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ABSTRACT 

m-Terphenyls are bowl-shaped molecules that have been shown to be effective 

ligands for main group and transition metal complexes with unusual coordination 

environments. Many m-terphenyl complexes are formed via direct element-carbon 

bonds, but the chemistry of substituted m-terphenyls, in which the primary interaction is 

through a functional group, is relatively unexplored. The introduction of functional 

groups allows for more varied coordination modes, and therefore, more varied structures. 

To explore this chemistry, a series of 13 m-terphenyl molecules in which the aryl group 

was either phenyl or 2,4,6-trimethylphenyl were prepared and substituted in the m- 

terphenyl pocket with oxygen containing donors including carboxylic and boronic acids, 

aldehydes, Schiff bases, amides, and alcohols. 

A survey of their coordination chemistry was performed, and, in most cases, the 

new molecules were characterized by standard spectroscopic methods, and when 

possible, single crystal X-ray diffraction. The protonolysis reactions of the carboxylic 

acid, Schiff base and alcohol ligands with main group elements [AlMe3, Sn[N(SiMe3)2]2, 

Ge[N(SiMe3)2I2, and Si(NMe&] and transition metals [Ti(NMe2)4 and ZnEt2] produced 

nearly 20 new complexes. Particularly notable results of this study include an aluminium 

Schiff base complex TPIP.AIMe2.AlMe3 [TPIP = N-(2',4',6'-triphenylbenzylidene)2- 

iminophenol] that acts as an initiator in the ring-opening polymerization of E-  

caprolactone, and the first structurally characterized mixed aryloxylamido germanium (11) 

complex [(Mes2C6H30)Ge(N {SiMe3)2)]. Most exciting is the serendipitous discovery of 



a Sn2N2 analogue of 1,3-cyclobutadienide, namely [(Mes2C6H3C02)Sn(p-NSiMe3)]2, 

produced by the oxidation of [(Me3Si)2NSn(p-02CC6H3Mes2)]2 with AgOCN. 

The chemistry of m-terphenyls was also extended beyond discrete molecular 

complexes with the synthesis of two bifunctional ligands 2,6-diphenylterephthalic acid 

and 4-mercaptomethyl-2,6-diphenylbenzoic acid. The latter was used in a collaborative 

project to form a low-surface density self-assembled monolayer on gold that adsorbed 

adenine, a model compound for biological macromolecules. The former was used to 

prepare six 1-D metal-organic chains and 2-D networks from nitrate salts of zinc, copper, 

cobalt and silver. 
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INTRODUCTION 

The goal of synthetic chemists in any discipline is to design and prepare 

molecules with specific sets of characteristics. The motivation for such research could 

perhaps be to make molecules for use in a specific application, or for the sheer challenge 

of trying to stretch the limits of what current theories predict is or is not possible. 

Organic chemists often take their inspiration from nature, mimicking the complex 

architecture of natural products. Inorganic chemists, particularly bioinorganic chemists, 

sometimes follow a similar pathway. More often than not, however, inorganic chemists 

take the opposite approach.' They aim to prepare compounds with unnatural 

coordination environments around one or more metal centres so that they can explore the 

unusual reactivity that often results. Unnatural coordination could mean metals with 

higher than normal coordination numbers. More typically, though, it means metals with 

unusually low coordination numbers or metals exhibiting multiple bonds between two or 

more centres. 

Since ligands, defined as an atom or group of atoms attached to the central atom 

of a coordination complex,2 generally dictate the reactivity of that central atom, several 

ligand-based techniques have been developed for the synthesis of compounds with 

unusual coordination environments. One method is base ~tabil izat ion~.~ (Figure 1 .I), in 

which a Lewis base donates a lone pair of electrons to an electron deficient metal. 

Another approach is electronic ~tabilization.~ The example in Figure 1.2 shows how the 

electrophilicity of the carbene is diminished by electron donation into the empty carbon 



p-orbital by the formal lone pairs on the nitrogen atoms, while at the same time the 

nucleophilicity is reduced by electron withdrawal through the o-bonds by the more 

electronegative nitrogen atoms. 

Figure 1.1 Examples of intermolecular (left) and intramolecular (right) base stabilization of a 
monomeric aluminium hydride. 

Figure 1.2 

Figure 1.3 

Electronic stabilization of a carbene through both the a (left) and x (right) framework. 

Diagram of relative strain energies for the cyclodimerization of substituted ethylenes. 

An alternative to electronic stabilization is, of course, steric stabilization. Bulky 

ligands are often used for the preparation of reactive organometallic molecules because 



they can provide both kinetic and thermodynamic stability to the complexes. They can 

hinder the approach of reactive molecules (kinetic stability) or increase strain energy with 

respect to oligomerization (thermodynamic stability),6 both of which may be an 

advantage or disadvantage depending on the desired application.7 An example of 

thermodynamic stability is shown in Figure 1.3. The energy of cyclization of an 

unsubstituted ethylene is clearly exothermic, with a calculated value of -85 kJ/mol, but 

when the substituents are changed to the bulky 2,4,6-tri-t-butylphenyl (Mes*), the 

reaction is endothermic (Ecyclodimerization = 395 k ~ / m o l ) . ~  This effect is also demonstrated 

experimentally (Scheme 1.1) in the addition of I2 to Mes*Se-SeMes* which has an 

equilibrium constant, I&, of lo2. Covalent bonds between selenium and iodine are 

generally considered unstable with respect to homoatomic Se-Se and 1-1 bonds, but their 

formation is favoured in this case by the steric demands of the Mes* ligand.6 

Scheme 1.1 The sterics of the Mes* ligand favour addition of I2 to selenium. 

K,, = 1 o2 

In principle, the choice of ligand is limited only by the imagination of the 

chemist; however, in practice ligands tend to fall into a number of well-defined molecular 

families.' All ligands, bulky or not, are either cationic, anionic, or neutral. Not 

surprisingly, cationic ligands are the least c ~ m m o n . ~  This class includes, but is by no 

means limited to, such ions as nitrosylI0 (NO'), phosphenium" (PR~'), t r i az~ l ium '~  

(c~N&'), and t r ~ ~ ~ l i u m ' ~  (c~H~') that coordinate to metals in a variety of ways. 



Neutral and anionic ligands are more common and typically feature group 15 or 16 

elements donating a formal lone pair to an empty metal d-orbital. Alternatively, 

unsaturated cyclic carbon-based molecules such as cyclooctadiene (neutral) or 

cyclopentadienyl (anionic) can coordinate through cation-n interactions. Although there 

are many other examples of small neutral or anionic ligands, further discussion will be 

limited to those typically classified as bulky ligands. 

1.1 Classes of bulky ligands 

Tertiary phosphine (PR3, R = alkyl or aryl) and cyclopentadienyl (Cp] (C5R5', R 

= H, alkyl) molecules are classic bulky ligands. Phosphines are neutral donors with 

pyramidal geometry. Unlike analogous amines, they do not readily undergo inversion at 

room temperature, so their stereochemistry, if present, is maintained.I4 They coordinate 

to transition metals through the phosphorus lone pair, although secondary metal-n 

interactions or cyclometallation reactions are not ~ n k n o w n . ' ~  Cyclopentadienyl ligands, 

on the other hand, are monoanionic and can coordinate in a variety of ways, although q5  

coordination, found in sandwich-type complexes, and q '  coordination are by far the most 

c ~ m m o n . ' ~  Both the steric and electronic properties of these ligands can be tuned by 

varying the nature of the alkyl or aryl substituents. The importance of quantifying these 

two properties has been extensively investigated for phosphine15~'7 and 

cyclopentadienyl18 transition metal complexes. 

It is possible to measure the steric effects of phosphine ligands at both the 

phosphorus centre and the metal centre. At phosphorus, this is done by finding the sum 

of bond angles around phosphorus, C {LCPC}. l 9  The classic method for determining the 



steric properties of phosphines at the metal centre is the Tolman cone angle2' (Figure 

1.4). In simple terms, this is defined as the angle, 9, subtended by a cone with its apex 

placed 2.28 A from the centre of the phosphorus atom (an idealized M-P bond length) 

and the edges just touching the van der Waals radii of the ligand substituents. From 

Figure 1.4, it should be clear that the larger the value of 9, the closer the substituents will 

be to the metal centre, and therefore the ligand will be more sterically demanding. Over 

the years, the Tolman theory has been refined to account for things like variable M-P 

bond lengths as well as intermeshing of ligands.21 In a similar manner, the sterics of 

cyclopentadienyl ligands are generally described by cone angles measured from either the 

metal apex or the ring centroid"" (Figure 1.4). 

Figure 1.4 Method for measuring cone angles of phosphine and cyclopentadienyl ligands. 

Recently, two other types of bulky ligands have become increasingly prominent. 

These are the N-heterocyclic carbenes (NHC) and the P-diketimines (Figure 1.5). P- 

Diketimines are nitrogen derivatives of P-diketonates, whose common name 

"acetylacetonato" is often abbreviated "acac". By analogy, the term "nacnac" was coined 

by Theopold in 1998 to describe P-dike ti mine^.^^ Nacnac derivatives are monoanionic 

ligands that primarily form chelate complexes, although a variety of other bonding modes 



are known.23 Their steric properties are easily tuneable by varying the R groups on the 

nitrogen atoms as well as on the carbon backbone. Their use as ligands ranges across the 

entire periodic from main group elements,24 to earlyZ5 and late26 transition metals, 

and even l a n t h a n i d e ~ ~ ~  and actinides.28 

Figure 1.5 Generic P-diketiminate (nacnac) (left) and N-heterocyclic carbene (NHC) (right). 

Like phosphines, NHCs are neutral two-electron donors,29 and initially, they were 

treated as phosphine analogues. Studies have shown, however, that the analogy is not 

particularly valid.30 For example, the difference between 1'' and znd generation Grubbs 

catalysts is the simple substitution of a phosphine (1'' generation) by a carbene (znd 

generation), but their activities are very di~similar.~'  Besides being better electron donors 

than phosphines, the sterics of carbenes are quite different. NHCs are more accurately 

described as " f a n - ~ h a ~ e d " ~ ~ ~ ,  not cones like phosphines. In addition, while the alkyl 

andlor aryl substituents on phosphine ligands point away from the metal centre, those on 

carbenes point towards the metal, thereby allowing more possible metal-ligand 

 interaction^.^'^ 

Because of these differences, an alternative method to the Tolman cone angle for 

quantifying steric demands was recently developed by Nolan to enable a direct 

comparison of phosphines and N H C S . ~ ~  His method, based on experimental 

measurements of CO stretches and Ni-CO bond dissociation energies in a series of 

Ni(C0)3(NHC) and Ni(C0)3(PR3) compounds, involves calculating the percentage of the 



volume of a metal-centred sphere with a radius of 3 that overlaps with space occupied 

by the ligand (Figure 1.6). The metal-ligand distance was set at 2 8, for NHC ligands and 

2.28 8, for phosphine, the same M-P distance used in Tolman calculations. The resulting 

values for %Vbur ranged from 17-30% for common phosphines, with the benchmark 

phosphine PPh3 at 22%. The NHC values ranged from 23-38%, with the most common 

NHC 1,3-bis(2,4,6-trimethylpheny1)imidazol-2-line (IMes) at 26%. Since aryl- 

substituted NHCs such as IMes have an isosteric relationship to both the nacnac and m- 

terphenyl ligand classes, this measurement provides a good estimate for the steric 

demands of the bulky ligands that are the focus of this thesis. 

Figure 1.6 Method for measuring %Vb,,, using the NHC 1,3-bis(2,4,6-trimethylphenyl)imidazol-2- 
ylidene (IMes). 

1.2 m-Terphenyl ligands 

1.2.1 Definition and synthesis 

m-Terphenyls are defined as molecules with two aryl substituents arranged meta 

to one another on a central phenyl ring. As shown in Figure 1.7, the aryl groups twist out 

of the plane of the central ring to form a bowl-shaped pocket with a diameter of 

approximately 12 A. This pocket acts as a steric shield for reactive species found within 



it. The steric protection provided by the m-terphenyl can be easily tuned by varying the 

nature of the aryl substituents. Common groups include phenyl, 2,4,6-trimethylphenyl 

(mesityl), and 2,6-diisopropylphenyl (Dipp). Throughout this thesis, metals andlor 

functional groups attached to the central ring at the position between the two aryl 

substituents will be referred to as being in the pocket, while those bound at the opposite 

end of the ring will be calledpara. 

Figure 1.7 The pocket formed by the m-terphenyl2,6-bis(2,4,6-trimethylpheny1)benzene is shown 
in the space-filling diagram. 

The most common and versatile synthetic route for m-terphenyls is the aryne 

method developed by Hart and c o - ~ o r k e r s ~ ~  (Scheme 1.2). In this reaction, three 

equivalents of an aryl Grignard reagent are added to an ethereal solution containing a 

1,2,3-trihalobenzene. This reaction can be quenched with water, to give an unsubstituted 

m-terphenyl, or iodine, to give a halogenated m-terphenyl. Direct addition of other 

electrophiles is possible, but the presence of excess aryl Grignard reagent in the reaction 

mixture can lead to the formation of unwanted and often hard-to-separate by-products.33 

Further functionalization of the m-terphenyls is typically done by lithiation of the isolated 

halogenated product. This route was used to prepare all the diaryl-substituted 

m-terphenyls described in this report; however, it is of limited use for extremely bulky 

aryl substituents including Mes* ( 2 , 4 , 6 - t r i - t - ~ u ~ ~ s ~ ~ ) . ~ ~  



Scheme 1.2 Synthesis of a halogenated m-terphenyl by the Hart aryne route. 

Hart has also developed a variation35 on this synthesis, which has been refined by 

Power and co- worker^.'^ It involves the lithiation of 1,3-dichlorobenzene, followed by 

the addition of the Grignard reagents (Scheme 1.3). Its advantage lays in the use of the 

more affordable dihalobenzene and requires only two equivalents of Grignard reagents. 

However, if the temperature is allowed to rise above -78 "C, it is potentially explosive, 

unlike the original aryne synthesis that can be safely done at room temperature. 

Scheme 1.3 Synthesis of m-terphenyls by the modified Hart route 
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A further route to functionalized m-terphenyls is the homocondensation of 

aromatic ketones in ethanol.37 This cyclization reaction occurs in the presence of Lewis 

acids like silicon tetrachloride and typically proceeds cleanly and in high yields (Scheme 

1.4). The resulting 1,3,5-triarylbenzene can undergo direct electrophilic aromatic 

substitution reactions with molecular bromine.38 This route was used to prepare all the 

triaryl-substituted m-terphenyls described in this report. 



Scheme 1.4 Synthesis of m-terphenyls by the cyclization route. 

B r 

1.2.2 Applications to synthetic materials 

Although m-terphenyl frameworks have been found in a small number of natural 

products,39 it is primarily in synthetic chemistry that they are used. In recent years, 

m-terphenyls have made an impact in many areas of chemistry. In organic materials 

synthesis, the group of Rajakumar has been particularly active. They have used the bulk 

and rigidity of the m-terphenyl as stoppers for rotaxanes (Figure 1.8) made by both 

threading and clipping methods.40 The inherent n-donating ability of the m-terphenyl 

was implicated in the improvement of relative yield by clipping compared to threading, 

and the hydrophobicity of the molecule was found to affect its electrochemical behaviour. 

The same group, along with the group of Guan, has also explored m-terphenyls as the 

basis for intra-annularly functionalized ~ ~ c l o ~ h a n e s , ~ ~  ~ t i l b e n o ~ h a n e s , ~ ~  and 

photochemically active azobenzenophane host-guest systems43 (Figure I .9). Tschierske 

saw a different application for the rigid m-terphenyl core, and used them as a basis for his 

"banana-shaped" liquid crystals44 (Figure 1.10). 



Figure 1.8 Example of a m-terphenyl rotaxane. The m-terphenyl fragments are highlighted in 
bold. 

Figure1.9 Example of a m-terphenyl cyclophane (left), stilbenophane (centre) and 
azobenzenophane (right). The m-terphenyl fragments are highlighted in bold. 

Figure 1.10 Example of a m-terphenyl liquid crystal mesogen. The m-terphenyl fragment is 
highlighted in bold. 

In addition, Rajakumar and co-workers have designed a series of ~ h i r a l ~ ~  and 

a ~ h i r a l ~ ~  dendrimers (Figure 1.1 1) in which it was hoped that the peripheral m-terphenyl 

pockets would provide binding sites for molecular recognition applications. He has also 

explored the antibacterial activity of m-terphenyl d e n d r i m e r ~ , ~ ~  and their use as 



fluorescence sensors.48 Goto et al. have taken a different approach to the bulky pockets of 

m-terphenyl dendrimers, using them to stabilize reactive organic molecules.49 

Figure 1.11 Example of a m-terphenyl capped dendrimer. The m-terphenyl fragments are 
highlighted in bold. 

The m-terphenyl pocket was also the property exploited by Lee and colleagues to 

develop biconcave molecules for incorporation into non-porous solids." They fused 

three m-terphenyls around a common organic core, causing the individual pockets to 

converge to form the biconcave cavities. Internal concerted rotation of the m-terphenyl 

"wings" allowed the cavities to open and close, releasing guest solvent molecules in a 

remarkable crystal-to-crystal transformation. The steric demands of the m-terphenyls 

have also been exploited to induce restricted rotation in acetylenic bonds," to control and 

study the photoisomerization of phosphaalkenes52 (Figure 1.12), and for stereoselective 

protonation reactions of ally1 and cyclohexyl anions.s3 



Figure 1.12 Examples of m-terphenyls in acetylenes (left) and phosphaalkenes (right). The m- 
terphenyl fragments are highlighted in bold. 

Figure 1.13 Examples of PPV polymers incorporating m-terphenyls. The m-terphenyl fragments 
are highlighted in bold. 
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m-Terphenyls have recently appeared in polymer chemistry as well. Spiliopoulos 

incorporated them into the main chain of luminescent organic poly(p-phenylene vinylene) 

(PPV) polymers (Figure 1 .I  3) used as organic light-emitting diodes and laser materials.54 

The purpose of the m-terphenyl was to introduce a kink into the polymer chain, thereby 

reducing conjugation and lowering the emission wavelength. In that case, the polymer 

was linked through the aryl substituents of the m-terphenyl. Protasiewicz, on the other 

hand, used a linkage through the central phenyl ring to incorporate m-terphenyls into 

diphosphene-PPV oligomersSS and polymers56 (Figure 1.13). The low-coordinate 

phosphorus was protected by the steric bulk of the m-terphenyl pocket, providing the first 

example of a P=P double bond in a polymer backbone. Among other things, this changes 



the HOMO-LUMO gap of the conjugated polymers, opening up exciting possibilities for 

the hture of hybrid inorganic-organic conjugated systems. Protasiewicz is also 

investigating m-terphenyl protected P=P complexes as redox active molecular switches.57 

These phosphorus applications relate directly to the most common and traditional 

use of m-terphenyls, which is highlighted throughout this thesis: their use as ligands for 

main and transition metal complexes. Complexes in which the metal is bound at 

the para position of the m-terphenyl will not be discussed in detail, although they do have 

interesting applications as non-coordinating ions59 (Figure 1.14a, b), substituents on 

chelating60 (Figure 1 .14~)  or extremely bulky6' phosphines, germanols and silan01s~~ 

(Figure 1.14d) and ligands for nitrogen-fixing molybdenum and tungsten catalysts63 

(Figure 1.14e). Complexes in which the metal is bound primarily q6 through one of the 

flanking aryls will also not be discussed64 (Figure 1.140. The focus will be on those 

complexes in which the metal is bound in the m-terphenyl pocket. 



Figure 1.14 Examples of non-traditional m-terphenyl coordination. The m-terphenyl fragments are 
highlighted in bold. 

X = P, GeOH, SiOH 
(4 

1.2.3 rn-Terphenyls as ligands 

The first use of substituted m-terphenyls as ligands came in 1985,~' with reports 

of 2,6-diphenylphenol with tungsten (Figure 1.15) and 2,6-diphenylthiophenol with 

molybdenum. A direct metal-carbon bond through a m-terphenyl was reported in 1 9 8 8 , ~ ~  

but this has since been d i~cred i t ed .~~  This was only a temporary setback, as the m- 

terphenyl 2,4,6-triphenylbenzene was the ligand used on gallium in Power's 1991 report 

of a cyclic Ga3P3 complex, the first benzene analogue composed exclusively of heavy 

main group elements.68 



Figure 1.15 The first complexes of substituted (left) and unsubstituted m-terphenyl ligands. 

According to a recent report in Chemical and Engineering ~ e w s , ~ ~  one of the top 

developments in inorganic chemistry in 2005 was the isolation by Power and co-workers 

of the first five-fold bond between two metal centres, namely c ~ ( I ) ~ '  (Figure 1.16). This 

remarkable synthetic feat, achieved more than 40 years after the isolation of the first 

metal-metal quadruple bond was reported by ~ o t t o n , ~ '  was made possible by the m- 

terphenyl ligand 2,6-bis(2,6-diisopropylpheny1)phenyl (Dipp). Chosen for its ability to 

prevent the formation of lower bond order metal oligomers or clusters while formally 

occupying only a single coordination site on each metal, the ligand left five orbitals 

available for chromium-chromium bonds. Calculations suggest that while there is not a 

true "quintuple" bond, there is significant orbital overlap that can be identified as five o, 

7~ and 6  bond^.^',^^ 



Figure 1.16 Structure of [(DippzC6H3)Cr]z, the first chromium-chromium five-fold bond. Thermal 
ellipsoids are shown at 50% probability and all hydrogen atoms have been removed for 
clarity. 

