triethylamine (228mg. 2.25mmol) was stilTed in acetone (lOmL) for 16h. 

The solvent was removed ;'1 V(I(:UO. The resulting solid was suspended in water, filtered 

off and washed with water to give crude 535 as a 

light brown solid (153mg, 86(YrJ). Tbe crude was 

recrystallised by diffusion of pentane into a 

chloroform solution of 535 to give 535 as yellow 

crystals, m.p. > 195°C (dec.) (Founci: C. 48.95: l-I, 

3.58; N, 3.77. C]oI-b,N20('pch.Y:z(I-hO) requires C. 

49.20; I-I, 3.72: N, 3.83. Found rvr+', 723.9841. 

C30H26>hO(,1()6PdIlJ8Pd requires M+, 723.9862). IR (KBr pellet): V IllUX 1612, 1589,1572, 

1524, 1508. 1479, 1433, 1396, 1365, 1298, 1242, 1153, 1022, 764 em-I. IH NMR 

(CDCh): is 2.05, 6H, s, acac-Cr-h: 2.11, 3H. s, aeae-CHJ ; 2.15, 3H. s, aeac-CH3; 5.44, 
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1H, s, acac-CH; 5.45, 1H, s, acac-CR 7.09, lB. t, fI5'; 7.10, 11-1, t. HS"; 7.31, 1H, d, 

B3"; 7.45, IH, d, H3'; 7.53, lI-t d, H4; 7.64, tH, d. H3; 7.85,11-1. t. 114": 7.85, 1H, t, H4'; 

7.87, IH. s, H8: 8.00, IH, s FrS: 8.81. 1H, d. [-IB'; 8.85. 1H. d, H6'. L'C NMR (CDCb): 0 

27.62. 27.72 and 27.97 (2C). acac-CHJ; 100.41 and 100.44. acac-CH: 104.45, C8; 

114.93,115.14, C3', C3"; 118.51. 118.75, C5', C5"; 122.22, C4; 1:29.02. C3; 132.43, C5; 

140.05, 140.48, C4', C4"; 148.25, 148.52, C6', C6"; 187.07,187.15. mld 188.09 (2C), 

acac-CO. 

Cyclopalladation of 2,3-bis(2-pyridyloxy)naphtlu,lenc, 205 

Preparation of the acetato complex. viz 536 

A mixture of 205 (67mg. 0.21 m11101) and palladium acetate (99mg. 0.44I11mol) was 

stirred in glacial acetic acid (8mL) at room temperature for 6411. The reaction mixtme 

was reduced to dryness in V{{cuo. Soxhlet extraction of the resulting solid with 

chloroform isolated the crude acetato complex, 536. as a brown solid (148mg, 54%) 

which was used without . further purification. (Found .\r. 1285.8512. 

12C47I3CH]6N40121lJ6Pdzl08PdlOSPd requires M+·, 1285.8513). IR (KBr pellet): V lllax 1612, 

1572,1473,1433,1414,1290. l15!, 922, 771, 687 cm· l. lH NMR (CDCb): i5 2.07, 3H, 

s, OAc-Clh; 2.10, 3H, s, OAc-CH3: 6.83, 2Ft t, H5'; 7.01, 2H, 111. B6. H7; 7.25, 2B, d, 

H3'; 7.63, 2H, t, B4'; 8.40, 2H. m. H5, H8; 8.49, 2B, d, F16'. 

Preparation of the chloro c()}~lplex, viz 537 

A mixture of the acetato complex, 536, (223mg, 0.1711111101) and LiCI (151mg. 

3.611111101) was stincd in acetone/water (3:2, 8mL) for 3 days. The precipitate was 

filtered off and washed witb water and acetone to give 537 as a brovvn solid (153mg, 

74%). IR (KBr pellet): Villax 1611,1555.1474,1434, 1358, 1292, 1248.775 em· l
. 

Preparation of the acac complex, viz 538 

A mixture of the chloro complex, 537. (lOOmg) and sodium acac in methanol was 

stirred for 4 days. The resulting precipitate was 111tered off unci washed with methanol to 

give a black solid. Soxhlet extraction of this solid with chloroform gave crude 538 as a 

yellow solid (60mg, 49 lYo). 
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Alternatively a mixture of the acetato complex, 536. (l56mg, 0.12mmol), 

acetyl acetone (l89mg. 1.9mmol) and triethylamine (257mg, 2.5411111101) was stirred in 

acetone (lOmL) for 40b. The solvent was removed in vacuo. The resulting solid was 

suspended in wateI'. tiltered off and washed with water to give 

crude 538 as a yellow-brown solid (l55mg, 89%). The crude was 

recrystaLlised by diffusion of pentane into a chloroform solution of 

538 to give 538 as a light brown solid, m.p. > 165°C (dec.) (Found: 

C, 49.89; H, 3.56; N. 3.87. C30H26N206Pd2 requires C, 49.81; R 

3.62: N, 3.87. Found NIT. 723.9888. CJOH261";206106Pdl!lMPd 

requires M\ 723.9862). IR (KBr pellet): Villa, 1570. 1520. 1427. 

1389.1273,1022.934.891, 783 em-I. 'H NI'vIR (CDCh): 0 1.91. 