Although the second row elements of carbon, nitrogen and oxygen readily form 

double and triple bonds to themselves and other elements, this is not the case as one 

moves deeper into the periodic table.73 By 1999, fewer than five examples each of 

possible homoatomic double bonds between group 13-13 or 14-14 elements (other than 

carbon) had been reported, and heteroatomic 13-14 or 14-1 5 were almost as rare.74 

Triple bonds were just as elusive, with only 23 examples from all possible combinations 

of group 13 to 16 elements. Certain combinations, such as 14- 14 triple bonds, which are 

directly analogous to alkynes, were completely unknown.74 

Since then, much has changed. m-Terphenyl supported triple bonds between 

heavy main group elements and transition metals have been reported.75 Power et al. have 

used m-terphenyls to prepare and characterize alkyne analogues of germanium, tin and 

lead,76 and they have done extensive reactivity studies on these molecules.77 The 

digermyne and the distannyne showed different reactivity from alkynes and from one 

another. Most striking was the addition of hydrogen across the formally triple bond of 

the digermyne (Scheme 1.5) to give the digermene, digermane andlor germane, 

depending on the number of equivalents of hydrogen gas used.78 Similar reactions with 



unsaturated carbon compounds (i.e. alkenes and alkynes) are not possible without the use 

of hydrogenation catalysts.79 In fact, molecular fluorine (F2) is the only other main group 

compound known to react directly with dihydrogen.78 

Scheme 1.5 Addition of hydrogen to a digermyne 

In the examples described so far, the metal or main group element is bound to a 

m-terphenyl ligand and itself. Power and co-workers realized that it should be possible to 

prevent the metal-metal bonding and prepare monomeric, monocoordinate main group 

complexes of the general form ArM. By using the slightly bulkier 2,6-bis(2,4,6- 

triisopropylpheny1)phenyl ligand, they prepared a cationic monocoordinate lead(I1) 

complex,80 which shows an additional weak metal-n interaction with a molecule of 

toluene solvent. The same ligand was featured in the neutral group 13 ArM complexes of 

indi~m(1)~ '  (Figure 1.17), tha l l i~rn(1)~~ and most surprisingly gallium(1).83 

Figure 1.17 lndium(1) complex of 2,6-bis(2,4,6-triisopropylphenyl)phenyl. Thermal ellipsoids are 
shown at 50% probability and hydrogen atoms have been removed for clarity. 



When the steric bulk was slightly reduced to the m-terphenyl ligand 2,6-bis(2,4,6- 

trimethylphenyl)phenyl, Power obtained indium(1) clusters with the formula In8Ar4 

instead of  monomer^.^' With the same ligand, Wehmschulte's group was able to prepare 

dicoordinate aluminium(111)~~ and ga l l ium(~~~)86  (Figure 1.18) complexes. The cationic 

aluminium(II1) atom is bound to two m-terphenyl ligands, and like Power's lead(I1) 

complex, shows weak metal-n: interactions, this time with the flanking aryls of the ligand. 

Figure 1.18 Cationic gallium(II1) complex of 2,6-bis(2,4,6-trimethylpheny1)phenyl. Thermal 
ellipsoids are shown at 50% probability. Hydrogen atoms and the non-coordinating 
anion have been removed for clarity. 

Despite their many advantages, m-terphenyls, like most ligands, are not always 

inert towards further reactivity. One of the known side reactions of m-terphenyls is C-H 

activation of one of the flanking phenyls to form a cyclometallated product.87 This 

pathway can be reduced or eliminated by, for example, introducing additional bulky 

substituents at the 3- and 5-positions of the central phenyl ring, thus preventing the aryl 

groups at the 2- and 6-positions from becoming co-planar and undergoing 

cyclometallation.88 More positively, cyclometallation can be a route to otherwise 

inaccessible molecules, as was recently established by Wehmschulte's synthesis of 



unsymmetrically substituted 9-phosphafluorenes and 9-arsafluorenes, which can 

themselves be used as new ligands for transition metals.89 

Scheme 1.6 Example of C-H activation in a m-terphenyl to form Pphospha- or Parsafluorenes. 

One common feature in all the examples described in this section is a direct 

element-carbon bond through the m-terphenyl ligand. With direct carbon-element bonds, 

we are limited to a m o n ~ d e n t a t e , ~ ~  monoanionic ligand. The introduction of an organic 

functional group into the m-terphenyl pocket allows variation of the charge and 

coordination modes, leading to even more structural diversity than what has been already 

described. The chemistry of these substituted m-terphenyls will be discussed in the 

remaining chapters of this thesis. 

1.3 Thesis report 

The work discussed in this thesis is a suwey of substituted m-terphenyl ligands 

and their coordination chemistry with main group elements and transition metals. The 

goal of this research was to build upon the unusual steric control provided by m-terphenyl 

ligands by expanding into previously unexplored or under-explored metal-ligand 

combinations. Of particular interest were those metals with the potential to be 

catalytically active. This study would provide the knowledge necessary to enable the 

introduction of m-terphenyls into systems beyond simple molecules, such as extended 

networks with low-coordinate metal site, and functionalized surfaces. The intent was to 



chart many different areas in which these ligands may be useful, so that they could later 

be used as the basis for several in-depth studies. 

The chemistry of m-terphenyl carboxylates is described in Chapters 2-4 of this 

thesis. Chapter 2 focuses on molecular carboxylate complexes of titanium, zinc, 

aluminium, silicon and tin. Their syntheses, and spectroscopic and crystallographic 

characterization, are described. In addition, some unusual reactions of a tin(I1) complex 

are discussed. Chapter 3 broadens the chemistry of the carboxylate complexes from 

small molecules into extended networks, using a new bifunctional m-terphenyl ligand 

with a carboxylic acid group in both the pocket and para positions. Six metal-organic 

coordination networks based upon this carboxylate ligand with four different metals 

(copper, zinc, silver and cobalt) were prepared. In Chapter 4, another new bifunctional 

carboxylic acid is discussed. This ligand has a mercaptomethyl group para to the 

carboxylic acid. Its use in the preparation of gold-thiol self-assembled monolayers is 

described. 

In Chapters 5 and 6, the focus returns to molecular compounds with non- 

carboxylate ligands. Chapter 5 describes potentially bidentate ligands such as Schiff 

bases, boronic acids and amides, while Chapter 6 is devoted to the monodentate phenols 

and benzyl alcohols. The preparation of a m-terphenyl Schiff base aluminium and its 

activity as a ring-opening polymerization catalyst is discussed in Chapter 5, along with 

the synthesis of two other Schiff base complexes. This chapter also includes a discussion 

of the unusual hydrogen bonding observed in m-terphenyl boronic acids. The solid-state 

structures of a m-terphenyl phenol and two m-terphenyl benzyl alcohols, and their 



reactions tin, germanium, aluminium, zinc, phosphorus and titanium are described in 

Chapter 6. 

The final chapter of this thesis, Chapter 7, brings together the results discussed in 

each of the experimental chapters, and places into context the conclusions drawn from 

those results. A description of the relevant experimental work is found at the end of each 

chapter, along with proposals for future studies. The general experimental section and a 

description of X-ray crystallographic procedures are included in Chapter 2 and not 

repeated in the subsequent chapters. Experimental details of all crystallographic studies 

are tabulated in Appendix 1, while atomic coordinates are listed in Appendix 2. All 

references are found at the end of the thesis. 



2 m-TERPHENYL CARBOXYLATE COMPLEXES OF 
TRANSITION METALS AND MAIN GROUP 
ELEMENTS* 

Carboxylate anions are among the most versatile ligands available for transition 

metals and main group elements. This is a result of their varied coordination modes 

(Figure 2.1), the most common of which are the monodentate (a), chelating (b) and 

bridging (c) modes. The formal lone pairs on the oxygen atoms can also form additional 

dative bonds with metals. Differentiating between monodentate and bidentate binding is 

relatively easy with infrared spectroscopy because there is typically much greater 

difference between the asymmetric and symmetric C-0  stretches in monodentate modes 

compared to the free anion than there is in bidentate modes.9' The difference between 

bridging and chelating modes is much harder to identify, so in most cases, single crystal 

X-ray diffraction is now used when definitive statements about bonding are made. 

Figure 2.1 Carboxylate coordination modes. 

M o'yomM M M-O'~\O- M M M Y M 
OyOx~ O y O ,  M#.OyO, 

R R R R R 

Portions of this chapter are reproduced in part, with permission, from the following journal articles: 
Dickie, D. A.; Choytun, D. D.; Jennings, M. C.; Jenkins, H. A.; Clyburne, J. A. C. J. Organomet. Chem. 
2004, 689,2186-2191 (Copyright 2004 Elsevier); and Dickie, D. A.; Jennings, M. C.; Jenkins, H. A.; 
Clyburne, J. A. C. Inorg. Chem. 2005, 44, 828-830 (Copyright 2005 American Chemical Society). 



It is important to note that the bonding modes are not necessarily static. In the 

early 1990s, Lippard coined the term "carboxylate shift" to denote the transition from 

monodentate bridging to bidentate bridging,g2 which is particularly relevant in 

bioinorganic systems, especially the modelling of enzyme active sites. In 1998, the 

groups of Lippard and Tolman recognized almost simultaneously that m-terphenyl 

carboxylates were ideal ligands for the preparation of model compounds of the enzyme 

active site of non-heme diiron enzymes.93 Both realized that the steric bulk provided by 

these ligands would lead to the formation of the desired coordinatively unsaturated 

binuclear complexes, while at the same time providing a rigid, hydrophobic pocket 

reminiscent of natural enzymes. This has since been lauded as a significant breakthrough 

in the field,94 and these ligands are now extensively studied for diiron enzymesg5 as well 

as copper96 and manganese enzymes.97 Hagadorn has even prepared the related 

dithiocarboxylate complexes with a m-terphenyl backbone (Figure 2.2) in order to model 

sulphur-based m e t a l l ~ ~ r o t e i n s . ~ ~  

Figure 2.2 Isoelectronic m-terphenyl carboxylate, dithiocarboxylate and amidinate. 

Since enzymes are nature's catalysts, it is not surprising that c a r b ~ x ~ l a t e s ~ ~  and 

the isoelectronic amidinates'OO (Figure 2.2) have been explored as ligands for metal 

catalysts. Specifically, ~rnold" '  and ~ l ~ b u r n e ' ~ ~  have used m-terphenyl amidinates to 

prepare a variety of catalytic aluminium and transition metal complexes.'03 Previous 

work on main group complexes with bulky amidinate ligands focused primarily on 



sterically crowding nitrogen sub~t i tuen t s '~~  rather than the carbon, as is the case for the 

m-terphenyl derivatives.Io5 Since studies have shown that the bulk and placement of the 

substituents can have dramatic effects on catalytic activity,'06 the use of m-terphenyl 

ligands should be beneficial in these complexes. 

2.1 Dimeric group 12,13 and 14 complexes with a common M2O4C2 
core 

Compared to the general carboxylate chemistry of transition metal complexes, the 

structural chemistry of aluminium carboxylates is relatively unexplored'07 despite the fact 

that aluminium salts of long-chain alkyl carboxylates (fatty acids) have a long history in 

industrial and even military  application^.'^^ Building on previous work in the Clybume 

lab with aluminium amidinate complexes102 based on the 2,4,6-triphenylbenzene m- 

terphenyl backbone, the isoelectronic 2,4,6-triphenylbenzoic acid 38a, 109 1 was prepared as 

described in the literature and combined in dichloromethane with one equivalent of a 

toluene solution of trimethylaluminium. Slow evaporation of the solvent andlor cooling 

to -30 "C gave colourless crystals 2 that were characterized using 'H and I3c NMR 

spectroscopy, IR spectroscopy and X-ray crystallography. The byproduct of this standard 

group 13 protonolysis reaction is C H ~ , " ~  but no attempts were made here to isolate it. 

Scheme 2.1 Synthesis of [(CH3)2Al(p-02CC6H2Ph3)]2 2. 



The 'H NMR spectrum of 2 shows a distinctive singlet at -1.5 1 ppm attributed to 

the aluminium methyl groups. The aromatic protons of the flanking phenyls appear as a 

multiplet ranging from 7.37-7.49 ppm, while the two protons of the central phenyl appear 

as a sharp singlet at 7.61 ppm. In the infrared spectrum, a diagnostic shift of v (C=O) 

from 1696 cm-' in the free ligand to 1624 cm-' in the complex was observed, as well as 

the disappearance of v (0-H) at 3438 cm-' in the free ligand. 

X-ray crystallographic studies* revealed that 2 exists as a symmetrical dimer in 

the solid state. An eight-membered A1204C2 heterocyclic core is formed by the 

carboxylate ligands bridging two aluminium centres. This is in contrast to the analogous 

aluminium amidinates that showed chelation through the nitrogen atoms to give 

monomeric compounds. Although there are, to date, no structurally characterized 

dialkylaluminium carboxylate chelates in the literature, it is somewhat surprising that 2 

formed a bridging dimer, given that the steric demands were so similar to known m- 

terphenyl amidinate complexes.'02 

Figure 2.3 Structure of [Me2AI(p-02CC6H2(Ph3)]2 2. Thermal ellipsoids are shown at 50% 
probability and hydrogen atoms have been removed for clarity. 

Reproduced with permission from Dickie, D. A.; Choytun, D. D.; Jennings, M. C.; Jenkins, H. A.; 
Clyburne, J.  A. C. J. Organomet. Chem. 2004, 689,2 186-2 19 1. Copyright 2004 Elsevier. 

Structure solved by Dr. Michael Jennings, University of Western Ontario. 

26 



The C-0  bonds of the carboxylate group are equivalent within experimental error 

[C(6)-O(1) = 1.248(2) 8, , C(6)-O(5) = 1.250(2) A], suggesting delocalization around the 

AI204C2 core. Complex 2 has an AI.-A1 distance of 4.320 A and Al(4)-O(1) and Al(4)- 

O(5) bond lengths of 1.810(1) and 1.809(1) A, respectively, which all fall within the 

range of the handful of previously characterized dialkylaluminium carboxylate dimers 

(Al--A1= 4.202-4.330 A, A1-0 = 1.767-1.840 A)."' 

Table 2.1 Selected structural data for [Me2Al(p-02CC6H2(Ph3)]2 2. 

Bond lengths (A) 
Al(4)-O(1) 1.8095(11) Al(4)-O(5) 1.8090(11) 
O(1)-C(6)# 1 1.2482(18) O ( w ( 6 )  1 .2502(17) 
Al(4)-C(2) 1.9449(19) Al(4)-C(3) 1.9255(19) 

Bond angles (") 
O(5)-Al(4)-O(1) 107.89(6) C(3)-Al(4)-C(2) 123.84(11) 

The A12O4C2 ring of 2 is nearly flat, with a maximum deviation from the 

heterocyclic plane of k0.066 A for O(5). Due to the steric constraints imposed by the 

ortho-phenyls of the ligand, the heterocyclic core of 2 is twisted out of the plane of the 

central phenyl by about 65". Barron et al. reported a similar effect, with a twist angle of 

42.6 ", in a gallium-carboxylate complex based on ortho-toluic acid."Ib This contrasts 

with his aluminium complexes, all but one of which show chair-like conformations. He 

explained this based on steric interactions between the carboxylate ligand and the alkyls 

of the aluminium: the more bulk in the ligands, the more planar was the ring."Ia   he 

structural parameters of 2 are in accord with this explanation. 



Scheme 2.2 Synthesis of [EtZn(p-02CC6H3Mes2)] 4. 

Moving up the bulkiness scale slightly from 2,4,6-triphenylbenzoic acid 1 to 2,6- 

bis(2,4,6-trimethylpheny1)benzoic acid 3, a similar reaction* was performed with 

diethylzinc to give the zinc carboxylate 4 as colourless crystals. The 'H NMR spectrum 

showed a triplet and a quartet at 1.27 and 0.08 ppm respectively, due to the ethyl group 

attached to zinc. Singlets at 2.32 and 2.15 ppm were assigned, respectively, to the para 

and ortho methyl groups of the m-terphenyl ligand. The IR spectrum showed strong v 

C=O absorptions at 1586 and 155 1 cm-' , significantly different from the corresponding 

absorptions in the free acid 3 (1733 and 1704 cm-I). 

In order to make a more direct comparison, the reactions of 1 with ZnEtp and 3 with AlMe3 were both 
attempted, however crystalline products were not obtained and 1R studies were inconclusive. 



Figure 2.4 Structure of [EtZn(p-O2CC6H3Mes,)1 4. Thermal ellipsoids are shown at 50% 
probability and hydrogen atoms have been removed for clarity. 

Reproduced with permission from Dickie, D. A.; Jennings, M. C.; Jenkins, H. A.; Clyburne, J. A. C. Inorg. 
Chem. 2005, 44, 828-830. Copyright 2005 American Chemical Society. 

In order to confirm the structure of 4, X-ray crystallographic studies* were 

performed (Figure 2.4). The carboxylate groups bridge two zinc atoms, forming an eight- 

membered Zn204C2 ring in which the metal centres are separated by 3.5769(6) A. The 

zinc atoms exhibit trigonal planar geometry ( C L  Zn(1) = 358.92"; Zn(2) = 359.04"), and 

their coordination sphere is completed by an ethyl ligand. This was exciting, as there are 

relatively few examples of structurally characterized1'* tri-coordinate zinc complexes, 

compared to the more common four or six coordinate states,'I3 despite the fact that such 

coordinatively unsaturated zinc centres have long been implicated as important species in 

a variety of applications, particularly cataly~is."~ 

Structure solved by Dr. Michael Jennings, University of Western Ontario. 
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Table 2.2 Selected structural data for[EtZn(p-02CC6H3Mes2)] 4. 

Bond lengths (A) 
Zn( 1)-O( 1 ) 1.998(2) Zn(2)-O(6) 2.007(2) 
Zn(1)-O(4) 1.971(2) Zn(2)-O(3) 1.960(2) 
Zn( 1 )-C(7) 1.950(4) Zn(2)-C(9) 1.949(4) 
o (  1 1-c(2) 1.268(4) 0(4)-c(5) 1.258(4) 
0(3)-C(2) 1.265(4) 0(6)-c(5) 1.264(4) 
zn(i )...~n(2) 3.5769(6) 

Bond angles (") 
C(7)-Zn(1 )-O(4) 135.28(14) C(9)-Zn(2)-O(3) 139.48(13) 
C(7)-Zn(1)-O(1) 120.48(15) C(9)-Zn(2)-O(6) 118.03(14) 
O(4)-Zn(1)-O(1) 103.16(10) O(3)-Zn(2)-0(6) 101.53(10) 

Each zinc atom also shows a weak metal-n interaction (dotted line in Figure 2.4) 

with one of the flanking aryls of the m-terphenyl ligand (Zn(1)-.centroid = 3.083; 

Zn(2)-.centroid =3.154 A). The sum of the van der Waals radii of zinc and benzene is 

3.16 A.'I5 This is most likely the reason for the conformation of the Zn204C2 core. 

Unlike the aluminium heterocycle in 2, which was planar, the core of 4 is puckered into a 

boat-like conformation to maximize the metal-aryl contacts. Consequently, both m- 

terphenyl ligands are found on the same face of the molecule forming a hydrophobic 

pocket, leaving the remaining ethyl group on each zinc exposed on the opposite face. 

Building on the successful use of a m-terphenyl carboxylate in the synthesis of a 

low coordinate metal complex, the same idea was applied to the synthesis of low valent 

metal complexes. As one moves down the periodic table, the relative stability of group 

14 oxidation states changes dramatically. Carbon is almost exclusively tetravalent (with 

the notable exception of carbenes), while lead is mostly found as Pb(I1). Tin is equally 

likely to be found as either +2 or +4 oxidation  state^."^""^^ Tin(II), in the form of the 

amido stannylene Sn[N(SiMe3)2]2 was chosen for the carboxylate studies, as it was 

expected to be susceptible to the same sort of protonolysis reactions as the previously 

studied aluminium and zinc alkyl complexes. 



Surprisingly, despite the fact that stannylenes (:SnR2) were first isolated1 l 6  more 

than a decade before the analogous carbenes'17 (see Chapter 1) and are commercially 

available, stannylene chemistry has been much less explored relative to carbenes. This 

investigation was further motivated by observation that although tin (11) carboxylates 

have long been studied,Il8 and are implicated in a variety of catalytic processes,ll9 

commercial resins,I2O and even food safety,12' structural data is relatively rare and 

composed mainly, though not exclusively, 121,122 of ~ x a l a t e ' ~ ~  and acetate 118b,124 

complexes. This is in contrast to Sn(1V) carboxylate complexes, which are extremely 

well characterized. 125 

Scheme 2.3 Synthesis of tin(I1) carboxylate complexes [(Me3Si)2NSn(p-02CAr)] 6-8. 

The m-terphenyl carboxylates 1 and 3, along with a third ligand 4-methyl-2,6- 

bis(2,4,6-trimethylphenyl) benzoic acid 5 were treated with bis[bis(trimethylsilyl)amido] 

tin(I1) in dichloromethane to give the tin(I1) carboxylates 6-8 as colourless crystals. The 

1 H NMR spectra showed a singlet at 0.09 ppm (7) or 0.00 (6, 8) that was assigned to the 

18 hydrogens of the amido trimethylsilyl groups. The distinctive singlets of the methyl 

groups in m-terphenyl ligand 7 appeared at 2.27 ppm (para CH3) and 2.17 ppm (ortho 

CH3) and showed a 1:l ratio with the amido ligand. In 8, the ortho methyls were 



downfield of the para methyls, at 2.21 and 2.20 ppm respectively. An additional singlet 

for the methyl on the central ring of 8 was found at 1.98 ppm. 

119 Sn NMR spectroscopy, which has a chemical shift range from approximately 

+4000 to -2500 ppm (0 ppm = SnMe4), is also a useful tool for compound 

characterization, as the chemical shift is sensitive to the oxidation state of the tin centre, 

its coordination number and the type of ligands present.'26 Attempts were made, 

therefore, to obtain the 'I9sn NMR spectra of 6-8, with mixed results. The two mesityl 

derivatives, 7 and 8, showed peaks at 74 and 76 ppm respectively, but under identical 

conditions, no signal was observed for 6. The absence of a signal for 6 is likely due 

chemical exchange caused by a rapid shift in the carboxylate bonding modes in 

s01ution.l~~ The strongest absorption in the infrared spectra of the three compounds was 

the C=O stretch at 1544 (6), 1538 (7) or 1536 (8) cm-'. 

Figure 2.5 Structure of [(Me3Si)zNSn(p-OzCC6HzPh3)]2 6. Thermal ellipsoids are shown at 50% 
probability and hydrogen atoms and solvent molecule have been removed for clarity. 



X-ray crystallographic studies' were performed on the tin complexes 6-8, and it 

was found that each had the general formula [(Me3Si)2NSn(p-02CAr)]CH2C12. In 7, the 

two halves of the dimer are crystallographically distinct, while in 6 and 8, the second half 

is symmetry-generated. None of the tin complexes showed any significant interactions 

with the CH2Clz solvent of crystallization. 

Figure 2.6 Structure of [(Me3Si)2NSn(p-02CC6H3Mes2)12 7. Thermal ellipsoids are shown at 50% 
probability and hydrogen atoms and solvent molecule have been removed for clarity. 

Figure 2.7 Structure of [(Me3Si)2NSn(p-02CC6H2Mes2Me)]2 8. Thermal ellipsoids are shown at 
50% probability and hydrogen atoms and solvent molecule have been removed for 
clarity. 

Structures of 6 and 8 solved by Diane Dickie, structure of 7 solved by Dr. Gabriele Schatte, Saskatchewan 
Structural Sciences Centre. 



Table 2.3 Selected structural data for tin complexes [(Me3Si)2NSn(p-02CAr)] 6-8. 
Selected bond lengths (A) -- 

7 (Ar = Mes, R = H) 
Sn(1)-O(1 1) 2.2175(16) 
Sn(1)-O(5 1) 2.2194(18) 
Sn(2)-O(12) 2.2222(17) 
Sn(2)-O(52) 2.2407(16) 
0 (1  1)-C(17) 1.267(3) 
O(12)-C(17) 1.264(3) 
O(5 1)-C(57) 1.258(3) 
O(52)-C(57) 1.263(3) 
Sn(1)-N(4 1) 2.090(2) 
Sn(2)-N(8 1 ) 2.087(2) 
Si(4 1)-N(4 1) 1.738(2) 
Si(42)-N(4 1) 1.733(2) 
Si(8 1)-N(8 1) 1.735(2) 
Si(82)-N(8 1) 1.742(2) 
Sn(1)-Sn(2) 4.41 1 

Bond Angles (") 
0 1 - ( 1 - 0  1 1 OO.44(7) 
O(l2)-Sn(2)-0(52) 99.9 l(6) 
( 4 1 - ( 1 - 0  I) 90.63(7) 
N(41)-Sn(1)-O(5 1) 89.79(8) 
N(8 1)-Sn(2)-O(12) 91.90(7) 
N(8 1)-Sn(2)-O(52) 90.42(7) 
Si(41)-N(41)-Si(42) 121.48(12) 
Si(41)-N(4 1)-Sn(1) 123.94(11) 
Si(42)-N(41)-Sn(1) 1 14.58(12) 
Si(8 1)-N(8 1)-Si(82) 120.14(12) 
Si(81)-N(81)-Sn(2) 1 15.14(12) 
Si(82)-N(8 1)-Sn(2) l24.72(ll) 

8 (Ar = Mes, R = Me) 
Sn(1)-0(1) 2.240(4) 

In 6-8, all the tin atoms are tri-coordinate with a stereochemically active lone pair 

of electrons. The tin atoms exhibit trigonal pyramidal geometry, with the N-Sn-0 bond 

angles ranging from 89.53(17)-91.90(7)", while the 0-Sn-0 angles of the bridging 

carboxylate are 96.63(8)-100.44(7)". This is the most common geometry for divalent tin, 

and the angles observed here are consistent with literature values.'28 The nitrogen atoms, 

on the other hand, are trigonal planar, with C L  N = 359.72" (6) ,  360.00" (7) and 359.7" 

(8). These observations are consistent with silylamines in general,'29 and Sn(I1) 

complexes of N(SiMe3)2 spe~ifically."~ 

As with the aluminium (2) and zinc (4) complexes, the m-terphenyl carboxylate 

ligand bridges the tin atoms in 6-8 forming a central eight-membered heterocyclic 



Sn204C2 core. The C - 0  bonds of the carboxylate group are delocalized, with the C - 0  

bond lengths ranging from 1.257(7) to 1.267(3) A. The Sn-0 bond lengths vary from 

2.21 W(l8) to 2.243(2) A. Although the Sn204C2 core has not been previously observed 

for Sn(I1) compounds, these Sn-0 values fall at the shorter end of the range [2.241(7) to 

2.349(7) A] reported for Sn(1V) carboxylates (excluding clusters) showing the same 

Sn204C2 structural motif.13' All of these dimeric Sn(1V) carboxylate complexes had a 

planar Sn204C2 core, similar to the A1204C2 core of 2. In contrast, the Sn(I1) heterocycles 

6-8 showed a chair-like conformation, presumably due to the stereochemically active 

lone pair on the tin atoms. In each complex, the tin atoms are separated by a Sn--Sn 

distance of more than 4.3 A, much more than the 2.7 A average of the Sn(1V) 

complexes.'31 

2.2 Oxidation of tin (11) complexes 

To probe the reactivity of the m-terphenyl tin(I1) carboxylates 6-8, removal of 

the amido ligand was attempted. Perfluoroarylboranes [B(C6F5)] are well known for their 

ability to abstract alkyl groups from metals,'32 including tin,'33 and recent studies'34 have 

shown that B(C6F5)3.H20 is an excellent Brsnsted acid, with a pKa of 8.4 in acetonitrile. 

For comparison, the pKa values of HCl and H2SO4 in acetonitrile are 8.4 and 7.4, 

respectively.'34   re en'^' used this reagent in the oxidation of chromium, iron and cobalt, 

while ~ o e s k ~ ' ~ ~  used this reagent to produce the first monoalumoxane from an 

alkylaluminium nacnac derivative (Scheme 2.4). This unusual molecule features both 

intramolecular Lewis base coordination, at aluminium, and intermolecular Lewis acid 

stabilization at oxygen. It seemed, therefore, that B(C6Fs)3-H20 would be an interesting 



test reagent for the tin complexes, as either the water or the perfluoroarylborane fragment 

could potentially remove the amido ligand. 

Scheme 2.4 Reaction of &0.B(C6F5) with an alkylaluminium nacnac. 

Scheme 2.5 Proposed reaction of 7 with H20.B(C6F5). 

Addition of 7 to H20-B(C6FS) in dichloromethane followed by cooling to -30 OC 

led to the isolation of colourless crystals 9. It was anticipated that the oxygen from the 

water would be transferred to the tin; however, this product was not obtained (Scheme 

2.5).* X-ray crystallographic studiest of 9 (Figure 2.8) showed that one trimethylsilyl 

group from each nitrogen ligand had been lost, allowing the amido groups to act as 

bridging ligands between the two tin atoms. The formation of this Sn2N2 heterocyclic 

* The nature of the byproducts of this reaction, including the fate of the B(C6F5)3 was not determined. 
Structure of 9CH2C12 solved by Diane Dickie, with the assistance of Dr. Hilary Jenkins, Saint Mary's 

University. 



core caused the m-terphenyl carboxylate ligands to shift from a bridging bidentate to a 

terminal monodentate coordination mode. 

Figure 2.8 Structure of [ ( M e ~ ~ c ~ H ~ c o ~ ) S n ( p - N S i M e ~ ) ] ~  9, obtained from reaction with 
H2oSB(C6F5). Thermal ellipsoids are shown at 50% probability and hydrogen atoms 
and solvent of crystallization have been removed for clarity. 

The nitrogen atoms in 9 are almost h-igonal planar, with CLN = 355.73" 

(9CH2CI2) or 354.1 1" (9-Et20), similar to the geometry in 7. The tin atoms again show 

trigonal pyramidal geometry, however the angles in 9 are much more acute, ranging from 

75.94(9) to 93.17(8)", than they were in 7 [89.79(8) to 100.44(7)"]. These values, as well 

as the Sn-N and Si-N bond lengths, compare very well with those reported recently by 

~ a ~ ~ e r t ' ~ ~  for the related Sn2N2 heterocycle 10a. It featured a chloride ligand in place of 

the bulky m-terphenyl carboxylate (Figure 2.9). 

Figure 2.9 Tin-chlorine interactions in Lappert's Sn2N2 complex. 



The work of Lappert provided the basis for a rational synthetic route to 9. The 

overnight reaction, in the absence of light, of 7 with two equivalents of silver cyanate in 

either anhydrous diethyl ether or dichloromethane provides 9 in good yield. The nine 

hydrogens of the trimethylsilyl group were assigned to the singlet at 0.1 1 ppm in the 'H 

NMR spectrum, while the ortho and para methyl groups of the m-terphenyl ligand 

appeared as singlets at 2.01 and 2.27 ppm, respectively. 

Scheme 2.6 Rational synthesis of [(Mes2C6H3C02)Sn(p-NSiMe3)I2 9 using silver cyanate. 

+ 2.1 AgOCN 

Numerous attempts were made to obtain the solution-state Il9sn NMR spectrum 

of 9 but all were unsuccessful. As in 6 ,  this was attributed to a rapid solution-state 

119 carboxylate shift. The solid-state Sn NMR spectrum of 9 was acquired by Dr. Guy 

Bernard at University of Alberta and showed the isotropic peak at -100 ppm, albeit with 

poor signal to noise ratio. This is somewhat different from the value of -17 ppm reported 

for isotropic peak in the solid state 'I9sn spectrum of 10a, but within the range of values 

he found for the solvent-dependent solution-state Ii9sn chemical shifts of that molecule 

[-87 in C6D6 to -285 in c~D~/P~M~/(M~~P)~NH].'~~ This solvent dependence is likely 

caused by a combination of two factors. First, 10a shows extended Sn-Cl coordination 



interactions forming infinite one-dimensional chains (Figure 2.9), which could be 

disrupted by solvent interactions. Since the bulky m-terphenyl carboxylate ligands of 9 

allow it to exist as discrete molecules, this is not an issue. Second, the tin(I1) centre in 

10a could be coordinating to the solvents. To confirm whether the m-terphenyl could 

also shield the tin atoms from coordinating solvents, 9 was crystallized as both the diethyl 

ether* and dichloromethane solvate. No interaction with the solvent was observed in the 

solid-state structures. 

Table 2.4 Selected structural data for [ ( M e ~ ~ C ~ H ~ c o ~ ) S n ( p - N s i M e ~ ) ] ~  9. 

Symmetry transformations used to generate equivalent atoms: * -x,-y,-z+l 

Much more interesting than the structural parameters of 9 is its electronic 

Bond lengths (A) 

environment. With the loss of one trimethylsilyl group, the nitrogen ligand has a formal 

9CH2C12 
Sn(1)-N(1) 2.194(3) 

chargeI3' of -2. To balance that, the tin becomes formally +3, a unusual oxidation state 

9.Et20 
Sn(1)-N(l) 2.198(2) 

for group 14 atoms which usually adopt either +2 or +4 oxidation states. The result is 

that 9 is formally a neutral isoelectronic Sn2N2 analogue of a cyclobuta-l,3-dienediide 

anion.'" The first such analogue to be isolated and fully characterized by spectroscopic 

Structure of 9.Et20 solved by Dr. Gabriele Schatte, Saskatchewan Structural Science Centre. 



and X-ray crystallographic methods was a dark red P2C2 heterocycle reported by Niecke 

in 1995.I4O Several possible descriptions of the bonding in that heterocycle were 

proposed, and are summarized in Figure 2.10. Subsequent theoretical studies, whose 

details are beyond the scope of this thesis, suggest that the P2C2 heterocycle can not be 

described only as a delocalized four-centred six-n electron system A, but also 

incorporates a contribution from an open-shell singlet biradical c . '~ '  This is significant 

as singlet biradicals are invoked as models of bond-forming and bond-breaking 

processes. '42 

Figure 2.10 Lewis diagrams of alternative bonding descriptions of a P2C2 heterocycle. Mes* = 2,4,6- 
tri-t-butylphenyl. 

Biradicals or diradicals are currently defined as even-electron molecules "that 

have one bond less than the number permitted by the standard rules of valence",'43 "with 

two radical centres that act nearly independently of each other and . . . normally display 

77 144 quite high reactivity , with "a narrow separation between their highest occupied and 

lowest unoccupied molecular orbitals."145 Perhaps the most simple definition is 

molecules "with two unpaired electrons, each of which is occupying two degenerate or 

nearly degenerate molecular orbitals."146 Depending on whether the spin states of the 

unpaired electrons are parallel or anti-parallel, the biradicals are classified as either triplet 



or singlet. Triplet states are generally more stable than singlet states, but with appropriate 

substituents, this preference can be reversed.147 

Not surprisingly, given the possibility of more traditional bonding descriptions, 

the exact nature of nominally six-n: electron, four-centered heterocylic singlet species is 

controversial. 145,148 Calculations and experimental results from systems isoelectronic 

with the P2C2 heterocycle, such as E2N2 (E = S, Se, ~ e ) , ' ~ ~  B2P2, 143,150 or c ~ P ~ , ~ ~ ~  suggest 

that the biradical contribution should not be ignored. Returning to the bonding 

description of 9, we must take into account the following observations on this compound: 

1) obersvation of typical NMR spectroscopic studies, including solid state Il9sn NMR 

spectroscopy; 2) lack of EPR signals; 3) its colourless nature. Taken together, this data 

points to a singlet ground state for 9. 

The only previous reports of group 14/15 M2N2 heterocycles similar to 9 came in 

late 2004 from ~ a ~ ~ e r t ' ~ ~  (M = Sn) IOa and ~ o w e r ' ~ '  (M = Ge) 10b (Figure 2.1 1). Like 

9, compound 10a produced normal multinuclear NMR spectra, was colourless and 

diamagnetic. It was therefore reported to best fit a delocalized pseudo six-n electron 

model rather than a biradical d e ~ c r i ~ t i 0 n . l ~ ~  This is contrast to what was reported for the 

previously described isoelectronic systems, and also what was reported for Ge2N2 

compound lob. This compound was NMR active and EPR silent but other experimental 

evidence, such as its colour and reactivity led the authors to suggest that lob has 

germanium-centred biradicals character.I5' Extensive theoretical investigations have 

subsequently shown that the biradical character of lob is present.'52 



Figure 2.11 Isoelectronic group 14 M2N2 heterocycles. 

TMS 

10a 9 lob 

Preliminary B3LYPlLANL2DZ DFT calculations* using ~ a u s s i a n 9 8 ' ~ ~  on a 

model compound of 9, with forrnate in place of the bulky m-terphenyl carboxylate ligand, 

have not provided a complete description of the bonding in 9. We note that the 

experimental data is more consistent with the ground state singlet 10a than the apparent 

biradical lob. It is tempting to suggest that a standard four-centred six-7c electron system 

is at play in 9, but this clearly oversimplifies the situation given the well-recognized poor 

5p-7c 2p-7c overlap that would be required between the atoms.74a   he planarity of the 

Sn2N2 core could be naively taken as evidence for extensive four-centre six-7c electron 

delocalization within the ring, but the low inversion barrier for nitrogen as well as the 

steric strain imparted by the bulky ligands can easily enforce this. Additionally, planarity 

at nitrogen is common place for trimethylsilyl-substituted amines. I D , ]  30 In light of this, 

further theoretical and experimental work is required before a definitive statement can be 

made about the nature of 9, and such research is currently in progress. 

During the study of the tin(I1) carboxylate complexes, a second oxidation product 

was serendipitously encountered. Since compounds 6-9 were synthesized in and 

* All calculations were done by Dr. Noham Weinberg, Simon Fraser University and University College of 
the Fraser Valley. Non-hydrogen atoms were restricted to their experimentally determined geometry. 
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recrystallized from dichloromethane, it appeared that the solvent was unreactive towards 

the starting tin compound, Sn[N(SiMe3)2]2. This was in contrast to reports by Lappert 

and who used spectroscopic techniques to follow the oxidative addition of 

organic halides to Sn(I1) amides. They found that while CH2C12 does react as shown in 

Scheme 2.7 to give 11, it does so much more slowly that the bromo or iodo compounds, 

and also more slowly than CHC13 or CC14. During one synthesis of 7, however, an excess 

of Snm(SiMe3)2]2 was used, and oxidation product 11 was indeed isolated. 

Scheme 2.7 Oxidative addition of CHtClz to Sn[N(SiMe3)2]2. 

The identity of 11 was confirmed crystallographically and its formation was also 

observed during the course of lI9sn NMR experiments on the rn-terphenyl tin(I1) 

complexes. A sample of Sn[N(SiMe3)2I2 was dissolved in CD2C12 as a test compound for 

the spectroscopic studies, and was found to have a Il9sn chemical shift of 763 ppm, very 

close to the reported value of 766 in C6D6.155 AS the experiment progressed, a second 

signal was observed growing in at -83 ppm and the solution faded from orange to 

colourless. This signal was assigned to 11 based on its proximity to the reported value of 

-82 ppm in ~ 6 ~ 6 . l ~ ~  



Figure 2.12 Structure of (CH2C1)(C1)Sn[N(SiMe3)2]2 11. Thermal ellipsoids are shown at 50% 
probability and hydrogen atoms have been removed for clarity. 

X-ray crystallographic studies,* which had not been previously reported for 11, 

showed oxidative insertion of the tin atom into one of the C-CI bonds. The geometry 

around tin was approximately tetrahedral, with angles ranging from 99.94(6)" [C(l)- 

Sn(1)-C1(1)] to 117.81(8)" [C(l)-Sn(1)-N(2)]. There was very little change in the Sn-N 

or N-Si bonds of 11 compared to the tin(I1) compounds 6-9. The Sn-CI, Sn-C and C-CI 

bonds were also similar to the related C12Sn(CHC1)2. 156 

Table 2.5 Selected structural data for (CH,CI)(CI)Sn[N(SiMe3)2]2 11. 

Bond lengths (A) 
Sn(1)-N(I) 2.03 18(16) N(1)-Si(l) 1.7530(17) 
Sn(1)-N(2) 2.0270(17) N(1)-Si(2) 1.7516(17) 
Sn(1)-C(l) 2.160(2) N(2)-Si(3) 1.7508(19) 
Sn(1)-Cl(1) 2.3689(5) N(2)-Si(4) 1.7574(18) 
C(1)-Cl(2) 1.782(2) 

Bond angles (") 
N(1)-Sn(1)-N(2) 116.50(7) N(2)-Sn(1)-C(I) 117.81(8) 
N(1)-Sn(1)-Cl(1) 1 08.49(5) N(2)-Sn(1)-Cl(2) 1 02.34(5) 
N(1)-Sn(1)-C(1) 109.66(8) CI(1)-Sn(1)-C(1) 99.94(6) 

* Structure solved by Diane Dickie with the assistance of Dr. Gabriele Schatte, Saskatchewan Structural 
Sciences Centre. 



2.3 Tetravalent group 4 and 14 m-terphenyl carboxylate complexes 

After the unexpected results of the reactions of tin(I1) with m-terphenyl 

carboxylates, these ligands were next combined with another group 14 element - silicon. 

Like carbon, silicon is usually tetravalent. Unlike carbon, however, silicon has a 

tendency to form hypervalent complexes (five or more bonds). Hypervalent disilanes are 

thought to possess unique electronic and optical properties, and bridging ligands like 

carboxylates are expected to help in the isolation of such  molecule^.'^^ Carboxylate 

ligands have also been used to probe the effect of axial substitution of hypervalent silicon 

phthalocyanines for improving their quantum yields in optical applications.158 Other uses 

for hypervalent silicon carboxylates include the study of zwitterionic silicates,159 and as 

linkers in biologically active silatranes.16' They are also used as transition state 

models.I6l Not all silicon carboxylates are hypervalent, of course. Standard tetravalent 

compounds are known, primarily in the form of silyl ester protecting groups.'62 

The hypervalent tendencies of silicon were reminiscent of transition metals, so the 

reaction of titanium with m-terphenyl carboxylates was also explored. Previous interest 

in titanium carboxylates has been focused on their environmental and physiological 

properties,163 and as their use as alternatives to alkoxide ligands in catalysts, as they 

impart greater hydrolytic stability.164 Carboxylates have long been used in commercial 

processes for the production of barium titanate powders165 and other materials like thin 

films for optical sensors,166 or semiconductor p r o ~ e s s i n g . ' ~ ~  Benzoate ligands 

specifically are used in titanium cluster formation168 and host-guest materials.'" All of 

these applications make use of pre-formed carboxylate ligands, but titanium carboxylate 



complexes have also been generated in situ by addition of carbon dioxide to alkyltitanium 

complexes.'70 Bifunctional carboxylates have been used as linkers for magnetic 

exchange between titanium(II1) centres.I7' 

Just as isoelectronic amidinates served as inspiration for the aluminium 

carboxylate study, a survey of the titanium counterparts also proved interesting. 