6ft s, acac-CH3 ; 2.03. 6Ft s. acac-CH3: 5.42, 2H. s, acac-CH; 7.11.21--1, 1. H5'; 7.27, 2H, 

m, H6, H7; 7.40. 2H. d. H3'; 7.83, 2H, t, H4'; 8.·n, 2H. m, H5. HS: 8.59. 2H. d, H6'. 13 C 

l\1VIR (CDCh): 8 26.86,27.87. acac-CH]: 100.06, acac-CH: 114.56. C3'; 119.37, C5'; 

121.85, C1, C4; 122.91, C6. C7; 131.08, C5. C8; 136.5 L C4a, C8a: 137.79, C2, C3; 

140.38, C4'; ]49.06, C6'; 159.62. C2'; 186.49, 187.62, acac-CO. 

Preparation of the mixed acetato/hydroxo C:l1l11plex. viz 539 

Vapour diffusion of dietbyl ether into a ntvIF solution of the acetato complex, 536, 

yielded pale yellow crystals of 539 suitable for single-crystal X-ray structure 

determination. 

Alternatively, a mixture of the acetato complex, 536, (150mg. 0.12mmol) and 

tetrabutylammonium hydroxide (60mg, 0.23mffiol) in acetone/\vater (5:1, 12mL) was 

stirred for 1 8h. The reaction mixture was reduced to dryness limier reduced pressure, and 

the residue was suspended in water. The precipitate was filtered off and washed with 

water to give crude 539 as il brown solid (113mg. 80%). A sample was recrystallised by 

diffusion of diethyl ether into il chloroform solution of 539 to give pale yellow crystals, 

m.p. > 190°C (dec.) (Found: C. 43.67; H. 2.93: N, 4.15. C44H3ZN40IOPd4.(H20) 

Y2(C4H 1oO) requires C, 43.94; H, 3.13; N. 4.46. FOlll1d M+', 1201.8282. 

C44H32N40lolo5Pd2108Pd2 requires M+, 1201.8288). IR (KBr pellet): V lllax 3549, ]612. 

1562, 1474, 1416,1354, 12l)2. 1111. 1072.918,772.752 em-I. IH NMR (CDCb): 8 

-0.67, IH, s, OH; 2.12, 3H, S, OAc-CH3: 6.91. 2H, m. H6, H7: 7.02. 2H, t, H5'; 7.33, 2H, 

d, H3'; 7.75, 2H, t, H4'; 8.04, 2H. 111. H5. lIS; S.59. 2H, d, H6'. Uc NMR (CDCb): 8 
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25.13, OAc-CH3; 114.41, C3'; 119.06, C6, C7; 124.39, C5'; 129.11. C5. C8; 140.09, C4'; 

149.09, C6'; 179.70, OAc-CO. 

Cyclopalladation of 2,6-bis(2-pyddyloxy)na[1hthalene, 206 

Preparation of the acetato complex. viz 540 

A mixture of 206 (105mg. O.33mmol) and palladium acetate (166mg, 0.74mmol) 

was ref1uxed in benzene (8mL) for 16h. The reaction mixture was reduced to dryness in 

vacuo. Soxhlet extraction of the resulting solid with chloroform isolated the crude 

acetato complex, 540, as a yellow solid (54mg, 25%) which was used without further 

purification, IR (KBr pellet): V I1l <lX 1612 1570. 1474, 1416. 1346, 1261. 1099, 1022,802 

cm- I . 

IJreparation of the acac complex. vi~ 541 

A mixture of the acetato complex, 540, (l57mg, 0.1211111101). acetylacetone (200mg, 

2.0mlllol) and triethylamine (209mg, 2.1mmol) was stilTed in acetone (10mL) for 36h. 

The solvent was removed in l'oeLlo. The resulting solid was suspended in water, filtered 

off and washed with water to give crude 541 as a grey solid (175mg. 98%). A sample of 

the crude was further purified by Soxhlet extraction with chloroform to give a pale 

yellow solid. This solid was suspended in hot acetone and was tiltered off to give 541 as 

an off-white solid, m.p. >210°C (dec.) (Found: C, 

49.16; H, 3.64; N, 3.84. C30H26N206Pd2. h(H20) 

requires C, 49.20; H, 3.72; N, 3.83. Found M-'-', 

723.9843. CJ()H2~206106PdlfJSPd reqmres M"-, 

723.9862). IR (KBr pellet): V III ax 1612, 1582, 1520, 

1485,1431,1389,1296,1261. 1192, 1026,779,610 

cm· l. I NMR (CDCb): 6 2.05, 6H, s, aeac-CH]: 2.15, 6H, s, ucuc-CH3; 5.45, 2H, s, 

acac-CH; 7.10, 2H, t, H5'; 7.27, 2B, el, H3'; 7.44, 2H, s, HI, H5; 7.84. 2H, t, H4'; 7.91. 

2H, S, H4, H8; 8.80, 2H, el, H6'. IJ C NMR (CDCb): 8 27.72, 27.98. acac-CH3; 100.42, 

acac-CH; 110.55, Cl, C5; 115.17, C3'; 118.65. C5'; 121.09, C3, C7: 130.14, C4a, C8a; 

131.35, C4, C8; 140.45, C4'; 148.50, C6'; 148.91, C2, C6; 159.19, C2': 187.05, 188.12, 

acac-CO. 
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Cyclopalladatioll of 2,7-bis(2-pyridyloxy)naphthalene, 2()7 

(a) Preparation of 3,6-dipalladated complexes: 

Preparation of the acetato complex. viz 542 

A mixture of207 (64mg, 0.10mmol) and palladium acetate (I04mg, OA6mmol) was 

refluxed in glacial acetic acid (8mL) for 1 Gh. The reaction mixture was reduced to 

dryness in vacuo. Soxhlet extraction of the resulting solid with cl110roform isolated the 

crude acetato complex, 542, as a brown solid (90mg, 69%) which was used without 

further purification. A sample was recrystallised from n dichloromethane/acetone 

solution to give 542 as a pale brown solid, m.p. >230°C (dec.) (Found: C. -+4.92: H, 2.94; 

N, 4.24. C4sH36N4012Pd4 requires e, 44.82; H, 2.82; N, 4.36. Fmmd M+, 1286. 