Amidinate ligands have been used to prepare alternatives to cyclopentadienyl titanium 

catalysts,'72 or as supporting ligands for titanium-ligand multiple bonds.173 

The m-terphenyl carboxylate 3 was added to a dichloromethane solution of 

tetrakis(dimethy1amino)silane or tetrakis(dimethy1amino)titanium. Recrystallization in 

hexanes of the crude products of the silicon reaction gave colourless crystals 12. In 

contrast, it was possible to obtain two different titanium products 13 and 13a, both 

orange-red crystals, by slightly varying the reaction conditions. The 'H NMR spectrum 

of 12 showed the expected 3:l ratio of dimethylamino ligands to m-terphenyl ligands, 

based on a singlet of 18 hydrogens at 1.92 ppm (NMe2) and singlets for the six para and 

12 ortho methyl protons of the m-terphenyl at 2.15 and 1.95 ppm, respectively. This data 

is consistent with the formation of the desired mono-carboxylate silicon complex. The 

I H NMR spectrum of 13 showed the same ratios, but the signal at 2.79 ppm attributed to 

the dimethylamino protons was downfield of those assigned to the para and ortho m- 

terphenyl methyls at 2.26 and 2.04 ppm respectively. Titanium complex 13a, however, 

showed a 1:l ratio between the NMe2 protons at 2.35 ppm and the m-terphenyl methyl 

groups at 2.20 (para) and 1.89 (ortho) ppm, indicating a bis(carboxy1ate) complex. 



Scheme 2.8 Synthesis of [(Mes2C6H3C02)Si(NMe2)3] 12. 
\ / 

N 

Scheme 2.9 Synthesis of [(MesZC6H3CO2)Ti(NMe2)3] 13 and [(MesZC6H3CO2)~Ti(NMe~)~] 13a. 

Further differences between the three compounds were noted in their IR spectra. 

There was a strong C=O stretch at 1717 cm-' in the spectrum of silicon complex 12, 

indicative of terminal monodentate binding by the carboxylate. The spectrum of the 

mono-carboxylate 13, which might be expected to be similar to 12 based on the ligand 

stoichiometry, instead showed only a very weak C=O stretch at 1731 cm-'. The major 

absorption was at 1520 cm-', suggesting chelation rather than monodentate carboxylate 

coordination. The IR spectrum of 13a was very similar, with the strongest absorption at 

1521 cm-'. 



Figure 2.13 Structure of [ ( M ~ S ~ C ~ H ~ C O ~ ) S ~ ( N M ~ Z ) ~ ]  12. Thermal ellipsoids are shown at 50% 
probability and hydrogen atoms have been removed for clarity. 

To confirm that 

XP 
the carboxylate binding in 12 and 13 was different despite the 

similarities in their formulae, and that the coordination was the same in 13 and 13a with 

very different compositions, X-ray crystallographic studies were and found to 

be in excellent agreement with the infrared data. There are distinct C-0  and C=O bonds 

[ l  .341(3) and 1.1 88(3) A, respectively] in the silicon complex 12 (Figure 2.13). The 

Si(1)-O(1) bond measures 1.6946(19) A, while the second oxygen is separated from the 

silicon atom by nearly twice that distance, 3.096 A. While this is within the sum of the 

van der Waals radii of silicon and oxygen (3.62 A), it seems unlikely that any realistic 

bonding interaction is present. Neither the oxygen nor the silicon interacted with 

neighbouring molecules, likely due to steric constraints. 

Silicon structure 12 solved by Dr. Gabriele Schatte, Saskatchewan Structural Sciences Centre. Titanium 
structures 13 and 13a solved by Diane Dickie. 



Figure 2.14 Structure of the [ ( M ~ S ~ C ~ H ~ C O ~ ) T ~ ( N M ~ ~ ) ~ ]  13. Thermal ellipsoids are shown at 50% 
probability and hydrogen atoms have been removed for clarity. 

Evidence of carboxylate chelation in 13 (Figure 2.14) is given by the equal C-0  

bond lengths of 1.244 A, and similar Ti-0 distances of 2.138(3) and 2.198(3) A. The 

situation is more mixed in 13a (Figure 2.15). The C-0  bonds range from 1.257(4) to 

1.285(4) A, all somewhat longer than in 13, but certainly not different enough from one 

another to be considered distinct C - 0  and C=O bonds. The Ti-0 bonds in 13a indicate a 

more asymmetric chelation than in 13. One pair has Ti-0 distances of 2.202(2) and 

2.066(2) A [0(1) and 0(2)] while the other measures 2.084(3) and 2.182(2) A. The 

longer Ti-0 bonds in each pair correlate with the shorter C - 0  bonds. 

Figure 2.15 Structure of theI(Mes2C6H3C02)2Ti(NMe2)2] 13a. Thermal ellipsoids are shown at 50% 
probability and hydrogen atoms and solvent molecule have been removed for clarity. 



Within experimental error, the three Si-N bonds of 12 were all equal, with an 

average value of 1.69 A that falls in between the values for the Si-N bonds in the 

Sn204C4 heterocycles 6-8 and the Sn2N2 complex 9. The Ti-N bonds of 13a are also the 

same within experimental error, at 1.866(3) and 1.869(3) A. The bonds in 13 show more 

variability, but all are within the range of literature values for titanium complexes with at 

least two dimethylamino ligands [ l  .838(2)'74 to 2.1 9(3)17' A]. 

Table 2.6 Selected structural data for [(Mes2C6H3COz)Si(NMe2)3] 12, [ ( M ~ S ~ C ~ H ~ C O Z ) T ~ ( N M ~ ~ ) ~ ]  

Bond lengths (A) 
[ ( M ~ S ~ C ~ H ~ C O ~ ) T ~ ( N M ~ ~ ) ~ ]  13 
Ti(1)-N(l) 1.912(4) 
Ti(1)-N(2) 1.868(4) 
Ti(1)-N(3) 1.871(4) 
Ti(1)-O(1) 2.138(3) 
Ti(1)-O(2) 2.198(3) 
o (  1) 1.245(4) 
0(2)-c( 1) 1.243(4) 

Bond angles (") 

2.4 Summary and conclusions 

m-Terphenyl carboxylates were found to be versatile ligands for both transition 

metals and main group elements, as exemplified by the eight complexes described in this 



chapter. At least one example of each of the three common coordination modes for 

carboxylate ligands was observed, namely bridging bidentate (2, 4, 6, 7, 8), terminal 

monodentate (9,12) and chelate (13 and 13a). Tin complexes 7 and 9 showed that it was 

possible to switch from one mode to the other during the course of a redox reaction, a 

trait that bodes well for eventual catalytic applications. Tin complex 11 also showed that 

not all solvents are innocent and can react in undesired ways, an important point for 

future synthetic studies of low-valent compounds. 

The series of tin(I1) complexes 6-8 demonstrated that small variations in the steric 

demands of the m-terphenyl ligands do not have an effect on the metal coordination 

mode. The nature of the metal has a much bigger effect. Despite the fact that they have 

identical ligand sets of one m-terphenyl carboxylate 3 and three NMe2 groups, silicon 

complex 12 and titanium complex 13 show different coordination modes (Si = 

monodentate, Ti = chelate). Both titanium complexes 13 and 13a show the same mode 

with different ligand sets. The effect of the metal is also evident in the different 

conformations of the M204C2 core in 2 (Al, planar), 4 (Zn, boat) and 6-8 (Sn, chair), 

although direct comparisons are not as valid, as only 2 and 6, and 4 and 7 had the same 

m-terphenyl ligand. The ancillary ligands also varied from aluminium (Me) to zinc (Et) 

to tin (NTMS2). 

Additionally, work in this chapter provides support to the hypothesis that m- 

terphenyl carboxylates are able to support unusual metal coordination environments. 

Specifically, the zinc complex 4 was a rare example of a tri-coordinate zinc centre. In the 

solid state, the low-coordinate metal is supported by an additional Zn-n: interaction with 

one flanking aryl of the m-terphenyl ligand, but the 'H and 13c NMR spectra provide no 



evidence for the persistence of this interaction in solution. The other, more striking 

example of unusual coordination was provided by the Sn2N2 heterocycle 9. This 

molecule, in which the tin had a formal oxidation state of +3, raised many questions 

about the nature of the bonding in this potentially biradicaloid species, most of which 

have not yet been answered. 

2.5 Future work 

Each of the metal complexes described in this chapter could provide the basis for 

a variety of new studies. Jordan's work on dialkylaluminium complexes of monoanionic, 

bidentate nitrogen l & a n d ~ ' ~ ~  suggests that the aluminium complex 2 should be tested for 

its catalytic potential. Upon methyl abstraction to give a cationic aluminium complex, 

they found very different reactivity patterns towards ethylene monomers depending upon 

the nature of the ligand, so the behaviour of 2 and its related derivatives with the m- 

terphenyl carboxylate ligands 3 and 5, if prepared, is not readily predictable. 

Similarly, Coates et al. found that zinc-nacnac complexes were generally quite 

active towards the copolymerization of epoxides and carbon dioxides, but that this 

activity was sensitive to the steric demands of the nacnac ligands.'77 The zinc 

carboxylate complex 4 and its possible derivatives with ligands 1 and 5, should be tested 

to see if a similar pattern is observed. Studies by ~ o c h m a n n ' ~ ~  have shown that alkylzinc 

complexes can undergo ligand exchange reactions, P-hydride abstraction and ion-pair 

formation upon reaction with B(C6F5)3 or its salts, so if this is chosen as the activator for 

the polymerization studies, it should be tested with 4 beforehand to see how it behaves. 

Alternatively, attempts could be made to replace the ethyl group of 4 with a more air and 

moisture stable ligand in order to explore the possibility of using it as a model 



compounds for zinc enzymes. There are a variety of reports describing enzyme active 

sites currently of interest in the literature that feature two bridged zinc atoms separated by 

3.0 to 3.5 A combined with carboxylate ligands.179 

Metal-amide bonds are generally susceptible to C 0 2  insertion r e a c t ~ o n s , ' ~ ~  and 

the groups of sitalp' and s em^^^^ have studied Sn(I1) amides specifically. Since CO2 is 

presumed to be one of the by-products generated during the formation of tin complex 9 

and no insertion reaction was observed, this raises questions about the reactivity of the 

tin-amide bonds in 6-9 that should be further explored. Attempts should also be made to 

identify the mechanism of formation of 9 from both the intentional AgOCN and 

serendipitous H20.B(C6F5)3 reactions. Further redox reactions of the Sn204C2 

heterocycles 6-8 should be examined to see if it is possible to generate other Sn(II1) or 

even Sn(1V) carboxylates from the Sn(I1) precursors. Radical-type reactions of 9 should 

be studied to see if this Sn2N2 can address the question of whether it is accurately 

described as biradicaloid despite its apparent diamagnetic nature. Variable temperature 

'I9sn NMR studies should be performed to obtain a better understanding of the solution 

state bonding in 6-9. Mossbauer spectroscopy would also be informative in that regard. 

The most attractive possibility for the silicon carboxylate 12 is that it could 

produce a stable silylium cation upon abstraction of one of the dimethylamino ligands, 

perhaps upon reaction with B(C6F5)3. Isolated silylium cations were first identified in 

2002 but have been the subject of intense interest for much longer.Ig3 The m-terphenyl 

carboxylate ligands should be bulky enough to prevent ion-pairing interactions, and the 

ability of the carboxylate group to shift from the monodentate coordination found in 12 to 

chelate coordination similar to 13 could help stabilize the positive charge on the silicon. 



Silanones (R2Si=O) are another class of silicon compounds that have proven difficult if 

not impossible to isolate experimentally despite their proposed existence from theoretical 

calculations.184 If the reaction of 13 with H20-B(C6Fs)3 were to proceed analogously to 

Roesky's a l ~ m o x a n e , ' ~ ~  this ephemeral molecule might finally be readily accessible. 

Future studies proposed for the titanium complexes 13 and 13a are related to 

those already described for 2, 4, and 6-9. First, the work of schaferIg5 on sterically 

restricted titanium amidate complexes suggests that 13113a should be tested as 

hydroamination catalysts. Alternatively, Cotton, Cummins and ~ u r i l l o  86 have recently 

found that exposing sterically hindered titanium amide complexes to COz results in the 

expected insertion into the Ti-N bonds, but with unexpected magnetic properties and 

unprecedented structures. Since the m-terphenyl ligand of 13 changes the placement of 

the steric demands, locating it further from the metal than in Cotton's compounds, it 

could cause the complex to behave quite differently. The two m-terphenyls on 13a would 

be expected to have an even greater effect on its reactivity. 

2.6 Experimental 

2.6.1 General experimental 

A nitrogen-atmosphere MBraun UL-99-245 dry box and standard Schlenk 

techniques on a double manifold vacuum line were used in the manipulation of air and 

moisture sensitive compounds. Solution-state NMR spectra were recorded in five 

millimetre tubes at Simon Fraser University on a Bruker AMX 400 or 600 MHz 

spectrometers or Varian AS 400 or 500 MHz spectrometers, or at Dalhousie University 

by Dr. Mike Lumsden on a Bruker Avance 500 MHz spectrometer. Chemical shifts are 



reported in parts per million (ppm) downfield from SiMe4 ('H and I3c), BF3.Et20 (I'B) or 

SnMe4 ('I9sn). 'H and spectra are calibrated to the residual signal of the solvent. "B 

and 'I9sn spectra are calibrated to the external BF3.Et20 or SnMe4 standard. Solid-state 

Il9sn NMR spectra were recorded by Dr. Guy Bernard at University of Alberta on a 

Bruker Avance 500 NMR spectrometer, operating at a frequency of 186.6 MHz for 'I9sn 

with ramped CP/MAS (cross-polarization, with magic angle spinning) and TPPM (two- 

pulse phase modulated) decoupling. The MAS frequencies were 6 and 11 kHz, the 

contact time was 7 ms, the recycle delay was 3 s and 29168 transients were co-added. 

Infrared spectra were obtained using a Bomem MB spectrometer with the % 

transmittance values reported in cm-I. Melting points were measured using a Mel-Temp 

apparatus and are uncorrected. Elemental analyses were obtained at Simon Fraser 

University by Mr. M. K. Yang on a Carlo Erba Model 1106 CHN analyzer. High- 

resolution mass spectra were obtained at University of Victoria by Dr. David McGillivray 

on a Kratos Concept IH mass spectrometer with EI ionization and were referenced to 

perfluorokerosene. Thermogravimetric analyses were obtained from a Shimadzu TGA- 

50 instrument under ambient conditions at a heating rate of 3 "Clminute. 

Anhydrous solvents were obtained from an MBraun Solvent Purification system, 

or were purchased from Aldrich and used without further purification. All other reagents 

and solvents were purchased from commercial sources including Aldrich, Strem and 

Gelest, and used without further purification, except deuterated solvents for NMR 

experiments on air- and/or moisture-sensitive compounds, which were dried over P2O5 

and distilled prior to use. 



2.6.2 Crystallographic studies 

Data for all X-ray crystallographic studies was collected by either Dr. Michael C. 

Jennings at the University of Western Ontario, Dr. Gabriele Schatte at the Saskatchewan 

Structural Science Centre, or Dr. Hilary A. Jenkins at Saint Mary's University. The 

structures were solved by the people indicated in the appendix tables and the footnotes in 

the thesis text. All figures were generated using X-SEED.Is7 

University of Western Ontario X-ray data collection: The crystal was 

mounted on a glass fibre. Data were collected at the temperature indicated in the 

appendix on a Nonius Kappa-CCD diffractometer with COLLECT.'88 The unit cell 

parameters were calculated and refined from the full data set. Crystal cell refinement and 

data reduction were carried out using DENZ0.Is9 The data were scaled using 

SCALE PACK.'^^ The SHELXTL-NT V6.1 suite of programs'90 was used to solve the 

structure by direct methods. Subsequent difference Fourier transformations allowed the 

remaining atoms to be located. All of the non-hydrogen atoms were refined with 

anisotropic thermal parameters. The hydrogen atom positions were calculated 

geometrically and were included as riding on their respective heavy atoms, unless 

otherwise indicated in the text. 

Saskatchewan Structural Sciences Centre X-ray data collection: The crystal 

was coated with oil (Paratone 8277, Exxon), was collected on top of the nylon fibre of a 

c V o ~ o o p T M  (diameter of the nylon fibre: 10 microns; loop diameter 0.2-0.3 mm; 

Hampton Research, USA) that had previously been attached using epoxy to a metallic 

pin. All measurements were made on a Nonius Kappa CCD 4-Circle Kappa FR540C 

diffractometer using monochromated Mo K, radiation (A = 0.71073 A) at the temperature 



indicated in the appendix. Cell parameters were initially retrieved using the 

 COLLECT'^^ software, and refined with the HKL DENZO and SCALEPACK 

s~f tware ,"~  that was also used for data reduction. The structure was solved using direct 

methods using  SIR-^^'^' and refined by full-matrix least-squares method on with 

SHELXL~~-2 . ' 92  The non-hydrogen atoms were refined anisotropically. Hydrogen 

atoms were included at geometrically idealized positions and were not refined, unless 

otherwise indicated in the text. The isotropic thermal parameters of the hydrogen atoms 

were fixed at 1.2 times that of the preceding carbon atom. 

Saint Mary's University X-ray data collection: The crystal was mounted on a 

glass fibre and centred on a Siemens 1K SMARTJCCD diffractometer. Data were 

collected at the temperature indicated in the appendix using Mo(Ka) radiation. Lorentz 

and polarization corrections were applied and data were corrected for absorption using 

redundant data and the SADABS program. Direct methods and Fourier techniques were 

used to solve the crystal structures. Refinement was conducted using full-matrix least- 

squares calculations and SHELX-TL PC V 5.03. All non-hydrogen atoms were refined 

with anisotropic displacement parameters. Hydrogen atoms were treated as riding 

models and were updated after each refinement. 

2.6.3 Synthesis of carboxylate ligands 

2'4'6-Triphenylbenzoic acid (1): Prepared according to a variation of literature 

procedures. 38a,109 Under an inert atmosphere, n-BuLi (20 mL, 1.6M in hexanes) was 

added dropwise to a suspension of 2,4,6-triphenylbromobenzene (10.0 g, 26.0 mmol) in 

ca. 100 mL anhydrous Et20. The mixture was allowed to stir for 3.5 h and then C02  was 

bubbled through the solution for 1.5 h. The reaction was quenched with H20  and dilute 



(ca. 1 M) HCl, then extracted with Et20. The combined organic fractions were dried over 

MgS04 and the solvent was removed under vacuum to give a yellow powder that was 

recrystallized from CH2C12. Slow evaporation of the CH2C12 solution resulted in a white 

powder. Yield: 6.07 g (67%), mp = 259-260 "C (lit. 253-255 "C). 'H NMR (CD2C12, 

499.768 MHz) 6 7.70 (d, J = 7 Hz, 2H), 7.66 (s, 2H), 7.40-7.51 (m, 13H). IR (nujol mull) 

v 1696 (vs), 1597 (m), 1575 (w), 1561 (w), 1493 (m), 1445 (m), 1399 (w), 1293 (s), 1133 

(w), 1076 (w), 886 (w), 777 (s), 765 (m), 699 (vs). 

2,6-bis(2,4,6-Trimethylpheny1)benzoic acid'93 (3): Prepared according to the 

same procedure as 1, beginning with 2,6-bis(2,4,6-trimethy1phenyl)iodobenzene (5.0 g, 

11.4 mmol). The crude product was recrystallized from Et20 to give a white powder. 

Yield: 3.17 g (78%), mp = 292-295 "C. 'H NMR (CDC13, 400.136 MHz) 6 7.47 (t, J = 

7.5 Hz, lH), 7.08 (d, J = 7.5 Hz, 2 H), 6.97 (s, 4H), 2.36 (s, 6 H), 1.99 (s, 12 H). I 3 c { ' ~ )  

(CDC13, 125.680 MHz) 6 136.7, 128.5, 128.0, 31.2, 20.6 (quaternary carbons not 

observed). IR (nujol mull) v 3208 (br), 1733 (vs), 1705 (s), 161 1 (m), 1577 (m), 1365 

(s), 1216 (vs), 1127 (m), 844 (m), 820 (m), 799 (m), 791 (m), 688 (m). Anal Calcd for 

C25H2602: C, 83.76; H, 7.3 1. Found: C, 83.41; H, 7.57. 

4-Methyl-2,6-bis(2,4,6-trimethylpheny1)benzoic acid (5): Prepared according 

to the same procedure as 1, beginning with 4-methyl-2,6-bis(2,4,6-trimethylphenyl) 

iodobenzene (3.00 g, 6.61 mmol). The crude product was recrystallized from hexanes to 

give a white powder. Yield = 0.90 g (37 %), mp = 257-259 "C. 'H NMR (C6D6, 499.767 

MHz) 6 6.86 (s, 4H), 6.73 (s, 2H), 2.20 (s, 12H), 2.19 (s, 6H), 2.03 (s, 3H). I 3 c ( ' ~ )  

(CDC13, 125.679 MHz) 6 169.5, 140.4, 139.6, 137.0, 136.9, 136.5, 130.0, 129.2, 127.9, 

2 1.4, 20.7, 20.6. IR (nujol mull) v 3208 (br), 173 1 (vs), 1699 (m), 16 13 (m), 1597 (w), 



1573 (w), 1224 (vs), 1186 (m), 1160 (m), 11 10 (s), 864 (m), 844 (s), 831 (m), 768 (m). 

Anal Calcd for C26H2802: C, 83.83; H, 7.58. Found: C, 83.67; H, 7.49. 

2.6.4 Synthesis of metal complexes 

[Me2A1(p-02CC6H2(Ph3)]2 (2): Under an inert atmosphere, AlMe3 (0.34 mL, 

2.0 M in toluene) was added to a suspension of 2,4,6-triphenylbenzoic acid 1 (0.20 g, 

0.57 mmol) in 10 rnL anhydrous CH2C12. Colourless crystals formed upon slow 

evaporation of the solvent. Additional crystals formed upon cooling the solution to -30 

"C. Yield = 0.15 g (64%), mp 265-266 "C. 'H NMR (CD2C12, 499.771 MHz) 6 7.61 (s, 2 

H), 7.37-7.49 (m, 15 H), -1 S l  (s, 6 H); I3c {'H) NMR (CD2C12, 125.679 MHz) 8 174.7, 

142.9, 141.8, 140.5, 139.7, 131.7, 129.2, 128.9, 128.5, 128.4, 128.3, 128.1, 127.4, -12.4. 

IR (nujol mull) v 1624 (vs), 1598 (vs), 1503 (s), 1418 (s), 1262 (w), 1200 (s), 1192 (s), 

1030 (m), 892 (s), 805 (m), 756 (s), 698 (vs). Anal. Calcd. for C54H48A1204: C, 79.59; 

H, 5.94. Found: C, 79.44; H, 5.71. 

[EtZn(p-O2CC6H3Mes2)]2 (4): Under an inert atmosphere, 2,6-bis(2,4,6- 

trimethylpheny1)benzoic acid 3 (1.00 g, 2.8 mmol) was suspended in 25 mL anhydrous 

CH2C12. To this unstirred solution, ZnEt2 (3.3 mL, 1.OM in hexanes) was added 

dropwise. Once the evolution of gas had ceased, the reaction was left to sit at r.t. for 1 h 

to allow a small amount of insoluble white powder to settle. The clear solution was 

decanted and concentrated to ca. 5 mL. Colourless block-like crystals formed upon 

cooling to -30 OC. Yield = 0.68 g ( 5 4 ~ 4 ,  mp >350 OC. 'H NMR (C6D6, 400.136 MHZ) G 

7.14 (t, J = 7 Hz, lH), 6.90 (d, J = 7 Hz, 2H), 6.89 (s, 4H), 2.32 (s, 6H), 2.15 (s, 12H), 

1.28 (t, J = 8 HZ, 3H), 0.07 (q, J = 8 HZ, 2H). I 3 c { ' ~ )  (C6D6, 125.680 MHz) 8 180.5, 



142.9, 140.3, 137.5, 136.5, 131.7, 130.3, 129.6, 129.2, 22.3, 21.9, 13.0, 0.001. IR (nujol 

mull) v 1612 (w), 1586 (m), 1551 (s), 1521 (w), 1276 (w), 852 (m), 786 (w), 743 (w), 

710 (w). Anal. Calcd for C54H6204Zn2: C, 71.60; H, 6.90. Found: C, 71.43; H, 6.63. 

[(Me3Si)zNSn(p-0zCC6H2Ph3)]2 (6): Under an inert atmosphere, a solution of 

Sn[N(SiMe3)2]2 (1.38 g, 3.14 mmol) in 5 mL anhydrous CH2C12 was added dropwise to a 

stirring suspension of 2,4,6-triphenylbenzoic acid 1 (1 .OO g, 2.85 mmol). After 1.5 h, the 

solution was decanted from a brown precipitate that was recrystallized from warm 

hexanes to give colourless crystals. Yield = 0.59 g (32%), mp = 242-247 OC (dec.). 'H 

NMR (CD2C12, 499.767 MHz) 6 7.69 (d, J = 7.6 Hz, 2H), 7.57 (s, 2H), 7.39-7.49 (m, 

13H), 0.00 (s, 18H). 13c NMR{'H) (CD2C12, 125.678 MHz) 6 141.0, 139.9, 129.2, 128.9, 

128.8, 127.9, 127.7, 127.2, 5.3 (quaternary carbons not observed). IR (nujol mull) v 

3083 (w), 3058 (w), 3034 (w), 1595 (s), 1583 (m), 1567 (vs), 1544 (vs), 1503 (s), 1496 

(s), 1439 (s), 1346 (m), 1262 (m), 1252 (m), 1241 (s), 1194 (w), 1150 (m), 1073 (w), 

1056 (w), 1030 (w), 936 (vs), 869 (vs), 849 (s), 833 (s), 790 (m), 778 (m), 759 (s), 740 

(w), 698 (s), 687 (m), 670 (m). Anal Calcd for C31H35N02Si2Sn: C, 59.24; H, 5.61; N, 

2.23. Found: C, 58.91; H, 5.43; N, 2.41. 

[(Me3Si)zNSn(p-OzCC6H3Mes2)]2 (7): Under an inert atmosphere, a solution of 

Sn[N(SiMe3)2]2 (1.35 g, 3.07 mmol) in 5 mL anhydrous CH2C12 was added dropwise to a 

stirring suspension of 2,6-bis(2,4,6-trimethylpheny1)benzoic acid 3 (1.00 g, 2.79 mmol) 

in 15 mL anhydrous CH2C12. Over the course of 5.5 h, the solution faded from bright 

orange to very pale yellow. It was then concentrated under vacuum and cooled to -30 OC 

to give colourless crystals. Yield = 1.47 g (83%) mp = 168-169 OC. 'H NMR (C6D6, 

499.767 MHz) G 6.92 (d, J = 7 Hz, 2H), 6.89 (s, 4H), 6.87 (br, 1 H), 2.27 (s, 6H), 2.17 (s, 



12H), 0.09 (s, 18H). 1 3 c { ' ~ )  (CD2C12, 125.678 MHz) 6 137.2, 136.8, 128.6, 128.0, 

21.0, 20.8, 2.32 (quaternary carbons not observed). ]l9sn (C6D6, 223.867 MHz) 6 74.43. 

IR (nujol mull) v 1613 (m), 1580 (m), 1538 (vs), 1442 (s), 1257 (m), 1245 (s), 1 183 (w), 

1146 (w), 1065 (w), 1033 (w), 926 (vs), 866 (vs), 849 (vs), 833 (s), 790 (m), 780 (m), 

755 (m), 740 (m), 710 (w), 699 (w), 670 (m). Anal Calcd for C62Hs6N204Si4Sn2: C, 

58.49; H, 6.81; N, 2.20. Found C, 57.99; H, 6.63; N, 2.27. 

[(Me3Si)2NSn(p-02CC6H2Mes2Me)]2 (8): Prepared according to the same 

procedure as 7, beginning with 4-methyl-2,6-bis(2,4,6-trimethylpheny1)benzoic acid 5 

(0.45 g, 1.2 1 mmol). Yield = 0.47 g (60%), mp = 15 1-1 55 OC. 'H NMR (C6D6, 499.767 

MHz) 6 6.85 (s, 4H), 6.69 (s, 2H), 2.2 1 (s, 12H), 2.20 (s, 6H), 1.98 (s, 3H), 0.00 (s, 18H). 

' 3 ~ { ' ~ )  NMR(CDzC12, 125.678 MHz) 6 137.8, 137.6, 136.6, 136.4, 136.2, 129.2, 128.8, 

127.9, 21.3, 21.0, 20.8, 5.2. " 9 ~ n  (C6D6, 223.867 MHz) 6 75.86. IR (nujol mull) v 1715 

(w), 1612 (m), 1597 (m), 1573 (m), 1536 (vs), 1486 (m), 1246 (s), 1164 (w), 1121 (w), 

1102 (w), 1033 (w), 921 (s), 865 (vs), 849 (vs), 834 (s), 790 (m), 757 (w), 709 (w), 669 

(m), 608 (s). Anal Calcd for C64H90N204Si4Sn2: C, 59.08; H, 6.97; N, 2.15. Found: C, 

58.78; H, 6.68; N, 2.01. 

[ (Me~~C~H~C02)sn(p-NSiMe~) ]~  (9) - Method 1: Under an inert atmosphere, 

[(Me3Si)2NSn(p-O2CC6H3Mes2)]2 7 (0.30 g, 0.23 mmol) was added to a suspension of 

H20-B(C6FS)3 (0.25 g, 0.47 mmol) in ca. 5 mL anhydrous CH2C12. The colourless 

solution stirred for 30 min at r.t. then placed in a -30 "C freezer. After one week, the 

solution was decanted from colourless crystals. Yield = 0.13 g (49%), mp = 168- 170 "C. 



[(Mes2C6H3C02)Sn(pNSiMe3)]2 (9) - Method 2: Under an inert atmosphere, 

silver cyanate (0.12 g, 0.80 mmol) was added to a solution of [(Me3Si)2NSn(p- 

02CC6H3Me~2)]2 7 (0.46 g, 0.36 mmol) in 15 mL anhydrous Et20. The beige suspension 

was stirred overnight in the dark, then filtered through glass wool and Celite and cooled 

to -30 "C to give colourless crystals. Yield = 0.23 g (57%), mp = 170 "C (dec). 'H 

NMR (CD2C12, 500.132 MHz) 6 7.48 (t, J = 7.5 Hz, lH), 7.08 (d, J = 7.5 Hz, 2H), 6.83 

(s, 4H), 2.27 (s, 6 H), 2.01 (s, 12 H), 0.1 1 (s, 9H). 1 3 c { ' ~ )  NMR (CD2C12, 125.772 

MHz) 6 138.0, 137.2, 136.9, 136.6, 128.9, 127.7, 127.5, 20.9, 20.1, 1.6. 'I9sn (186.6 

MHz, CPIMAS) 6 -100. IR (nujol mull) v 2729 (w), 1715 (w), 1610 (m), 1588 (m), 1574 

(s), 1556 (s), 1519 (s), 1484 (m), 1461 (vs), 1359 (vs), 1309 (w), 1259 (s), 1249 (s), 11 80 

(w), 1140 (m), 1101 (m), 1088 (m), 1060 (m), 1032 (m), 938 (w), 847 (vs), 810 (m), 785 

(s), 771 (m), 752 (m), 737 (m), 709 (s), 667 (w). Anal Calcd for C56H68N204Si2Sn2: C, 

59.69; H, 6.08; N, 2.49. Found: C, 59.90; H, 5.97; N, 2.67. 

[ ( M ~ s ~ C ~ H ~ C O ~ ) S ~ ( N M ~ ~ ) ~ ]  (12): Under an inert atmosphere, 2,6-bis(2,4,6- 

trimethylpheny1)benzoic acid 3 (1 .OO g, 2.79 mmol) was added to a solution of Si(NMe2)4 

(0.57 g, 2.79 mmol) in 10 mL anhydrous CH2C12. The white suspension was stirred at r.t. 

for 24 h, and then the solvent was removed under vacuum to give a white powder. The 

crude product was suspended in ca. 25 mL warm hexanes, and then filtered to remove 

insoluble solids. The hexanes solution was concentrated and cooled to -30 "C to give 

colourless crystals. Yield = 0.37 g (26%), mp = 122 OC. 'H NMR (C6D6, 499.767 MHZ) 

6 7.33 (t, 1 H, J=7.5Hz), 6.96 (d, 2H, J=7.5 Hz), 6.74 (s, 4H), 2.15 (s, 6H), 1.95 (s, 12H), 

13 1.92 (s, 18H). c{'H) (CD2C12, 125.678 MHz) 6 167.4, 137.9, 137.0, 136.9, 136.8, 

136.7, 128.8, 128.3, 127.8, 36.6, 20.9, 20.5. IR (nujol mull) v 1717 (s), 161 1 (m), 1482 



(m), 1298 (s), 1272 (vs), 1 178 (s), 1 120 (s), 1072 (m), 1058 (m), 998 (vs), 849 (m), 799 

(m), 778 (m), 748 (m), 738 (m), 709 (m), 697 (m). Anal Calcd for C31H43N302Si: C, 

71.91; H, 8.37; N, 8.12. Found: C, 71.73; H, 8.17; N, 8.26. 

[ ( M ~ s ~ C ~ H ~ C O ~ ) T ~ ( N M ~ ~ ) ~ ]  (13): Under an inert atmosphere, a solution of 

Ti(NMe2)4 (0.38 g, 1.67 mmol) in 5 mL anhydrous CH2C12 was added dropwise to a 

stirring suspension of 2,6-bis(2,4,6-trimethylpheny1)benzoic acid 3 (0.60 g, 1.67 mmol) 

in 15 mL CH2C12. After 3 h, the solvent was removed to give an orange powder that was 

recrystallized from hexanes to give orange crystals. Yield = 0.28 g (3 I%), mp = 143-146 

"C. 'H NMR (CD2C12,499.768 MHz) 6 7.48 (t, J = 7.6 Hz, lH), 7.1 1 (d, J = 7.6 Hz, 2H), 

6.45 (s, 4H), 2.79 (s, 18H), 2.26 (s, 6H), 2.04 (s, 12H). 13c{'H} (CD2C12, 125.680 MHz) 

6 184.9, 138.2, 137.1, 136.8, 136.7, 129.2, 127.9, 127.6, 44.2, 20.9, 20.5. IR (nujol mull) 

v 2767 (m), 173 1 (w), 1613 (m), 1578 (m), 1520 (s), 1487 (s), 1413 (m), 1246 (m), 1 18 1 

(w), 1 141 (m), 1 1 18 (w), 1093 (w), 105 1 (m), 1032 (m), 10 14 (m), 961 (m), 942 (s), 906 

(w), 867 (s), 848 (s), 801 (m), 768 (w), 737 (m), 718 (m), 590 (s). Elemental analysis not 

obtained. 

[(Mes2C6H3C02)2Ti(NMe2)2] (13a): Under an inert atmosphere, a solution 

Ti(NMe2)4 (0.10 g, 0.45 mmol) in 2 mL CH2C12 was added dropwise to a stirring 

suspension of 2,6-bis(2,4,6-trimethylpheny1)benzoic acid 3 (0.15 g, 0.42 mmol) in 10 mL 

anhydrous CH2C12. After 1.5 h, the solution was concentrated to ca. 5 mL and then 

cooled to -30 "C to give orange crystals. Yield = 0.12 g (67%), mp = 200 "C (dec). 'H 

NMR (CD2C12, 499.768 MHz) 6 7.46 (t, J = 7.6 Hz, lH), 7.02 (d, J = 7.6 Hz, 2H), 6.82 

(s, 4H), 2.43 (s, 6H), 2.28 (s, 6H), 1.96 (s, 12H). ' 3 ~ { ' ~ }  (CD2C12,125.678 MHz) 6 

140.0, 137.9, 136.1, 136.0, 129.9, 128.7, 127.6, 43.9, 21.1, 20.6. IR (nujol mull) v 3054 



(w), 2770 (w), 1612 (m), 1580 (m), 1521 (vs), 1486 (m), 1417 (m), 1248 (w), 1183 (w), 

1 144 (w), 1052 (w), 1032 (w), 946 (m), 865 (s), 847 (m), 826 (w), 803 (w), 782 (m), 592 

(s). Elemental analysis not obtained. 



3 m-TERPHENYLS IN METAL-ORGANIC CHAINS AND 
NETWORKS* 

Metal-organic coordination networks (MOCNs), are a class of coordination 

compounds composed of metal atoms or clusters with well-defined coordination 

geometry coordinated to multidentate organic spacer ligands through donor atoms such as 

nitrogen or oxygen to give extended one-, two-, or three-dimensional frameworks. 

Networks based upon phosphonate,'94 s ~ l f o n a t e , ' ~ ~  cyanate, azide and other such ligands 

have been extensively reported in the literature; however, they properly belong to a 

separate class of organic-inorganic hybrid materialsIy6 and will not be further discussed 

here. The ability of MOCNs to form rare or unique supramolecular structures makes 

them interesting from a fundamental standpoint. It is the ability to design and tune 

various properties of the MOCNs, though, which has driven their development for 

applied chemistry. 

In order to give a degree of structural rigidity to the networks, the organic spacers 

are almost exclusively composed of aromatic backbones, although the use of more 

flexible ligands is increasing.197 Nitrogen donor ligands are typically based on neutral 

pyridy1198 or i m i d a z o ~ e ' ~ ~  groups. These types of ligands have the advantage of a single 

coordination mode, giving more control over the final morphology of the network. Their 

neutrality, however, can be a disadvantage, as the counteranions of the metal will often 

* Portions of this chapter are reproduced in part, with permission, from the following journal articles: 
Dickie, D. A.; Jennings, M. C.; Jenkins, H. A.; Clyburne, J. A. C. Inorg. Chem. 2005,44,828-830 
(Copyright 2005 American Chemical Society); and Dickie, D. A.; Schatte, G.; Jennings, M. C.; Jenkins, H. 
A.; Khoo, S. Y. L.; Clyburne, J. A. C. Inorg. Chem., 2006,45, 1646-1655 (Copyright 2006 American 
Chemical Society). 



occupy any pores in the resultant network. This can be avoided by using negatively 

charged spacer ligands to balance the cationic metal, and the most common of these are 

c a r b ~ x ~ l a t e s . ~ ~ ~  This is not surprising, given that the same diversity of coordination 

modes described for molecular carboxylates in Chapter 2 is found in the extended 

structures of metal organic frameworks. 

3.1 Applications of metal-organic frameworks 

The year-end review in the science magazine Chemical and Engineering News 

chose an application of metal-organic frameworks as its top materials chemistry story of 

2 0 0 5 . ~ ~  Kitagawa and co-workers2" developed a copper-based network that was able to 

adsorb and release acetylene, allowing it to be stored at a density 200 times greater than 

what would be safe for the compressed gas alone. Their network was also able to bind 

selectively to acetylene in the presence of carbon dioxide. As these are both rod shaped 

molecules of similar size, the authors concluded that the difference in binding ability was 

due to interactions between the acidic hydrogen of the acetylene with free carboxylate 

oxygen from the network ligand backbone. 

Similar gas sorption applications are the most widespread use of MOCNs. From 

early studies using nitrogen and carbon dioxide adsorption as measures of network 

porosity,202 to sorption of small-molecule organic ~ a ~ o u r s , ~ ' ~  the focus has shifted 

towards networks designed specifically for methane204 and hydrogen storage2'' for fuel 

applications. These studies have progressed to the point where it is now possible to 

characterize molecular dihydrogen binding sites within the networks.206 Of course, guest 

exchange is not limited to the gas phase. Liquid phase uptake, where an insoluble 

network is soaked in a solution or neat sample of organic guest molecules, has also been 



studied.207 Recently, MOCNs were even proven capable of separating hydrocarbons 

based on size and shape.208 

The sorption properties of MOCNs lead to them often being described as porous, 

based on either gas sorption methods or computational results.209 As with many 

buzzwords, the term "porous" has been subject to a fair amount of abuse in the literature. 

An excellent recent article by Barbour discussing the phenomenon of porosity divides it 

into three distinct categories: virtual porosity, porosity without pores, and conventional 

porosity.2'0 Conventional porosity is the hardest to achieve, and refers to solids with 

permanent, interconnected channels that are able to absorb and exchange guest molecules 

with no significant change to the network. This type of porosity is found in zeolites, the 

inspiration for much MOCN synthesis. 

Virtual porosity is also rarely reported, a good thing since it is the most suspect, 

as it exists only in silico rather than in situ. Counterions or solvent molecules that fill 

what might otherwise be called pores or channels within the network are deleted by 

computer so that the subsequently generated space-filling diagrams show large, empty 

voids. Since the actual removal of these guests would cause the framework to collapse, 

they should not be considered truly porous. Porosity without pores describes the ability 

of certain crystals with internal voids that are not connected into channels to nevertheless 

absorb and release guest molecules over time without significant changes to their 

structural coordinates. Barbour admits that the mechanism for such a crystal-to-crystal 

transformation is not yet understood but it likely involves a cooperative dynamic process 

within the solid that creates temporary channels for exchange. 



Related to their sorption applications is the use of MOCNs as heterogeneous 

catalysts.211 Kitagawa recently reported that a copper-based network with carboxylate- 

finctionalized pores could catalyze the polymerization of monosubstituted acetylenes in a 

stereoselective The dangling carboxylate groups within the pores form 

hydrogen bonds to the acetylene monomer while the size restrictions of the network pore 

permit formation of only the desired trans polymers. Monomers without hydrogen- 

bonding capabilities are not held in the pores, and thus the network acts as a monomer- 

selective catalyst. Nguyen and Hupp recently published a very different example of 

active sites along a pore rather than at one of the network vertices.213 They modified an 

existing manganese complex and incorporated, with retention of its catalytic activity, as a 

supporting strut in a three-dimensional zinc-carboxylate MOCN. 