C4sH36N4012Pd4 requires M+, 1286). [R (KBr pellet): V I11UX 1616 1570. 1472, 1420,1375, 

1294, 1244, 1196, 1130, 1006. S97, 777, 673 cm'l. lH NMR (CDCL): 8 2.06, 3H, s, 

OAc-CH~: 2.29, 3H. s, OAc-CH:,: 6.66, 2H, s. HL H8; 6.75, 2H. t.HS'; 6.85,211, s, H4, 

H5; 6.97. 2H. d, H3': 7.70, 1H. t. H4'; 8.07, 2H. d, H6'. 13C NMR (CDCb): 0 24.39, 

24.79, OAc-CIlJ; 108.71, C . e8: 115.03, C3': 118.11, C5'; 133.03. C4. C5; 139.94. C4'; 

148.80, C6'. 

Preparation of the acac complex. ViI 543 

A mixture of the acetnto complex, 542. (l09mg, 0.12mmol). acetylacetone (l21mg, 

1.2mlTIol) and triethylamine (l44mg. l.4m11101) was stirred in acetone (l2mL) for 16b. 

The solvent was removed in vw;uo. The resulting solid was suspended in water, filtered 

off and washed with water to give crude 543 as a light brown solid (95mg, 78%). A 

sample was recrystallised by diffusion of pentane into a chloroform solution of 543 to 

give 543 as yellow crystals. l11.p. >2:WO C (dec.) 

(Found: C, 49.56; H. 3.51; N, 4.00. C30H26N206Pd2 4'l~1 3~2' 0'~17( 0~11 
Fl)Lll1Cl M "t". 5' C'/ N, ~4'~' 6 /N V requires C, 49.81; E, 3.62: N. 3.87. ~ 

(,' I'd 4 ) Pd 

723.9858. C]OH26N],06106Pdl()XPd reqUIres M"', cf \J cf "0 

723.9862). IR (KB1' pellet): Vl1lllX 1616. 1585, 1518, ~~ 
1475, 1435,1371. 1302, 1244. 1134. 1022.773 em'l. lH NMR (CDeb): 82.05, 6H, s, 

acac-CHJ ; 2.14, 6Il, s, neac-CI:h 5.45, 2H. s. acac-CH; 7.10, 2B. t, !-I5'; 7.27, 2H, d, H3'; 

7.34, 2H. s, HI, 1-18; 7.84, 2B, t, H4'; 7,97, 2H. s, H4, H5; 8.81. 2B, d. H6'. l3C NMR 
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(CDCh): 0 27.65, 27.98, acac-CI~k 100.37. acac-CH; 110.09, Cl. C8: 115.17, C3'; 

11S.72. C5'; 132.19, C4. C5; 140.43. C4'; 14S.57. e6'. 

(b) Preparation of 1,8-c1ipallac1atec1 complexes: 

Preparation of the acetato complex. viz 544 

A mixture of 207 (l02mg, O.32mmol) and palladium acetate (l51mg, O.67mmol) 

was stirred in glacial acetic acid (1 OmL) at room temperature tl1r 72h. The reaction 

mixture was reduced to dryness in vaclio. Soxhlet extraction of the resulting solid with 

cbloroform isolated a mixture of tbe acetato complexes, 542. 544. and 546 as a brown 

solid (201 mg, 96%) which was used without furtber purification. This reaction was 

carried out several times, and on one fortuitous occasion, 544 alone was isolated. IH 

NMR (CDCb): 02.11, 6H, s. acac-CH}; 7.02, 2H. d, H3, 116; 7.17. 2H. t T--\5'; 7.36, 2H, 

d, H4, H5: 7.36. 2H, d, H3'; 7.90. 2H, t, H4'; 8.61. 2H, tt H6'. 

Preparation of the acac complex. l'iI 545 

A mixture of the acet:1to complexes. 542. 544 and 546 (170mg, 0.13mmol), 

acetyl acetone (l83mg, 1.8mmo1) and triethylamine (l90mg. 1.911111101) was stirred in 

acetone (12mL) for 16h. The solvent was removed in vacuo. The resulting solid was 

suspended in water, filtered off and washed with water to give a mixture of 543, 545 and 

547, in the approximate ratio 1:4:2, as a ligllt brown solid (l63mg, 85%). 

Recrystallisation of the crude product from chloroform gave 545 as yeIlow crystals 

suitable for single-crystal X-ray structure determination, 

m.p. >200°C (dec.) (Founel: C. 40.15; H. 2.53; N. 2.84. 