A number of non-sorption and non-catalytic applications for MOCNs have also 

been studied. Molecule-based magnets2I4 are the motivation for many networks, 

particularly those based on cobalt,215 copper, 215a, 216 nicke],2' SC, 2 17 managenese, 215c, 218 and 

iron.219 Copper and cadmium are the materials of choice for ferroelectric MOCNS.~~'  

Optical properties including non-linear optics ( N L O ) , ~ ~ '  luminescence222 and 

fluorescence223 have also been investigated. 

3.2 Frameworks based upon a bifunctional m-terphenyl carboxylate 
ligand 

The ability to enforce coordinative unsaturation at a metal site within MOCNs 

was identified early on as one of the major challenges in their development.224 

Coordinative unsaturation would lead to greater Lewis acidity and potentially improved 

binding of guest molecules. m-Terphenyl ligands are known for their ability to shield 



metals and prevent aggregation while still allowing for small molecule reactivity, exactly 

what would be required in a MOCN. In fact, m-terphenyl derivatives have already been 

designed for use in similar crystal engineering applications; however, in that case, the 

functional groups were placed on the flanking aryls, rather than on the central ring.225 

An additional advantage of using m-terphenyl ligands in network synthesis is that 

the hydrophobic pocket formed around the metal site could influence the guest 

selectivity. The steric bulk provided by the backbone would likely also reduce network 

interpenetration, thereby increasing the chances of obtaining a network with permanent 

porosity. Additionally, placing the steric bulk directly next to the metal could affect the 

dimensionality of the framework by controlling the availability of coordination sites. 

Finally, the 2,6-substitution pattern on the ligand would be unique among structural 

characterized 1,4-benzenedicarboxylic and would perhaps lead to different 

reactivity at the two ends of the molecule. 

3.2.1 Organic chains 

The preparation of coordination networks based on bifunctional m-terphenyl 

carboxylic acids began with the potassium permanganate oxidation in water of 2,6- 

diphenyl-4-methylbenzoic acid 14 to give the bifunctional molecule 2,6- 

diphenylterephthalic acid Because this reaction is done in water, the addition of a 

surfactant greatly improves the product yield by helping to solubilise the starting 

material. Sodium dodecylsulfate works well, however commercial laundry detergents 

such as ~ i d e '  were found to give comparable results and are often more readily available 

and affordable.227 



Scheme 3.1 Synthesis of 2,6-diphenylterephthalic acid 15H2. 

1) H ~ O / N ~ ~ C O , / T ~ ~ ~ @  Ph 
+ xs KMn04 + Mn02 

2) HCI 

14 15H2 

Distinctive peaks in the 'H NMR spectrum of 15H2 include the very broad signal 

at 13.1 ppm due to the hydrogen bonded OH groups, and a sharp singlet at 7.87 ppm from 

the hydrogens on the central phenyl ring. The peaks at 167.1 and 170.2 ppm in the 13c 

NMR spectrum were assigned to the two carboxylate carbons. The IR spectrum shows a 

strong v C=O absorption at 1692 cm-'. Recrystallization from diethyl ether afforded 

colourless needles suitable for X-ray diffraction. 

Figure 3.1 Structure of ligand 15H2. Thermal ellipsoids are shown at the 50% probability level. 
For clarity, hydrogen atoms on the aromatic rings are not shown. 

Reproduced with permission from Dickie, D. A,; Schatte, G.; Jennings, M. C.; Jenkins, H. A,; Khoo, S. Y. 
L.; Clyburne, J. A. C. Inorg. Chem., 2006, 45, 1646-1655. Copyright 2006 American Chemical Society. 

Not surprisingly, the crystallographic studies of 15H2 revealed an infinite one- 

dimensional hydrogen-bonded chain (Figure 3.1). There is a plane of symmetry running 

along the centre of each of the two cry~tallographically distinct molecules, from C(1)- 

C(6) and C(13)-C(18). Consequently, the C-0  bond lengths within each carboxylate are 



identical, with an average length of 1.264 A, and the hydrogen atom could not be 

accurately located. The intermolecular hydrogen bonding is strong and shows average 

[O--01 distances for neutral carboxylic acid chains,228 at 2.648(3) A for the less hindered 

para-carboxylate and 2.637(3) A for the more crowded pocket carboxylate. 

Table 3.1 Selected structural data for bifunctional m-terphenyl carboxylate 15H2. 

Bond lengths (A) 
O(l)-c(l)  1.2642(16) O(3)-C(13) 1.2663(17) 
0(2)-c(6) 1.2633(16) O(4)-C( 18) 1.2614(16) 
0(1).-O(3) 2.648 0(2)...0(4) 2.637 

Bond angles (") 
O(1)-C(1)-O(1) 123.3(2) O(3)-C( 13)-O(3) 123.5(2) 
O(2)-C(6)-O(2) 124.7(2) O(4)-C( 18)-O(4) 124.2(2) 

Based on sterics alone, it might be expected that the molecules would align in a 

head-to-tail fashion, keeping the bulky substituents are far apart as possible. Examination 

of the structure shows instead a head-to-head alignment of the m-terphenyls. This can be 

explained by examining the angle between the carboxylates and the central phenyl rings. 

Studies have shown that although the optimal conformation for unsubstituted benzoic 

acids is co-planarity between the aromatic ring and the C02H fragments, the energy 

required to rotate from 0 to 90•‹ is only 20-40 kcal im01.~~~ The presence of other 

favourable crystal packing interactions, such as hydrogen bonds, can therefore have a 

significant impact on the twist angle. Since this angle has also been shown to be 

dependent on the nature of the ortho s~bst i tuents ,~~'  it is not surprising that the steric 

demands imposed by the phenyl substituents in 15Hz have a significant impact on the 

geometry of the ligand. 

The pocket carboxylates twist significantly out of the plane (46.88" and 68.45" in 

the two molecules), while the para-carboxylates are nearly co-planar (10.04" and 9.89" 



respectively). Complementarity demands, therefore, that the two twisted fragments align 

to give essentially flat chains that are oriented anti-parallel to neighbouring chains and 

perpendicular to chains above and below it (Figure 3.2). This is in contrast to 

terephthalic acid which has all chains parallel with an inter-layer spacing of 3.333-3.403 

A.23' Although the central rings of the m-terphenyls in each chain of 15H2 are aligned in 

a face-to-face fashion, the bulk of the substituents pushes them too far apart 

(centroid--centroid = 4.414 A) to be considered a n-stacking interaction.232 

Figure 3.2 Packing diagrams of 15H2 along the crystallographic a and c axes. For clarity, aryl 
hydrogen atoms have been removed in both, as were the flanking phenyls in c. 

Reproduced with permission from Dickie, D. A.; Schatte, G.; Jemings, M. C.; Jenkins, H. A.; Khoo, S. Y. 
L.; Clyburne, J. A. C. Inorg. Chem., 2006, 45, 1646-1655. Copyright 2006 American Chemical Society. 

A second organic hydrogen-bonded chain 16 was prepared by the reaction of 

equimolar amounts of 15H2 and 4,4'-dipyridyl in ethanol. The solution 'H NMR 

spectrum of the resulting solid showed the expected 1:l ratio; however, the carboxylic 

hydrogen was not observed. Crystals were grown from ethanol and X-ray 

crystallography showed an alternating hydrogen-bonded chain 16 in the solid state 



(Figure 3.3). The C 0 2 H  hydrogen atoms in both the para and pocket positions were 

located in the Fourier difference map and their coordinates were allowed to refine freely. 

Figure 3.3 Structure of 115-bipy] 16. Thermal ellipsoids are shown at the 50% probability level. 
For clarity, hydrogen atoms on the aromatic rings are not shown. 

Reproduced with permission from Dickie, D. A.; Schatte, G.; Jennings, M. C.; Jenkins, H. A.; Khoo, S. Y. 
L.; Clyburne, J. A. C. Inorg. Chem., 2006,45, 1646-1655. Copyright 2006 American Chemical Society. 

Table 3.2 Selected structural data for [15.bipy] 16. 

Bond lengths (A) 
O(l1)-C(17) 1.3 14(2) O(13)-C(18) 1.299(2) 
O(12)-C(17) 1.2 1 O(2) O(14)-C(18) 1.2 16(2) 
H(l)...N(5 1) 1 .589 H(3)-.N(4 1) 1.728 
O(1 1)-.N(5 1) 2.63 1 0(13)...N(4 1) 2.641 

Bond angles ( O )  

O(l2)-C(l7)-O(l1) 125.14(16) O(14)-C(18)-O(13) 124.55(17) 

The presence of a single acceptor group at each end of the dipyridyl fragment 

breaks the plane of symmetry of 15H2, resulting in distinct C=O and C-0  bonds of 

1.2 1 O(2) and 1.3 14(2) 8, in the pocket and 1.2 l6(2) and 1.299(2) 8, at the para position. 

The out-of-plane twisting of the para-carboxylate is more pronounced, with an angle of 

28.95", compared to ca. 10" in 15H2, while pocket carboxylate of 15  has a similar 

orientation (66.45"). Combined with the twist in the planes of the 4,4'-dipyridyl (13.29"), 

this give the chains of 16 a wavy appearance, unlike the flat chains of 15H2. 



Figure 3.4 Strong 10-H-N] hydrogen bonds along chains and weaker [C-H-0) interactions 
between chains produces a 2-D network along the crystallographic b axis of 16. 

Reproduced with permission from Dickie, D, A,; Schatte, G.; Jennings, M. C.; Jenkins, H. A.; Khoo, S. Y. 
L.; Clyburne, J. A. C. Inorg. Chem., 2006, 45, 1646-1655. Copyright 2006 American Chemical Society. 

As in 15H2, the hydrogen bond in the m-terphenyl pocket of 15 is slightly shorter, 

O(1 I).-N(51) = 2.631 A, than in the para position, 0(13).-.N(41) = 2.641 A. Both 

hydrogen bonds are also very close to linear ([0-H...N] = 176.21" and 170.64" for the 

pocket and para, respectively), and within the ranges 233,234 of typical carboxylic acid- 

dipyridyl c o - c r y ~ t a l s . ~ ~ ~  In addition to the expected [0-He.-N] hydrogen bonding, there 

is also extensive [C-H+-0] hydrogen bonding236 (Figure 3.4). By twisting significantly 

out of the plane of the central phenyl, the carboxylate is able to engage in the maximum 

number of interactions.229 Each C=O acts as an acceptor to distinct C-H donors from two 

neighbouring pyridyl fragments. The shortest bond for each carbonyl is to the hydrogen 

ortho to the pyridine nitrogen within the same chain. The distance for the pocket C=O is 

O(12)-C(51) = 3.265 A, while thepara C-0 is again shorter at 0(14)..C(41) = 3.092 A, 



close to the range of values reported between 4,4'-dipyridyl and other bifunctional acids 

(3.1 1 1-3.446 A).233 

The interactions with the ortho hydrogen of the pyridyl in the adjacent chain 

measure O(l2)--C(4l) = 3.261 A in the pocket and O(l4)--C(5 1) = 3.147 A in the para 

position. When these interactions are taken into account, the l-D chain becomes a 2-D 

network. Organic hydrogen-bonded 2-D networks based upon trimesic or trimelletic acid 

with N,N-dibenzylamine are known to absorb a wide variety of aromatic guest 

molecules,237 however, this has not yet been tested for 16. , 

3.2.2 l-D metal-organic chains 

Attempts to use 16 or other combinations of 15Hz and 4,4'-dipyridyl to prepare 

single-crystal networks have to date proven unsuccessful, giving insoluble precipitates 

that were not characterized. Instead, the reaction of 15H2 with either cobalt (11) nitrate or 

zinc (11) nitrate was done in methanol in the presence of excess pyridine. The pyridine 

deprotonates both carboxylates to give l-D chains 17 (M = Zn) and 18 (M = Co) with the 

general formula 15.M.(py)2.MeOH, as determined by single crystal X-ray diffraction. 

Elemental analysis was consistent with this formula for 18, but results for 17 were off by 

nearly two percent for carbon. 

X-ray crystallographic studies revealed that in both 17 (Figure 3.5) and 18 (Figure 

3.6), the metal ion is bound to two pyridine molecules that are oriented cis to one another. 

A single oxygen of the pocket carboxylate is coordinated to the metal centre and one 

equivalent of methanol is bound trans to a pyridine. This type of solvent coordination is 

found in similar cobalt complexes. 238,239 This methanol, whose O H  hydrogen was 



located in the Fourier difference map, is further held in place through a hydrogen bond to 

the C=O of the pocket carboxylate. Examination of the extended structure shows that the 

distorted octahedron of the metal coordination sphere is completed by chelation of the 

para carboxylate, forming a 1 -D chain. 

Figure 3.5 Structure of [15-Zn.(py)2-MeOH] 17. Thermal ellipsoids are shown a t  50% probability 
and for clarity, all hydrogen atoms except the methanolic proton have been removed. 

Figure 3.6 Structure of [15-C0-(py)~.MeOH] 18. Thermal ellipsoids are  shown at 50% 
and for clarity, all hydrogen atoms except the methanolic proton have been 

probability 
removed. 



Figure 3.7 Extended structure of [15.Zn.(py)Z-MeOH] 17. The same motif is present in 
[15C0.(py)~.MeOH] 18. 

Table 3.3: Selected structural data for [15.Zn.(py)Z-MeOH] 17 and[l5C0-(py)~-MeOH] 18. 

While the zinc (17) and cobalt (18) chains have the same connectivity, there are 

slight differences in their structural parameters. The M-OMeoH bond and the M-O,,, 

bonds are all slightly longer in 17 than in 18, but the pocket carboxylate has a shorter M- 

0 bond. The pyridine M-N bonds are the same in both chains, within experimental error. 

The out-of-plane twist of the para-carboxylate was virtually identical in 16, 17, and 18 

(ca. 28"), in order to maximize secondary [C-He-0] interactions between neighbouring 



3.2.3 2-D hydrogen bonded metal-organic networks 

The reaction of 15H2 with copper (11) nitrate in ethanol with pyridine, although 

analogous to preparation of 17, gives complex 19 with the significantly different formula 

(15H)2.Cu-(py)2 (Figure 3.8). No solvent is present in the final product, and only one of 

the two carboxylic acid groups has been deprotonated, necessitating a 2:l meta1:ligand 

ratio in the neutral compound. The hydrogen atom of the protonated carboxylate was 

located in the Fourier difference map and allowed to refine freely. As in 17 and 18, two 

pyridines are again present, but examination of the crystal structure showed that they are 

bound in trans conformation across a crystallographic mirror plane. The deprotonated 

pocket carboxylates are also trans and bound to the copper ions through a single oxygen, 

giving the metal square planar geometry with 0-Cu-N angles of 92.37(6)and 87.63(6)". 

Figure 3.8 Structure of [(lSH)z.Cu.(py)z] 19. Thermal ellipsoids are shown at 50% probability 
and for clarity, only the 0 - H  hydrogen is shown. 

Reproduced with permission from Dickie, D. A.; Schatte, G.; Jennings, M. C.; Jenkins, H. A.; Khoo, S. Y. 
L.; Clyburne, J. A. C. Inorg. Chem., 2006, 45, 1646-1655. Copyright 2006 American Chemical Society. 

The Cu-0 and Cu-N bond lengths of 1.977 l(13) and 1.9948(18) A, respectively, 

are significantly shorter than the metal-ligand bonds in 17 and 18. They are also on the 

short end of the average reported for recent copper-based MOCNs (Cu-0 = 1.945 - 2.159 

A, Cu-N = 1.924 - 2.286 A). 239,240 The difference of at least 0.05 A for the M-0 bond 



and 0.08 A for the M-N bond may be caused by the increased demand for electron 

density from the solvent-free metal in 19. It may also be due to the reduced steric 

hindrance around the four-coordinate copper compared to the six-coordinate zinc or 

cobalt in 17 and 18. 

Table 3.4 Selected structural data for [(15H)2Cu.(py)2] 19. 

Bond lengths (A) 
Cu(1)-0(1 1) 1.977 l(13) Cu(1)-N(4 1) 1.9948(18) 
O(l1)-C(17) 1.252(2) Cu(l).-O(14) 2.517 
O(12)-C(17) 1.246(2) 0(12)...H(1) 1.466 
O(13)-C(18) 1.3 19(3) 0(12)...0(13) 2.497 
O(14)-C(18) 1.21 l(2) 

Bond angles (") 
O(l1)-Cu(1)-O(1 I)* 179.997(1) O(11)-Cu(1)-N(41)* 87.63(6) 
O(l1)-Cu(1)-N(41) 92.37(6) N(41)-Cu(1)-N(41)* 180.0 
0(12)...H(l)-O(13) 159.71 
Symmetry transformation used to generate equivalent atoms: * -x + 1 ,  -y + 1 ,  -z 

The C-0  bonds in the pocket (1.252(2) and 1.246(2) A, respectively) are 

delocalized while those in the protonated para-carboxylic acid can still be considered 

distinct single and double bonds (1.319(3) and 1.21 l(2) A). In the pocket of the 

m-terphenyl ligand, the oxygen that is not bound to the metal is instead engaged in a very 

short228 hydrogen bond (H-SO = 1.466 A, 0 . . .0  = 2.495 A, 0-H.-0 = 159.71") to the 0 -  

H of a neighbouring para-carboxylic acid. This brings the remaining C=O from the para 

group close enough to interact with the copper, transforming it from square planar to a 

~ a h n - ~ e l l e ? ~ ~  distorted octahedral geometry (Figure 3.9). This secondary Cu-0 

interaction measures 2.5 17 A, nearly 0.5 A less than the sum of the van der Waals radii of 

Cu (11) and 0 (2.92 A), and is undoubtedly a significant interaction. The hydrogen bond 

and Cu-0 interaction form a "figure eight" around the metal centre, resulting in the 

formation of a 2-D network 



Figure 3.9 Short [0-H.-0] hydrogen bonds and long [Cu-0] interactions connecting a 2-D 
network in 19. Phenyls removed for clarity 

Reproduced with permission from Dickie, D. A.; Schatte, G.; Jennings, M. C.; Jenkins, H. A.; Khoo, S. Y. 
L.; Clyburne, J. A. C. Inorg. Chem., 2006, 45, 1646-1655. Copyright 2006 American Chemical Society. 

To demonstrate how changes in reaction conditions can effect MOCN formation, 

it is interesting to compare 19 with another complex formed by the reaction of two 

equivalents of 15H2 with copper (11) nitrate in methanol with excess pyridine. This 

variation in solvent (from ethanol to methanol), pyridine concentration and reaction 

stoichiometry gave complex 20 with a formula of (15H)2Cu.(py)4.(H20)2 (Figure 3.10). 

As with 19, compound 20 has a 2:1 1igand:metal ratio and a singly deprotonated 

carboxylate, but it has incorporated twice as many pyridine molecules. 

Figure 3.10 Structure of 1(15H)2~Cu.(py)4.(Hz0)2] 20. Thermal ellipsoids are shown at 50% 
probability and for clarity, all hydrogens except the 0 - H  have been removed. Two 
molecules of water are also not shown. 

Reproduced with permission from Dickie, D. A.; Schatte, G.; Jennings, M. C.; Jenkins, H. A.; Khoo, S. Y. 
L.; Clyburne, J. A. C. Inorg. Chem., 2006,45, 1646-1655. Copyright 2006 American Chemical Society. 



The four Cu-N bonds in 20 range from 2.025(2) to 2.040(2) A, somewhat longer 

than those measured in 19. The Cu-0 bonds are also significantly longer, measuring 

2.377(2) and 2.517(2) A, compared to 1.9771(13) in 19. In fact, the longer Cu(1)-O(5) 

bond is the same length as the secondary Cu-0 in 19. As with 19, the C-0  bond lengths 

in the pocket are indistinguishable, averaging 1.252 A, indicating delocalization around 

the carboxylate fragment, despite the fact that the copper is clearly bound to only one of 

the two oxygen atoms (non-bonded Cu(1)-O(2) = 3.802 A and Cu(1)-O(6) = 3.945 A). 

The protonatedpara position has distinct C=O and C - 0  bonds averaging 1.2 16 and 1.3 15 

A, respectively. 

Given that the para and pocket carboxylates formed very strong hydrogen bonds 

to one another in 19, a similar but perhaps weaker interaction might be expected in 20. 

Examination of the extended structure (Figure 3.11), however, shows instead that 

hydrogen bonding through the two waters of crystallization gives rise to a 2-D network 

made up of three distinct ring systems. The protonated para-carboxylates of each m- 

terphenyl ligand bridge an oxygen and hydrogen from two water molecules to form the 

smallest ring. The remaining hydrogen atom from each water molecule forms a hydrogen 

bond to the unbound oxygen of the pocket carboxylate, completing the two other rings. 



Figure 3.11 The carboxylate oxygen not bound to copper forms hydrogen bonds with water to give 
this 2-D network in 20. For clarity, only the ipso carbon atoms of the phenyls and the 
nitrogen of the pyridines are shown. 