C30H26N20GPd2.2(CHCh) requires C 39.95; H. 2.93; N, 

2.91. Found M\ 723.9894. C]OH26N20(,I06PdI08Pd 

requires M+', 723.98(2). lR (KBr pellet): V IllHX 1566, 

1516, 1470, 1389, 1292, 1177, lOIS, 748 cm-I. IH NMR (CDCb): 0 0.96, 6H, S, acac

CH3; 2.08, 6IL s, acac-CH3; 5.26. 2I-1. s. rrcac-Cf-I; 7.05, 2H, s. lB. 1--\6: 7.10, 2H, t, H5'; 

7.26, 2H, d, !-IT; 7.39, 2H. s. 1[4, H5: 7.82. 2H, t, H4'; 8.77, 2H. d. H6'. 13 C NMR 

(CDCb): 8 26.74, 27.98. acrrc-CHJ~ 99.82, acac-CH; 113.84, C3. C6; 114.16, C3'; 

118.56, C5'; 122.68, CI, C8; 125.43, C4, C5; 129.13, C4a; 139.70. C4'; 146.]7, CSa; 

147.92. C2, C7; 149.35, C6'; 158.76, C2'; 185.98. 187.12, aC:1c-CO. 



246 

(c) Preparation of 1,6-dipalladated complexes: 

Preparation of the acetato complex. viz 546 

See (b) above for the preparation of a mixture of 542.544 and 5411. 

Preparation of the acac complex. viz 547 

See (b) above for the preparation of a mixture of 543. 545 and 547. Following 

fractional recrystallisation of 545. further recrystallisation by vapour diffusion of pentane 

into a chloroform solution of the remaining product gave 

n mixture of 543 and 547. i H NTvJR allowed the 

identification of the acac complex 547. IH NMR 

(CDCI.,): (3 1.93, 3H. s, acac-CH3; 2.05, 311. s, acac-Clb: 

2.05, 3H. s, acac-CHJ; 2.14, 3H. s, acac-CHJ; 5.44, 1 H. 

s, acac-CH: 5.46, IH, s. acac-CH; 7.07, 21I, s. H3; 7.09, 

1I-I, 1, H5 ': 7.11, IH. t, H5J1; 7.13. 1H, d, H3": 7.26, lH. 

d, H3 1
; 7.53, IH, d. H4; 7.79. 1[-1; t, H4': 7.83, 1H, t, H4"; 7.85, lI-L s. H5; 8.15, 1H, s, 

H8; 8.60. IH, d, H6': 8.80, IlL d. H6". 

Cyclopalladation of 2,3,6,7,1 O,1l-hexa(2-pyridyloxy )triphenylene, 305 

A mixture of 305 (l04mg. 0.13m11101) and palladium acetate (40mg. O.l8mmol) was 

retlllxed in glacial acetic acid (8mL) for 15h. 
4'" 

The reaction mixture was tiltered and reduced to 

dryness in vacuo to give crude 548 as a brown 
~ 

.. ' 
S'" Y " 

\ 1 '" 
'-... -

6'" N 0 

solid (133mg) (Found 891.1201. 
\ (, jI 

6" 

12C471JCH2SNr,06106Pd requires iVC, 891.1136). 5" ~',t:I 

~ IR (KBr pellet): VmllX 1609, 1470, 1423, 1389, 4" 3" 2" 0 

1285, 1238, 1126, 1049, 1015, 775 em-I. IH 

NMR (CDCh): 8 6.72. 211 d, H3 '; 6.78. lH. d, 

C" 90 '1H H-I'(JlI) 708 ;1] 1···15" 7 -0 '11-I ). /, "- ,L ) ,. (. _.1. L. .,) /, _ ,t. 548 

H4"'(lIi; 7.67. 2H, 1. H4"(III); 7.73. 2H. t, l-I'f'~ 7.87. 2B, s. H4, H9: 8.i3. 2H, d, H6!"(")~ 

8.21, 2H, d, H6"(JlI); 8.30,211, S, 1-15, H8: 8,43, 2H, d, J-I6'. 
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A mixture of 305 (36mg, O.044mmol) and palladium acetate (l71mg, O.76mmol) 

was reflLL'{ed in glacial acetic acid (8mL) for 72h. reaction mixture was filtered and 

reduced to dryness in vacuo. The resulting solid was washed with chloroform to give a 

black solid, which proved to be insoluble in common NMR solvents. The chlorofom1 

washings were taken to dryness to give a brown solid which was shown by IH NMR to 

contain 2-pyridone. 
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Crystallogr hy 
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CrystaHography 

Tables C1 - C8 list crystal data and X-ray experimental details for the thirty five 

structures determined. Selected bond lengths and angles are listed in the discussion of the 

structures and the remaining distances and angles, as well as atom coordinates, anisotropic 

displacement parameters and hydrogen atom coordinates are available in the Chemistry 

Department, University of Canterbmy. 

Intensity data were collected with: 

(i) a Siemens P4s four-circle diffractometer Llsmg monochromatised Mo Ka 

radiation. Cell parameters were determined by least-squares refinement using the setting 

angles of at least 25 accurately centred reflections (28 > 200
). Throughout the data 

collections the intensities of three standard reflections were monitored at regular intervals 

and, in most cases, this indicated no significant crystal decomposition. 

(ii) a Siemens SMART CCD area detector using monochromatised Mo Ka radiation, 

and the standard software SMART and SAD\JT. 

Intensities were corrected for Lorentz, polarisation and absorption effects. 

The structures were solved by direct methods using SHELXS297 and refined, usmg 

SHELXL,198 on F2 using all data. The functions minimised were 2.:\V(Fo2 - F/), with w = 

[cr2(Fo2) + ap2 + bPr1 where P = [max(Fo2 + 2F/)]l3. Hydrogens were included in calculated 

positions and assigned isotropic displacement parameters 1.3 times the isotropic equivalent 

of their carrier atoms. In all cases final Fourier syntheses showed no significant residual 

electron density in chemically sensible locations. 



Table Cl Crystal data and X-ray Experimental Details for 212,215,218,219 and 222. 

Compound 212 215 218 219 222 
Data collection device P4s CCD CCD CCD CCD 
Empirical formula CloH14AgN30j C11.06H 18.96AgN30 6A 1 C1oHI4AgNJOs C43.31H4I.2sCl4CU2N40731 CllHl9CbCuN20UO 
FOOllllla weight 484.21 524.61 484.21 1003.68 485.83 
Temperature (K) 163(2) 168(2) 148(2) 168(2) 150(2) 
Crystal system Monoclinic Triclinic Olthorhombic Monoclinic Monoc I in ic 
Space group P2/c P-l Pna2 1 P2 1/c P2/c 
Unit cell dimensions: a (A) 8.930(2) 7.900(3) 17.6095(4) 10.757(4) 12.2025(3 ) 

b (A) 17.710(3) 14.352(5) 18.6243(4) 14.304(5) 19.5795(5) 
c (A) 11.2524(2) 19.3 79(7) 5.4636( 1) 30.706(1) 8.8166(2) 
a (0) 90 73.447(5) 90 90 90 

~n 97.52(2) 84.509( 4) 90 96.653(6) 1 00.292( I) 
'Y (0) 90 78.025(4) 90 90 90 

Volume (A') 1806.8(6) 2058.8(12) 1791.87(6) 4693(3) 2072.56(9) 
Z 4 4 4 4 4 
Density (calculated) Uvlg/1ll3) 1.780 1.693 1.795 1.421 1.557 
Absorption coefficient (111m- I) 1.156 1.026 1.165 1.186 1.336 
F(OOO) 968 1059 968 2055 992 
Crystal size (mm 3

) 0.63 x 0.11 x 0.08 0.82 x 0.18 x 0.10 0.90 x 0.16 x 0.15 0.42 x 0.28 x 0.11 0.35 x 0.19 x 0.08 
Theta range for data collection (0) 2.30 to 25.00 2.09 to 26.48 1.59 to 26.49 1.95 to 25.00 1.70 to 26.33 
Retlections collected 3998 26485 17231 53315 9340 
Independent retlections [ROnt)] 3174 [0.0363] 8277 [0.0658J 3561 10.0430] 8255 [0.2714J 3988 [0.0396] 
Observed retlections rl>20(1)] 1888 5084 2980 3245 3236 
Data I restrainls I parameters 3174/0/:262 8277 / 12,1 1674 3561 I JJ 1290 8255 178/612 3988/0/271 
Goodness-of- fit on F2 0.828 1.075 1.043 1.011 1.109 
RI [1>20(1)] 0.0413 0.0835 0.0289 0.0960 0.0511 
wR1 (all data) 0.0873 0.2001 0.0716 0.2851 0.1224 

10 
u. 
0 



Table C2 Crystal data and X-ray Experimental Details for 223,224,227,230 and 231. 

Compound 223 224 227 230 231 
Data collection device CCD CCD P4s CCD CCD 
Empirical fOnllllla C2oHJ4CI2Nl02Pd C.jIJh2Ag2N60 11 C4ol-h8Agl\ 507 C20H 145.lCdChN:,02 HISAgN30 j 

Formula weight 491.63 1000,47 798.54 502.41 512.26 
Temperature (K) 187(2) 168(2) 163(2) 168(2) 158(2) 
Crystal system Monoclinic Monoclinic Orthorhombic Triclinic Monoclinic 
Space group P2 1/n P2 1/c Pbca P-l P2 1/c 
Unit cell dimensions: a (A) 9.994(3) 10.902(2) 19.024(3) 8.276(2) 10.706(2) 

b (A) 16.376(5) b = 20.356(5) 11.699(2) 9.359(2) ] O. I 56(2) 
c (A) 1 c = I 7.467 ( 4 ) 30.790(5) I" 75;cr -'., - - ) 17.749(4) 
a (0) 90 90 90 84.457(2) 90 
13 (0) 108.3 90,410(3) 90 79.351(3) 94.512(7) 
Y (0) 90 90 90 68.244(2) 90 

Volume (.,,3) 1872.6( 10) 3876.0(15) 6853(2) 971.8(3) 7) 
Z 4 4 8 2 4 
Density (calculated) (l\1g/mJ) 1.744 1.714 1.548 1.717 1.769 
Absorption coefficient (ll1l11-

J
) 1.294 1.082 0.649 J ,418 1.091 

F(OOO) 976 2008 3248 497 1032 
Crystal ( 111111

3
) 0.56 x 0.34 x 0.04 0.65 x 0.55 x 0.25 0.38 xO.32 xO.14 0.73 x 0.38 x 0.25 0.65 x 0.38 x 0.13 

Theta range for data collection CO) 2 17 to 26.39 2.12 to 26.38 2.14 to 24.00 2.34 to 26.41 2.94 to 26.62 
Retle.:! ions collected 1"7") .... _-',_..l 49057 5370 12525 7247 
Independent reflections [R( int)1 3829 7873 IfUl4381 537!) 3947 [O'(11811 3392 IOJl462 1 
Obscncd rdlections II> 2cr( 1)1 2987 5954 1902 3646 2764 
Data I restraints / parameters 3829/0/ 7873/01562 5370 [)i"178 3947/0 1 254 3392 I 39/299 
Goodness-of-lit on 0.978 1.049 0.639 1.08.5 1.056 
RI [I>2cr(1)1 0.0244 0.0627 0.0402 0.0175 0.0447 
wR2 (all data) OJi557 0.1347 0.0721 0.0460 0.1289 

N 
l./) ,..... 