Reproduced with permission from Dickie, D. A.; Schatte, G.; Jennings, M. C.; Jenkins, H. A.; Khoo, S. Y. 
L.; Clyburne, J. A. C. Inorg. Chem., 2006, 45, 1646-1655. Copyright 2006 American Chemical Society. 

Table 3.5 Selected structural data for [(15H)~.Cu.(py),-(HzO)z] 20. 

Bond lengths (A) 
Cu(1)-N(I) 2.0377(18) Cu(1)-N(3) 2.0400(19) 

Bond angles (") 
N(1)-Cu(1)-N(2) 89.8 l(7) N(2)-Cu(1)-N(3) 91.56(8) 
N(1)-Cu(1)-N(3) 178.20(8) N(2)-Cu(1)-N(4) 174.77(8) 
N(1)-Cu(1)-N(4) 88.37(7) N(3)-Cu(1)-N(4) 90.17(7) 
O(1)-Cu(1)-O(5) 178.23(6) 

Table 3.6 [0-H-O] Hydrogen bond lengths and angles in [(15H)z-Cu.(py)4-(Hz0)2] 20. 

Hydrogen bond lengths (A) 
H(4A).-0(9)# 1 1.69 0(4)...0(9)# 1 2.504(2) 
H(8A).-0(10)#2 1.69 0(8).-0(10)#2 2.5 18(2) 
H(9A).-0(3)#3 1.950(17) O(9)-.0(3)#3 2.796(2) 
H(9B)...0(2)#4 1.787(16) 0(9)...0(2)#4 2.657(2) 
H(7A)-.0(7)#5 1.931(17) O( 1 0)...0(7)#5 2.772(2) 
H(7B)-.0(6)#6 1.772(16) 0(10).-0(6)#6 2.629(2) 

Hydrogen bond angles (") 
O(4)-H(4A) ... 0(9)# 1 168.3 O(9)-H(9B) ... 0(2)#4 177(3) 
O(8)-H(8A) ... O(10)#2 171.1 O(10)-H(7A) ... 0(7)#5 165(2) 

... O(9)-H(9A) 0(3)#3 170(3) O(10)-H(7B) ... 0(6)#6 170(2) 

Symmetry transformations used to generate equivalent atoms: #1 x-l,y,z; #2 x+l,y-1,z; #3 -x,-y+l,-z; #4 - 
x+l ,-y+l ,-Z; #5 -x+2,-y,-z+l ; #6 -x+l ,-y,-Z+ 1. 



The shortest hydrogen bonds are between water and the O-H of the para- 

carboxylate, while the C=O of the para groups form the longest and the C - 0  of the 

pocket are intermediate. All of the bonds are of moderate to strong strength.228 This 

network is further stabilized by extensive [C-H--01 hydrogen bonding between the 

pocket carboxylate and the ortho hydrogens of the coordinated pyridines (Figure 3.12). 

The free pocket oxygens each form a single short [C-H-0] bond of 2.332 and 2.292 A 

for O(2) and 0(6), respectively. The two copper-coordinated oxygen atoms each engage 

in two [C-H...O] bonds, ranging from 2.413-2.522 A. This results in two pyridines using 

both ortho hydrogens to interact with opposite carboxylates and two pyridines using only 

a single ortho hydrogen atom. 

Figure 3.12 [C-H.-O] Bonds in 20. Phenyl groups, water, and non-hydrogen bonded hydrogens 
have been removed for clarity. 

Reproduced with permission from Dickie, D. A.; Schatte, G.; Jennings, M. C.; Jenkins, H. A.; Kboo, S. Y. 
L.; Clyburne, J. A. C. Inorg. Chem., 2006, 45, 1646-1655. Copyright 2006 American Chemical Society. 

3.2.4 2-D covalent metal-organic networks 

In compounds 17-20, the coordinated pyridine molecules are occupying at least 

two metal coordination sites, limiting the dimensionality of the resulting complex. In an 

attempt to prepare a pyridine-free complex based solely on metal-ligand interactions 



rather than hydrogen-bonding, silver nitrate was reacted with the dipotassium salt of 15  in 

methanol and water. The resulting 2-D network 21 (Figure 3.13) is the only one in this 

series to be free of both solvent and base, with a formula of 15.Ag2. The X-ray crystal 

structure shows that there is a plane of symmetry down the centre of the molecule, as 

there was in 15H2. 

The para-carboxylate bridges two silver atoms, with an Ag-0 bond length of 

2.178(3) A, and there is an argentophilic Ag-Ag bond of 2.8689(7) A. This compares 

well with the Ag-Ag bond length in metallic silver of 2.889 A and is at the very low end 

of the range of silver-silver interactions in coordination networks reported recently.241 

Examination of the extended structure (Figure 3.14) shows that the silver atoms are also 

coordinated to the pocket carboxylate at an Ag-0 bond length of 2.242(3) A, forming a 

twisted eight-membered Ag2C204 ring. Each oxygen of the pocket also bridges a silver 

from a neighbouring chain, Ag-0 = 2.430(3) A, forming a planar four-membered Ag202 

heterocycle. 

Figure 3.13 Structure of [15.Ag2] 21. Thermal ellipsoids are shown at 50% probability and all 
hydrogen atoms have been removed for clarity. 

Reproduced with permission from Dickie, D. A,; Schatte, G.; Jennings, M. C.; Jenkins, H. A.; Khoo, S. Y. 
L.; Clyburne, J. A. C. Inorg. Chern., 2006, 45, 1646-1655. Copyright 2006 American Chemical Society. 



Figure 3.14 Extended structure of 21, showing the network formed by Ag-Ag bonds and bridging 
carboxylates. Phenyl substituents have been omitted for clarity. 

Reproduced with permission from Dickie, D. A.; Schatte, G.; Jemings, M. C.; Jenkins, H. A.; Khoo, S. Y. 
L.; Clyburne, J. A. C. Inorg. Chem.. 2006, 45, 1646-1655. Copyright 2006 American Chemical Society. 

Table 3.7 Selected structural data for [15.Ag2] 21. 

Bond lengths (A) 
Ag-O( 1) 2.178(3) c(2-)0( 1) 1.266(4) 
Ag-0(8)# 1 2.242(3) C(2)-0(1)#3 1.266(5) 
Ag-0(8)#2 2.430(3) c(7)-0(8) 1.256(4) 
Ag-Ag#3 2.8689(7) C(7)-0(8)#3 1.256(4) 

Bond angles (") 
O(1)-Ag-0(8)# 1 156.62(12) O(1)-Ag-Ag#3 77.43(9) 
O(1)-Ag-0(8)#2 128.42(12) 0(8)# 1 -Ag-Ag#3 79.87(8) 
0(8)# 1 -Ag-0(8)#2 74.33(12) 0(8)#2-Ag-Ag#3 154.14(8) 
Symmetry operations used to generate equivalent atoms: #1 x, y+l, z; #2 -x+l, -y+l, -z; #3 -x+l, y, -z+1/2 

Figure 3.15 n-Stacking interactions in 21 viewed along the crystallographic b and c axes, 
respectively. 

Reproduced with permission from Dickie, D. A.; Schatte, G.; Jennings, M. C.; Jenkins, H. A.; Khoo, S. Y. 
L.; Clyburne, J. A. C. Inorg. Chem., 2006,45, 1646-1655. Copyright 2006 American Chemical Society. 



The m-terphenyl ligands are arranged so that the phenyl substituents lie above and 

below the plane of the 2-D sheet-like network (Figure 3.15). This allows the phenyls to 

engage in face-to-face n-stacks with the layers above and below. The interaction, which 

has a centroid...centroid distance of 3.823 A, is longer than benzene-benzene stacks (3.77 

A),232 but in the absence of other interactions, the shear number of them surely 

contributes substantially to the structure of the network. 

Finally, in another attempt to prepare a low-coordinate, pyridine-free network, 

15H2 was combined with zinc nitrate in ethanol. Triethylamine was chosen as the 

deprotonating agent because of its poor metal-coordination properties compared to 

pyridine. The base was allowed to slowly diffuse into the reaction mixture as a vapour, 

leading to the formation of 22 (Figure 3.16), with a crystallographically determined 

formula of 15Zn.(EtOH)2, although elemental analysis results were off by nearly one and 

half percent for carbon. Both ends of the bifunctional ligand were deprotonated, and two 

molecules of solvent were incorporated into the structure. 

Figure 3.16 Structure of [15.Zn-(EtOH)2] 22. Thermal ellipsoids are shown at 50% probability and 
all hydrogen atoms except 0-H, and one of two disordered ethanol molecules have been 
removed for clarity. The ethanols were refined isotropically and are shown as sticks. 

Reproduced with permission from Dickie, D. A.; Schatte, G.; Jennings, M. C.; Jenkins, H. A.; Khoo, S. Y. 
L.; Clyburne, J. A. C. Inorg. Chem., 2006, 45, 1646-1655. Copyright 2006 American Chemical Society. 



The X-ray structure shows two crystallographically distinct molecules. The para- 

carboxylates bridge two symmetry-related zinc atoms to form an eight-membered 

Zn2C204 heterocycle that makes up the corner of each repeat unit in the rectangular 2-D 

network of the extended structure (Figure 3.17). The zinc ions are further coordinated to 

one oxygen from the pocket carboxylate and one ethanolic oxygen. 

Figure 3.17 Rectangular grid formed by 22, shown in crystal structure and schematically.242 

Reproduced with permission from Dickie, D. A.; Schatte, G.; Jennings, M. C.; Jenkins, H. A.; Khoo, S. Y. 
L.; Clyburne, J. A. C. Inorg. Chem., 2006, 45, 1646-1655. Copyright 2006 American Chemical Society. 

Table 3.8 Selected structural data f0r[l5.Zn.(EtOH)~] 22. 

Bond lengths (A) 
Zn(1) - O(41) 1.943(4) Zn(2) - 0(22)#2 1.943(4) 

1.936(4) Zn(2) - O(2 1)#3 1.953(4) 
1.973(4) Zn(2) - O(5 1) 1.948(4) 
2.008(4) Zn(2) - O(301) 1.980(5) 
1.265(7) C(50)-O(52) 1.218(7) 
1.242(7) C(50)-O(5 1) 1.271(7) 
1.258(7) C(20)-O(2 1) 1.256(7) 
1.269(6) C(20)-O(22) 1.26 l(6) 

Bond angles 
129.81(17) 0(22)#2-Zn(2)-0(21)#3 1 1 1 .93(18) 
1 12.67(17) 0(22)#2-Zn(2)-O(5 1) 1 15.2 l(16) 
112.17(17) O(2 1)#3-Zn(2)-O(5 1) 1 16.18(16) 

Symmetry transformations used to generate equivalent atoms: #1 -x, -y, -z+3; #2 -x, -y, -z+2; #3 x+l, y+l, 
z; #4 x-1, y-1, z 



For each zinc ion, a second equivalent of ethanol is held in place by hydrogen 

bonds to the metal-bound ethanol and the extra pocket-carboxylate oxygen (Figure 3.18). 

Both molecules of ethanol are intercalated into the space between the layers of the 2-D 

network, suggesting that they could be removed without affecting the structural integrity 

of the network. Thermogravimetic analysis (TGA) showed a 20% weight loss, consistent 

with two molecules of ethanol, up to 225 "C with no hrther drop until 350 "C. 

Table 3.9 [0-H--.O] Hydrogen bond lengths and angles of [15.Zn.(EtOH)2] 22. 

Hydrogen bond lengths (A) 
H(20A)-O(40 1) 1.80 0(201).-O(401) 2.604(10) 
H(30A).-O(501) 1.88 O(301) -.0(501) 2.635(11) 
H(30A)-O(60 1) 1.76 O(301) ... O(601) 2.580(13) 
H(40A)...0(12)#1 1.88 O(401))-.0(12)# 1 2.698(9) 
H(50A)-.0(52)#5 2 .04 O(501) .-0(52)#5 2.794(11) 
H(60A)-.0(301) 2.10 O(601) ... O(301) 2.580(13) 

Hydrogen bond angles (") 
O(201)-H(20A)...0(401) 168.7 O(401)-H(40A)...0(12)# 1 176.0 
0(301)-H(30A)~~~0(501) 152.2 O(501)-H(50A)...0(52)#5 152.7 
O(301)-H(30A)...0(601) 176.2 0(601)-H(60A)~~~0(301) 1 17.4 

Symmetry operations used to generate equivalent atoms: #I -x, -y, -z+3; #5 -x+l, -y+l, -z+2 

Figure 3.18 Hydrogen bonds in[15.Zn.(EtOH)2] 22. 

Reproduced with permission from Dickie, D. A.; Schatte, G.; Jennings, M. C.; Jenkins, H. A.; Khoo, S. Y 
L.; Clyburne, J. A. C. Inorg. Chem., 2006, 45, 1646-1655. Copyright 2006 American Chemical Society. 



Figure 3.19 Thermogravimetric analysis of [15.Zn.(EtOH)z] 22. 

3.3 Summary and conclusions 

Less than 15 years ago, playwright, poet and Nobel prize-winning chemist Roald 

Hoffmann stated that 

... in two or three dimensions, it's a synthetic wasteland. The 
methodology for exercising control so that one can make unstable but 
persistent extended structures on demand is nearly absent. Or to put it in a 
positive way - this is a certain growth point of the chemistry of the 

Much progress has certainly been made since this was written, but scientists are 

still not at the point of being able to predict absolutely the structure of most MOCNs 

based on a particular ligand and metal salt. The two copper compounds, 19 and 20, 

demonstrated how very different topologies could result from the same starting materials, 

while the one-dimensional chains 17 and 18 had the same structure despite using 

different metals. Taken together, the compounds 17-22 show that the sterically 

demanding ligand 15H2 is able to shield metal sites from aggregation and network 

interpenetration, while still allowing for small molecules (pyridine or solvent) to 



coordinate. This bodes well for eventual applications in gas sorption andlor catalysis, 

even though a three-dimensional network with permanent porosity based on 15H2 has not 

yet been prepared. In most cases presented here, hydrogen-bonding or other 

supramolecular interactions play an important role in determining the overall topology of 

the networks or chains. The choice of base, solvent and reaction stoichiometry also 

influence product formation, but the structures are dominated, for the most part, by the 

bulky m-terphenyl ligand that effectively limits the dimensionality of the networks to 

two. 

3.4 Future work 

Now that an initial synthetic survey of MOCNs based on the bifunctional m- 

terphenyl ligand 2,6-diphenylterephthalic acid 15H2 has been completed, an in-depth 

study of the properties of the most promising complexes should be undertaken. Although 

space-filling diagrams the complexes suggest that they lack permanent porosity, they 

should nevertheless be testedzo9 for their ability to absorb and release guest molecules. 

Compound 22, which appears to release ethanol upon heating, is the most likely to 

exhibit this "porosity without pores"210 and should be the first complex to be tested for its 

ability to exchange guest molecules in both liquid and vapour phases. 

The best test molecules would be small organic molecules with heteroatoms able 

to act as Lewis bases towards the unsaturated Zn centre, and to engage in hydrogen bonds 

with the free carboxylate oxygen of the m-terphenyl ligand. Ideally, the crystallinity of 

the network would be retained throughout the guest exchange, allowing for 

characterization via single crystal X-ray diffraction, but data from IR spectroscopy and 

thermogravimetric analysis would also be informative. Preliminary results of powder 



diffraction studies suggest that while some long-range order is present in desolvated 22, it 

does not retain its single-crystal character. This work should be followed up in order to 

clarify the nature of the desolvated material 

The difference in reaction conditions between the one-dimensional zinc 17 and 

cobalt 18 chains resulted in no change between their structures, while a similar difference 

in the preparation of the copper networks 19 and 20 gave two remarkably different 

outcomes. Careful studies of solvent, concentration, and pH dependence are necessary in 

order to understand better the factors influencing the network formation. TGA studies of 

the two copper compounds would also be interesting, to see if it is possible to remove 

some or all of the pyridine molecules with disrupting the hydrogen bonds holding the 

networks together. If that proves possible, then these compounds should be investigated 

for guest-exchange in a similar manner to 22. Finally, someone with suitable expertise 

should examine the magnetic properties of 18-20 (cobalt and copper), and the 

luminescence of the silver network 21. 

3.5 Experimental 

3.5.1 Synthesis of organic molecules 

4-Methyl-2,6-diphenylbenzoic acid (14): Under an inert atmosphere, 

phenylmagnesium bromide (165 mL, 1.0 M in THF) was added dropwise to a stirred 

solution of 2,6-dibromo-1-iodo-4-methylbenzene (20.0 g, 253.2 mmol) in 30 mL 

anhydrous THF. After 3.5 h, dry COz was bubbled through the reaction mixture for 2.5 

h. The reaction was quenched with H 2 0  and dilute (ca. 1 M) HCl, then extracted with 

EtzO. The combined organic fractions were dried over MgS04 and the solvent was 



removed under vacuum to give a yellow-orange solid that was recrystallized from 

hexanes to give colourless crystals. Yield = 10.7 g (70%), mp = 242-243 "C. 'H NMR 

(CDC13, 500 MHz) 6 7.35-7.43 (m, lOH), 7.19 (s, 2H), 2.45 (s, 3H). I 3 c { l ~ }  NMR 

(CDC13, 125 MHz) 6 173.4, 140.7, 140.6, 139.9, 130.4, 129.9, 129.1, 128.9, 128.6, 128.5, 

127.7, 21.5. IR (nujol, cm-l) v 1683 (s), 1598 (m), 1495 (m), 1299 (s), 1 189 (w), 11 15 

(w), 951 (w), 871 (w), 784 (w), 773 (m), 699 (s). HR-MS (mh): [M'] calculated for 

C20H1602, 288.1 150; Found, 288.1 145. 

2,6-Diphenylterephthalic acid (15H2): Potassium permanganate (4.1 1 g, 26.0 

mmol) and sodium carbonate (3.00 g, 28.3 mmol) were dissolved in 100 mL water. To 

this solution 4-methyl-2,6-diphenylbenzoic acid 14 (3.00 g, 10.4 mmol) and ~ i d e @  

laundry detergent (0.30 g) were added. The mixture was heated to reflux for 2 h then 

cooled to r.t. Sodium bisulfite was added in small solid portions until the solution was 

colourless, and then the brown precipitate was removed by filtration through Celite. The 

solution was cooled to 0 OC and concentrated HCI (12 mL) was added dropwise, resulting 

in the formation of a white precipitate. The mixture was extracted with Et20 and the 

combined organic fractions were dried over MgS04. Slow evaporation of the solvent 

gave colourless crystals. Yield = 2.59 g (82%), mp = 325-327 OC. 'H NMR (DMSO-d6, 

499.770 MHz) 6 13.1 (br s, OH), 7.87 (s, 2H), 7.39-7.49 (m, 10H). I3c {'H} (DMSO-d6, 

125.680 MHz) 6 170.2, 167.1, 140.0, 139.9, 138.2, 133.5, 131.9, 130.1, 129.9, 129.2, 

129.0, 128.6. IR (nujol) v 1692 (s), 1568 (w), 1496 (w), 1337 (w), 1267 (m), 1098 (w), 

787 (w), 700 (w). Anal. Calcd for C2()H1404: C, 75.46; H, 4.43. Found: C, 75.57; H, 

4.48. 



15.bipy (16): 4,4'-Bipyridyl (0.12 g, 0.78 mmol) was dissolved in 5 mL ethanol 

and added dropwise to a solution of 2,6-diphenylterephthalic acid 15H2 (0.25 g, 0.78 

mmol) in 5 mL ethanol. Slow evaporation at r.t. over three days gave large, colourless 

crystals. Yield: 0.27 g (73%), mp = 225 OC. 'H NMR (DMSO-d6, 400.136 MHz) 6 8.72 

(d, J = 4.6 Hz, 4H), 7.87 (s, 2H), 7.83 (d, J = 4.7 Hz, 4H), 7.43-7.49 (m, 1 OH). IR (nujol) 

v 1704(s), 1599 (s), 1405 (m), 1283 (m), 1260 (s), 1214 (s), 1137 (w), 1057 (m), 1050 

(m), 903 (w), 807 (s), 782 (s), 759 (s), 720 (m), 697(s), 628 (s). Anal. Calcd for 

C30H22N204: C, 75.94; H, 4.67; N, 5.90. Found: C, 75.62; H, 4.8 1; N, 5.7 1. 

3.5.2 Synthesis of metal chains and networks 

1-D zinc chain [15.Zn.(py)2.MeOH] (17): 2,6-Diphenylterephthalic acid 15H2 

(0.25 g, 0.78 mmol) and Zn(N03)2.6H20 (0.23 g, 0.78 mmol) were combined and 

dissolved in 8 mL warm methanol. This solution was layered onto a solution of 0.1 mL 

pyridine in 8 mL benzene. After one week, the solution was carefully decanted from a 

white precipitate and allowed to evaporate slowly to give white crystals. Yield = 0.25 g 

(56%, based on Zn), mp >350 OC. IR (nujol) v 3447 (br), 1693 (m), 1632 (w), 1606 (m), 

1585 (m), 1573 (m), 1546 (m), 1447 (s), 13 10 (m), 1 153 (m), 107 1 (m), 1042 (m), 9 13 

(m), 796 (m), 753 (m), 698 (s). Anal Calcd for C31H26N205Zn: C, 65.10; H, 4.58; N, 

4.90. Found: C, 63.18; H, 4.61; N, 5.74. 

1-D cobalt chain [15C0.(py)~.MeOH] (18): A solution of C O ( N O ~ ) ~ . ~ H ~ O  (0.15 

g, 0.5 1 mmol) in 5 mL methanol was added to a solution of 2,6-diphenylterephthalic acid 

15H2 (0.35 g, 1.10 mmol) in 15 mL methanol and 1 mL pyridine. Slow evaporation of 

the solvent at r.t. gave dark pink crystals within hours. Yield = 0.25 g (87%, based on 



Co), mp >320 "C (dec.) IR (nujol) v 1601 (s), 1574 (s), 1538 (s), 1493 (m), 1486 (m), 

1444 (vs), 1369 (vs), 1275 (w), 1216 (w), 1151 (w), 1070 (w), 1040 (s), 912 (m), 809 

(m), 795 (s), 781 (m), 752 (s), 698 (vs). Anal Calcd for C31H26C~N205: C, 65.84; H, 

4.63; N, 4.95. Found: C, 65.52; H, 4.94; N, 4.99. 