Table C3 Crystal data and Experimental Details for 232, 309, 310a, 313a and 313b. 

Compound 232 309 310a 313a 313b 
Data collection device CCD P4s CCD CCD CCD 
Empirical formula C2}H20CI}CuNz0 3 Cn H16AgN 30 5 CnH16CICuo.sN201 C30H1OCI]CllN202 C6oH40CbCuN-102 
Formula weight 494.84 510.25 407.59 574.92 1015.40 
Tl!mperature (K) 187(2) 153(2) 155(2) 171(2) 193(2) 
Crystal system Triclinic Monoclinic Monoclinic Triclinic Triclinic 
Space group P-l C2/c P2 1/c P-I P-l 
Unit cell dimensions: a (A) 8.730(2) 16.644(2) 16.4298(3 ) 10.90}9(5) 8.424(4) 

b (A) 10.271 (3) 10.1 84( I ) 9.3038(2) 11.2882(5) 11.010(5) 
c (A) 12.146(3) 12.30 (3) 12.1674(2) 11.4171(5) 13.47] (6) 

an 83.460(4) 90 90 81.874( I) 96.378(7) 
B (0) 87.257(4) 112.00Cl) I 06.600(] ) 67.691 (1) 98.342(7) 
yeo) 80.374(4) 90 90 84.653(1) 97.063(7) 

Volume CA3) 1066.3(5) .2(6 } J 782.39(6) 1285.8(1) 1216.1(10) 
Z 2 4 4 2 I 
Density (calculated) (Mg/m 3

) 1.541 1.753 1.519 1.485 1.386 
Absorption coefficient (111111.

1
) 1.301 1.085 0.816 1.088 0.613 

HOOO) 506 1024 838 586 -J ., 
)_J 

Crystal size (mm3
) 0.80 x 0.23 x 0.06 0.86 x 0.11 x 0.1 1 0.35xO.14xO.09 0.68xO.38xO.19 0.43 xO.14xO.l0 

Theta range for data co lleclion (0) 2.02 to 26.36 2.40 to 26.00 2.54 to 26,44 3.07 to 25.00 2.27 to 26.41 
Reflections collected 13640 1813 13139 9208 15606 
I ndependent reflections [R(int)] 4284 [0.0249] 1731 [0.0335] 3400 [0.0889] 4329 [0.0262] 4862 [0.05571 
Obseryed reflections ["I>2a(lf 3353 1 2638 3487 3190 
Data I restraints 1 pnralllell~rs 4284 10/281 1 1/0/142 3400/0/250 432910i344 4862 10 I 322 
Clnodness-nF·lij on I'" 1.026 ().9~O 0.970 1.227 0.90(i 

R,II>20(1)] 0.0289 0.0317 0.0467 0.0583 0.0408 
wR, (all data) 0.0736 0.0721 0.1112 0.1566 0.0907 
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Table C4 Crystal data and X-ray Experimental Details for 314, 315, 316, 317 and 320. 

Compound 314 3]5 316 317 320 
Data collection device CCD CCD CCD CCD CCD 
Empirical formula C33 H17Cb N30 3Pd C6~H4RAgl N60] 0 C3sH38ChClIN.jOl CssHnCl,NjO-lPd2 C71Hi9CIION70~Pdl 
Fonnula weight 690.88 1276.82 749.16 1604.10 1653.56 
Temperature (K) 163(2) 158(2) 158(2) 188(2 ) 168(2) 
Crystal system Monoclinic Monoc lin ic Monoclinic Tetragonal Triclinic 
Space group )c P2 1/n C2/c 14 1/acd PI 
Unit cell dimensions: a (A) 8.3017(2) 11.708(4) 17.342(7) 19.510(4) 8.954(2) 

b (A) 184575(fi) 13.479(4) 9.216(4) 19.510(4) 14.649(3 ) 
c (A) 1 8.6~1 09( 5) 17260(5) 23.226(9) -, I J) 14.884(3 ) -' 
o.CC) 90 90 90 90 77.107(3 ) 

~n 95.724(1 ) 9) .546(4) 102.991 (5) 90 85.201(3) 
Y (0) 90 90 90 90 79.380(4) 

Volume (A 3
) 2842.4(1) 3617(2) 14765(6) 1868.6(7) 

Z 4 2 4 8 1 
Density (calculated) (l'vlg/m3

) 1.614 1 1.376 1.443 1.469 
Absorption coefficient (I11m·1) 0.882 0.788 0.797 0.688 0.890 
F(OOO) 1400 1296 1556 6560 834 
Crystal size (111m') 0.54 x 0.17 .\ 0.09 0.45 x 0.25 x 0.11 0.51 x 0.14 x 0.09 0.51 x 0.46 x 0.23 0.65 x 0..1 7 x 0.30 
Theta range for data collection 2.70t026.17 2.08 to 5 2.4 I to 26.37 2.09 to 26.44 2.22 to 2643 
Reflections collected 9096 34040 22157 89959 24158 
Independent reflections [R(intJ I 4399 [0.0471] 5511 [0.03 3654 rO,051 01 3814 [0.01611 1226810.02:.10] 
Obsern:d rellec[jnn:; I J> :2c;( I) I 3446 HI3 269 i) 2563 11312 
Data I restraints i paramelers 4399/0/381 5511 ! 0 /370 3654! O! 225 38 14 ! (J I 233 12268 13 i 859 
Goodness-of-fit on r:2 0.970 1.025 1.027 1.084 1.025 
RJ [1>2a(J)] 0.0389 0.0247 0.0355 0.0324 0.0387 
wR2 (all data) 0.0943 0.0617 0.0848 0.0995 0.1 034 

10 
VI 
W 



Table C5 Crystal data and X-ray Experimental Details for 322a, 322b, 325 and 327. 

Compound 
Data collection device 
Empirical formula 
Formula weight 
Temperature (K) 

Crystal 
Space 
Unit cel! dimensions: a (A) 

Volume (N) 
z 

b (A) 
e (A) 
a (0) 

~ (0) 

y (0) 

Density (calculated) (1\1g/m') 
Absorption coefficient (mm- I

) 

F(OOO) 
Crystal size \l11mO) 
Theta range fi,r data collection (0) 

Reneel inns collected 
I ndependcl1l reflections [R(in!)1 
Observed reflections [1> 2v( I)] 
Dala / restraints / paramL'lcrs 
(i(ll)dncss-nF·111 011 1-'2 

R] [1>2all)J 
\vR2 (all data) 

322<1 
CCD 
C IO.I..IOH 79.6DCI.tCulN 14.8uOt-l.80 

2047.10 
\58(2) K 
Triclinic 
P-I 
11.8058(\8) 
14.945(2) 
14.981 (2) 
65.203(2) 
79.053(2) 
78.378(3) 
2333.7(6) 
1 
I A57 
0.647 
]054 
0.35 x 0.16 x 0.05 
2.79 to 25.00 
12f)1(i 

7791 [0.04061 
:164·1 
7791 ! 19.1 
!I.SIHI 
0.0479 
0.1193 

v,, 
0_ .... 

322b 
CCD 

2854.27 
168(2) 
Trigonal 
P-31 c 
21.966(8) 
21.966(8) 
16.684(8) 
90 
90 
120 
6972(5) 

1.360 
0.902 
2908 
0.20 x 0.19 x 0.18 
:2. 14 to 23.3 9 
(188(17 
3"102 [0.392 II 
1499 
J cl 02 I 7 (1 I 1 (}.:) 
I.OOX 
0.1108 
0.3457 

325 
CCD 
C6IA2H69.2IC16Cu3N(:O 
1608.60 
168(2) 
Monoclinic 
C2 l m 
2Ll66(6) 
23.513(7) 
14.880(5) 
90 
10 L183( 13) 
90 
7265(4) 
4 
1.471 
1 8 

02 
0.35 x 0.34 x 0.19 
2.05 to 25.00 
38439 

57 lO.O:iB2] 
4607 
(1557 19() I :'i94 
I.03() 

0.0679 
0.1906 

327 
P4s 

I C2-lH lsAgN30 6 

5S2.28 
163(2) 
Triclinic 
P-I 
9.720(1 ) 
10.765(1) 
11.154( I) 
67.S5( I) 
87.86(1) 
80.53(1 ) 
1063,5(2) 
2 
1.725 
0.997 
556 
0.67 x 0.22 x 0.16 
2,07 to 27.00 
4G73 
453611UJ2.i91 
]759 
45J(J/SI%5 
1.041 
0.0362 
0,0790 



Tabl e C6 Crystal data and X-ray Experimental Detail s for 416a, 417, 418, 419a and 421. 

Compound 416a 417 418 419a 421 
Data collection device CCO CCD P4s CCO P4s 
Empirical formula C 11H 12C1Cu0.5 N 6 Cn H30C14N 14 Pd2 C IlH 11AgN 7O] CilHIlCICu05N6 CloH2IAgNIIO} 
Fonnula weight 307.50 917.26 410.16 307.50 574.37 
Temperature (K) 170(:2) 170(2) 163(2) 153(2) 153(2) 
Crystal system Triclinic Monoclinic Triclinic Monoclinic Triclinic 
Space group P-I P2/c P-I P2 1/c P-I 
Unit cell dimensions: a (A) 7.577(2) 8.036(2) 7.211(3) 7.6431(3) 9.933(2) 

b (A) 8.432(2) 29.932(8) 8.710(2) . 21.3872(8) 1 1.226(2) 
c (A) 11.128(3) 7.513(2) 12.436(4) 8.5259(3) 12.483(2) 
a (0) 78.035(3) 90 107.35(2) 90 66.02( J) 
~ (0) 88.866(3) 103.595(3) 92.59(2) [07.014([) 71.99(1) 
Y (0) 72.226(3) 90 98.33(2) 90 85.20(1 ) 

Volume (AJ) 661.5(3) 1756.5(8) 734.4(4) [ 332.68(9) 1208.1 (4) 
Z 2 2 2 4 2 
Density (calculated) (Mg/m3) 1.544 1.734 1.855 1.533 1.579 
Absorption coefficient (mm· l

) 1.068 1.372 1.400 1.060 0.880 
F(OOO) 315 912 408 630 584 
Crystal size (nll113) 0.85 x 0.47 x 0.16 0.80 x 0.18 x 0.14 0.38 x 0.23 x 0.04 0.37 x 0.25 x 0.16 0.75 x 0.18 x 0.[5 
Theta range for data collection (0) 2.60 to 26.38 2.61 tu 26.4 7 2.48 to 25.00 1.90 to 26.38 2.11 to 25.00 
Retlections collected 8553 22119 2770 7075 4194 
1 ndepcndent reflections [R( i 111)] 2682 I: 0.0 [98J 3546[0.0481] 2555 rO.0240[ 2675 [0.0323 [ -1122 [0.0496J 
Obser\ed reflections [I>20(lYj 2400 2962 1662 1989 2357 
Data / restraints I panlll1Ckrs 2MC / () I In 35·1(1/()/2IX 2555 I () 120X 2675/0/17H '1122! '1f) I 352 
Goodness-oC-llt on F2 [ .052 1 .()l)9 0.872 0.929 0.897 
RI [1>20(1)] 0.0249 0.0307 0.0470 0.0280 0.0654 
WR2 (all data) 0.0709 0.0779 0.1069 0.0684 0.1672 

N 
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Table C7 Crystal data and X-ray Experimental Details for 422a, 422b, 424 and 506. 

Compound 422a 422b 424 506 
Data collection dev CCO CCO CCO CCD 
Empirical formula C22H}~,6[rCI2CuN9.7801.22SI22 C21HJ9CI3CUI50N'lOjS3 CdI51Ag2N210(i C54H37BrN,.OgPdIS, 
Formula weight 625.22 799.48 1401.98 1503.62 
Temperature (K) 150(2) 178(2) 168(2) 141 (2) 
Crystal system l'vfonoclinic TricIinic Triclinic jVlonoclinic 
Space group P2 j /c P-I P-I P2\!c 
Unit cell dimensions: a (A) 12.4017(2) 9.193(6) 14.891(6) 9.8921(3) 

b(A) 16.5852(3 ) 13.346(8) 1- ?~-(6) ).- /) 21.9373(7) 
c(A) 13.8742(:2) 18.150(11) 1 1 (9) 11. 7154(3) 
fl (0) 90 86.641 (9) 118.397(5) 90 

Bn J 04.116( 1) 77.228( II) 93.502(9) 100.719(1) 
Y (0) 90 80.408(9) 94.352(6) 90 

Volume (A3
) 2767.54(8) 2141 (2) "08?"') .J _p 2500.1 (1) 

Z 4 2 2 2 
Density (calculated) (J'vIg/m3) 1.501 1.240 1.511 1.997 
Absorption coefficient (111111-

1
) 1.111 1.119 0.706 2.444 

F(OOO) 1294 825 1424 1 
Crystal (111m 3

) 0.36xO.16xO.09 0.34 x 0.30 x 0.05 0.54 x 0.20 x 0.04 0,48 x 0.1 7 x 0.03 
Theta range for data collection (0) to 23.49 2.30 to 26.41 2.06 to 24.0Cl 1,86 to 25.36 
Reflections collecled 10787 27203 33328 11738 
1 ndependent reflections [R( int)] 3697 [0.05561 8513 [0.1948] 9655 [0.1041 436710,0791] 
Observed reflections II> 2a( 1)1 2749 5330 2.840 
Data I r.:slrainlS! paralllckr:; .1697 / ·15/ ]7lJ li5 13 I 1601 ! %J 9655/57 / li7~ 4367/ n 1355 
Goodness-of- fit 011 FC 1.084 0.926 0.886 0,900 
R) [1>20(1)] 0.0383 0.1108 0.0630 0.0441 
wR1 (all data) OJ)979 0.3714 0.1588 0.0952 

to 
tJ. 
0\ 



Table C8 data and X-ray Experimental Details fl)r 512,539 and 545. 

Compound 512 539 545 
Data collection device CCD CCD CCD 
Empirical formula C~2H34CI6N~O'4 Pd4 C4BH42N40" Pd~ C32ibsCI6N206Pdl 
Formula weight 1457.04 1276.46 962.()6 
Temperature (K) 168(2) 185 (2) 168(2) 

Crystal system Monoclinic i\lonoclinic Orthorhombic 
Space group P2 P2 1Jc Fcld2 
Unit cell dimensions: a (A) 12.225(5) 12.284(3) 38.876(13) 

b (A) 15 25.345(6) 1 ) 
c (A) 14.1 14.741(3) 15.099(5) 
fI to) 90 90 90 
~ (0) 91 92.012(3) 90 
Y (0) 90 90 90 

Volume (A3
) 16) 4586.6(18) 7299(4) 

Z 2 4 8 
Density (calculated) (f'vrg/1113) 1.86 I 1.849 1 751 
Absorption coefficient (mill-I) 1.734 1.609 1.4 70 
FeOOO) 1424 2520 3808 
Crystal size (llllll') 0.38 x 0,35 x 0.04 0.67 x 0.19 x 0.19 0.59xO,38xO.17 
Theta range for data collection (0) 2.15 to 26.36 2.12to26A7 2.19 to 26.47 
Reflections collec[.;d 57126 22907 
Independent reflections i-R{im)] 5261 [0.0888] 9321 [0.0343] .J() J U. )_1 .., rs'"' [~ 0-,)"71 

rcileCliolls ['I> 2a(1 YI 3476 7264 3408 
Dala / restraints / paralllt.:lers 5261 1-15/4()'~ 932 I I 2 / (0)) J6X] I I /24H 
Goodness-of-lit on F" 1.027 U)14 1.014 
R! [1>2cr(1)] 0.0504 0.0245 0.0242 
wR1 (all data) 0_1335 0.0562 0.0556 
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