2-D copper network [(lSH)2.C~*(py)~] (19): 2,6-Diphenylterephthalic acid 

15H2 (0.25 g, 0.78 mmol) and Cu(N03)2.2.5H20 (0.18 g, 0.78 mmol) were dissolved in 8 

mL ethanol. This solution was layered onto a solution of 0.1 mL pyridine in 8 mL 

benzene. After one week, the solution was carefully decanted from a blue precipitate and 

allowed to evaporate slowly to give blue crystals. Yield = 0.26 g (39%, based on Cu), 

mp = 270-272 "C. IR (nujol) v 1867 (br), 1682 (vs), 1612 (m), 1580 (s), 1557 (s), 1455 

(vs), 1331 (m), 1240 (s), 1219 (s), 1154 (m), 1106 (m), 1075 (m) 1049 (m), 912 (m), 822 

(s), 695 (vs). Anal Calcd for C50H36N20&~: C, 70.13; H, 4.24; N, 3.27. Found: C, 

70.05; H, 4.34; N, 3.34. 

2-D copper network [ ( ~ S H ) ~ C U . ( ~ ~ ) ~ . ( H ~ O ) ~ ]  (20): A solution of 

Cu(N03)2-2.5H20 (0.12 g, 0.5 1 mmol) in 5 mL methanol was added to a solution of 2,6- 

diphenylterephthalic acid 15H2 (0.35 g, 1.10 mmol) in 5 mL methanol and 1 mL 

pyridine. Slow evaporation of the solvent at r.t. gave dark blue crystals within hours. 

Yield = 0.33 g (62% based on Cu), mp = 93-98 "C (dec). IR (nujol) v 3464 (s), 3063 (w), 

3024 (w), 1964 (br), 1693 (m), 1605 (s), 1581 (s), 1564 (s), 1557 (s), 1493 (s), 1448 (vs), 

1337 (s), 1283 (s), 1269 (vs), 1235 (w), 12 18 (w), 1 154 (m), 1 103 (w), lo68 (s), 1042 

(m), 905 (m), 818 (s), 788 (w), 777 (s), 757 (vs), 720 (s), 698 (vs). Anal Calcd for 

C60H50C~N4010: C, 68.59; H, 4.80; N, 5.33. Found: C, 68.38; H, 4.80; 5.43. 



2-D silver network [15.Agz] (21): A solution of the dipotassium salt of 2,6- 

diphenylterephthalate 15 (10 mL, O.1M in H20) was isolated from the synthesis of 15H2 

prior to acidification and placed in a test tube. A solution of 2: 1 MeOH/H20 (6 mL) was 

carefully layered onto the potassium solution. Silver nitrate (0.17 g, 1.0 mmol) was 

dissolved in 8 mL warm methanol and layered onto the mixed solvent. The test tube was 

kept in the dark for one week, and then the solution was decanted off to leave needle-like 

crystals. Yield = 0.04 g (7.5% based on Ag), mp >350 "C. IR (nujol) 161 1 (w), 1583 

(vs), 1544 (m), 1536 (m), 1509 (m), 1492 (s), 131 8 (m), 1 156 (m), 1073 (m), 1029 (m), 

914 (w), 880 (m), 832 (s), 805 (m), 766 (m), 750 (s), 722 (m), 701 (vs). Elemental 

analysis not performed due to low yield. 

2-D zinc network [15.Zn.(EtOH)2] (22): A solution of Zn(N03)2-6H20 (0.47 g, 

1.57 mmol) in 10 mL ethanol was added to a solution of 2,6-diphenylterephthalic acid 

15Hz (0.50 g, 1.57 mmol) in 10 mL ethanol. Triethylamine (0.5 mL) was allowed to 

vapour diffuse into the reaction mixture. After one week, colourless crystals were 

isolated. Yield = 0.26 g (35%), mp >350 "C. IR (nujol) 3367 (br), 1604 (s), 1557 (s), 

1495 (w), 13 18 (w), 105 1 (m), 700 (m), 668 (w). Anal Calcd for C24H2406Zn: C, 60.84; 

H, 5.11. Found: C, 59.36; H, 5.40. 



In 1983, Nuzzo and Allara reported the first example of self-assembled monolayer 

(SAM) formation by the adsorption of disulfides on a gold surface.244 Since that time, the 

chemisorption of organosulfur compounds such as thiols, sulfides and disulfides on gold 

surfaces has become quite widespread, surpassing other chemisorbed SAM systems 

including carboxylic acids on metal oxides or silanes on glass.245 Part of the popularity 

of gold-thiol SAMs stems from the fact that they are generally stable with respect to 

hydrolysis, and can be prepared from either gas phase or solution phase reactions.246 The 

structurally well-defined surfaces of SAMs have found a variety of applications 

including, but not limited to, templates for semiconductor crystal sensor 

development,248 polymer supports,249 e lec t ro~hemis t ry~~~  and nanomateria~s.~~' This 

type of SAM is also commonly used for imrnobilising proteins or other biological 

macromolecules for analysis252 or even catalysis.253 

4.1 Traditional SAMs 

The most common organosulfur compounds used in SAM formation are o- 

functionalized alkylthiols.254 Occasionally, instead of flexible alkyl chains, rigid 

thioaromatic molecules255 such as p-terphenyls are used due to their potential for 

electrical conductivity.256 The typical thiol adsorbate is divided into three distinct 

regions: the sulphur atom that binds to the gold with an average bond energy of 50 

Portions of this chapter are reproduced in part, with permission, from the following journal article: 
Dickie, D. A.; Chan, A. Y. C.; Jalali, H.; Jenkins, H. A.; Yu, H.-Z.; Clybume, J .  A. C. Chem. Commun. 
2004,2432-2433 (Copyright 2004, Royal Society of Chemistry). 
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kcallmol, the alkyl linker fragment whose hydrophobic interactions contribute 1-2 

kcallmol of stabilization energy per methylene, and the all important a-terminal head 

the most common of which is the carboxylic acid.257 While this portion of the 

molecule has limited impact on the self-assembly process, it is the primary point of 

interaction with solution-phase analyte molecules. 

4.1.1 Problems with surface density of traditional SAMs 

Both alkyl and aryl thiols form well-organized, closely-packed monolayers. 

While this close-packing is often desirable, for example in the SAM-mediated synthesis 

of molecular wires,258 certain applications require lower density surfaces. In many 

applications involving biological macromolecules or other large analytes, it is 

advantageous to have a low-density surface in which the o-terminal functionality is 

isolated from its neighbours to prevent aggregation and undesired steric restrictions.252a 

A common approach for achieving this goal is to shorten the immersion time of the 

substrate in the deposition solution.259 This method offers very little control over the 

arrangement of and the environment around the o-terminal functional groups on the 

SAM. Since studies have shown that the chemical and physical properties of surfaces are 

dependent on structure,260 such imprecision may be detrimental to many applications. 

Recently, two groups have developed new routes to prepare low-density 

monolayers. Langer et al. designed alkanethiols with bulky head groups26' while Liu used 

substituted alkanethiols wrapped with ~ ~ c l o d e x t r i n s . ~ ~ ~  Both of these approaches make 

use of protecting groups. The low-density surfaces are achieved by removal, after SAM 



formation, of either the head group or cyclodextrin to leave isolated o-carboxyl 

terminated alkyl chains. 

4.2 m-Terphenyls in SAMs 

The need for removable protecting groups is not a particularly atom-economical 

route to low-density functionalized surfaces. A logical alternative would be permanent 

steric control through the organic adsorbate. The rigid and bulky nature of m-terphenyl 

molecules make them appealing targets for the formation of SAMs with inherently low 

density (<I .4x 10-lo mol/cm2). In addition, because each carboxylic acid group is isolated 

within an individual hydrophobic pocket, a high acid-dissociation (pK,) on the surface 

would be expected, i.e. the carboxyl group would be in the protonated form over a large 

pH range.263 This is desirable because many biological macromolecules attach to the 

surface via amide or hydrogen bond formation. We therefore aimed to prepare a 

bifunctional m-terphenyl with a carboxylic acid group in the pocket and a 

mercaptomethyl group in the para position. 

4.2.1 Ligand synthesis and characterization 

No precedent for m-terphenyl gold-thiol SAMs is known, but they have been 

featured in Langmuir m ~ n o l a ~ e r s , ~ ~ ~  and structurally related pyrylium ions have been 

attached to polymer surfaces for use as colorimetric sensors.265 The first step in the 

preparation of a m-terphenyl decorated SAM, therefore, was the development of a 

bifunctional ligand similar to that used in the networks of Chapter 3, but with a thiol 

substituent in place of the para carboxylate. The radical bromination of 4-methyl-2,6- 

diphenylbenzoic acid 14 with N-bromosuccinimide in benzene is initiated with benzoyl 



peroxide. This synthetic route was based on the conversion of p-toluic acid to the 

brominated d e r i ~ a t i v e . ' ~ ~  After heating to reflux for several hours, a white powder 

characterized as 4-bromomethyl-2,6-diphenylbenzoic acid 23 was isolated. 

Scheme 4.1 Syntheses of 4-bromomethyl-2,6-diphenyl benzoic acid 22 and 4-mercaptomethyl-2,6- 
diphenylbenzoic acid 23. 

EtOH 
___C 

Following procedures developed for the synthesis of 4-mercaptomethylbenzoic 

acid,'" 23 can be combined with thiourea in ethanol to give a salt that is then 

transformed by saponification and acidification into the thiol-substituted m-terphenyl 

4-mercaptomethyl-2,6-diphenylbenzoic acid 24. The 'H NMR spectrum of 24 shows a 

triplet at 3.08 ppm and a doublet at 3.81 ppm due to the S H  and CH2 respectively. The 

IR spectrum shows a strong v C=O absorption at 1693 cm-'. Neither 22 nor 24 formed 

crystals suitable X-ray crystallographic analysis; however, a crystal structure of 14 was 

obtained, which allowed us to assess the steric hindrance at the binding site.* 

Structure of 14 solved by Dr. Hilary Jenkins, Saint Mary's University. 
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Figure 4.1 Structure of 4-methyl-2,6-diphenylbenzoic acid 14. 

Table 4.1 Selected structural data for 4-methyl-2,6-diphenylbenzoic acid 14. 

Bond lengths (A) 
o (  1)-c( 1) 1.269(2) O( 1 )-0(2)#1 2.6234(18) 
0(2)-c(1) 1.26 l(2) H( 1 A)-.0(2)# 1 1.40(2) 

Bond angles (") 
O(1)-C(1)-0(2) 124.04(16) O(1)-H(l A)...0(2)#1 173.7(18) 

Symmetry transformations used to generate equivalent atoms: #1 -x,-y,-z 

Analysis of the X-ray crystal structure shows that 14 (Figure 4.1) exists in the 

solid state as a hydrogen-bonded dimer. The ring formed by the carboxylate groups is 

twisted approximately 65" out of the plane of the central phenyl ring, while the flanking 

phenyls are found at angles of 45" [C(21) ring] and 5 1" [C(11) ring]. The C - 0  bonds are 

equal within experimental error, indicating delocalization within the carboxylate 

framework. These bonds lengths, as well as the [0(1)-H(lA)...0(2)] hydrogen bond, are 

indistinguishable from those found in the pocket of the bifunctional m-terphenyl 

From the structural parameters of 14, it was possible to estimate the surface coverage of 

24. As shown in Figure 4.2,* each molecule in the upright position occupies an area of 

* Figure prepared with the assistance of Dr. Len Barbour, University of Stellenbosch, from the X-ray 
crystallographic data of 14 using modified X-Seed software. 
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ca. 112 A2. This corresponds to a surface coverage of 1.48~10-" mol/cm2, comparable to 

2 262 the density of cyclodextrin-modified surfaces (0.99 to 2.08~10-'' mollcm ). 

Figure 4.2 Estimated surface coverage of m-terphenyl thiols, as shown by the shadow cast on a 
surface by the solid-state space-filling model of 14. The grid size is 0.5 A. 

Reproduced with permission from Dickie, D. A.; Chan, A. Y. C.; Jalali, H.; Jenkins, H. A.; Yu, H.-Z.; 
Clyburne, J. A. C. Chem. Commun. 2004,2432-2433. Copyright 2004 Royal Society of Chemistry. 

4.2.2 Surface characterization by FTIR spectroscopy 

All work related to the m-terphenyl SAM formation and characterization was 

done by undergraduate students Hanifa Jalali and Andy Chan in collaboration with Dr. 

Hogan Yu at Simon Fraser university.* The rn-terphenyl SAMs were formed by the 

immersion of clean gold substrates for 24 hours in deoxygenated 1.0 mM 9:l ethanol- 

acetic acid solutions of 24. The addition of acetic acid is essential as it decreases the 

hydrogen-bonded dimerization of 24 in solution. 254,268 Finally, the modified gold 

substrate was washed sequentially with solvent mixture and deionized water to remove 

any unbound molecules. 

* Experimental details can be found in: Dickie, D. A.; Chan, A. Y. C.; Jalali, H.; Jenkins, H. A.; Yu, H.-Z.; 
Clyburne, J. A. C. Chem. Commun. 2004,2432-2433. 



The FTIR (Figure 4.4a) of the modified gold surfaces shows peaks that are 

consistent with the formation of a monolayer of 24. Most importantly, the v C=O 

absorption at 1671 cm-' confirms the presence of the carboxylate functionality on the 

surface. Additional peaks for v C - 0  are present at 1148 and 1092 cm-' and C-C aromatic 

stretches from the m-terphenyl appear at 1594 and 1466 cm-I. In contrast to long chain n- 

alkanethiolate SAMs, the bands in the region of 2700-3200 cm-' corresponding to CH2 

stretches are rather weak because only one methylene group is present in the m-terphenyl 

thiol 24. The low-density packing of the molecules in the SAM also reduces the signal 

intensity. Further evidence supporting monolayer formation was provided by collecting 

the FTIR spectrum of the modified surface under both p-polarized and s-polarized light. 

Surface selection rules indicate that FTIR absorptions will be observed only under p- 

polarization if a monolayer is present, but both s- and p-polarization will provide spectra 

for a bilayer or greater.269 In the case of gold surfaces modified with 24, the FTIR 

spectrum was visible only under p-polarized light. 

Figure 4.3 Schematic representation of SAM of m-terphenyl thiol 24 after reaction with adenine. 



Figure 4.4 FTIR spectra of m-terphenyl SAMs formed from the adsorption of 24 on gold (A) and 
after further reaction with adenineITHF solution (B). 

Wavenumber / cm" 

Reproduced with permission from Dickie, D. A.; Chan, A. Y. C.; Jalali, H.; Jenkins, H. A.; Yu, H.-Z.; 
Clybume, J. A. C. Chem. Commun. 2004,2432-2433. Copyright 2004 Royal Society of Chemistry. 

The reactivity of the m-terphenyl SAM was demonstrated by the treatment of the 

monolayer with a THF solution of adenine (2.7 mM). Adenine forms hydrogen bonds 

with the carboxylate group on surface (Figure 4.3) and significantly changes the FTIR 

spectrum (Figure 4.4b). The most obvious change is the appearance of a band at 3275 

cm-' for the NH stretch. The peak with shoulders at 1466 cm-' may be attributed to both 

C-C aromatic stretches (m-terphenyls) and imidazole ring stretches (adenine, at 1453 cm' 

I). Another change upon binding of adenine is the shift of the carboxylate C=O stretch 

from 167 1 to 1659 cm-' and the C - 0  stretches from 1 148 and 1092 cm-' to 1 144 and 

1088 cm-I, respectively. The clear decrease of the overall absorbance also indicates the 

formation of an additional layer of molecules on top of the SAMs of 24 on gold. 



4.2.3 Surface characterization by contact angle measurement 

Wetting measurements were further used to characterize the SAM of 24 on gold. 

This method (Figure 4.5) involves the measurement of the contact angle between a 

buffered water droplet and the surface.270 At high pH, carboxyl-terminated surfaces 

become more hydrophilic due to the formation of the carboxylate anion and show 

decreased contact angles. Conversely, as the pH decreases, the protonated surface 

becomes more hydrophobic and contact angles increase. 

Figure 4.5 Schematic representation of contact angle measurements at high (left) and low (right) 
pH. 

Figure 4.6 Contact angle titration curve of m-terphenyl SAMs prepared from the adsorption of 24 
on gold, measured using a nonreactive spreading protocol. 

Reproduced with permission from Dickie, D. A.; Chan, A. Y. C.; Jalali, H.; Jenkins, H. A.; Yu, H.-Z.; 
Clybume, J. A. C. Chem. Commun. 2004,2432-2433. Copyright 2004 Royal Society of Chemistry. 



The plot of contact angle versus pH (Figure 4.6) represents a typical titration 

curve of surface carboxyl groups. The pK, of the surface was evaluated by fitting the 

experimental data with the help of previously developed procedures.270 To minimise 

errors associated with salt formation on the surface by different buffers and to ensure 

reproducibility, measurements were repeated on several spots on different samples. The 

pKa of the SAM of the m-terphenyl 24 on gold was found to be 10.1f0.2, significantly 

higher than that of similar m-terphenyl carboxylic acids in solution (6.39).263 It should be 

also noted that neither the protonated nor deprotonated forms of the surface are 

completely hydrophilic, which would be expected for a surface that was completely 

covered by carboxyl groups (e.g., 11-mercaptoundecanoic acid SAMs). This indicates 

that the surface density of carboxyl groups is relatively low, as desired, and that they are 

isolated by the hydrophobic terphenyl pockets. 

4.3 Summary and conclusions 

The new bifunctional thiol-carboxylate m-terphenyl molecule 24 was synthesized 

and used, in collaboration with Dr. Hogan Yu, to form a SAM on a gold substrate. The 

resultant SAM had a pKa of 10.1 f 0.2. Contact angle measurements showed that the use 

of the m-terphenyl backbone results in a surface with higher hydrophobicity than more 

traditional alkyl carboxylate surfaces. Finally, the well-isolated carboxyl groups were 

found to be amenable further reactions with biomolecules as shown by reaction with 

adenine. 



4.4 Future work 

The results obtained in this collaborative project could provide the basis for a 

number of new explorations. The present study used only spectroscopic techniques to 

characterize the SAM surface, but additional useful information such as the packing of 

the m-terphenyls on the surface could likely be obtained from scanning tunnelling 

microscopy27' and other non-spectroscopic techniques.272 Such techniques would also 

help confirm that 24 does indeed form a monolayer on gold, not a bilayer or other higher 

dimensionality aggregate. 

Once a better understanding of the SAM surface features is available, it might be 

possible to exploit the isolated pocket-like environment to create DNA microarrays or 

"DNA chips" with optimized surface probe density for biological analysis.273 

Alternatively, the hydrogen-bonding capabilities of the o-terminal carboxylic acid could 

be used as anchor points and nucleation sites for the self-assembly of electro-optic 

films274 or epitaxial crystal 

Another interesting investigation would be to reverse the location of the 

functional groups on the m-terphenyl molecules. Placing the thiol within the pocket, 

which would now be facing downward onto the surface, would result in a remarkably 

different environment for the carboxylic acid in thepara position. It would retain similar 

spacing from neighbouring functional groups, but would no longer have any steric 

protection from the m-terphenyl. This would almost certainly lead to unusual reactivity 

of the carboxylic acid group towards other functionalized molecules. 

Finally, the m-terphenyl thiol 24 should be tested for its ability to stabilize the 

formation of gold nanoparticles. Much research has been done to try to control the size 



and shape of gold n a n ~ ~ a r t i c l e s , ~ ~ ~  and it has long been known that the ratio of thiol 

stabilizer to metal can have a profound impact on the size of the resulting 

n a n ~ ~ a r t i c l e s . ~ ~ ~  Since the steric demands of the m-terphenyl thiol 24 are so different 

from those of the alkylthiols typically used, they would likely give significantly different 

results. For example, they might be able to protect the gold surface while occupying 

fewer sites than alkylthiol stabilizers, leaving more metal atoms available for reaction 

with small molecules. It would also help overcome the problem of decreased chain- 

packing density as one gets further from the gold since the core itself would 

always be protected. It may even be possible to use the m-terphenyl pocket to isolate and 

organize chromophores on the nanoparticles surface to produce photo-responsive 

organic-inorganic hybrid materials.279 

4.5 Experimental 

4-Bromomethyl-2,6-diphenylbenzoic acid (23): 4-Methyl-2,6-diphenylbenzoic 

acid 14 (2.00 g, 6.94 mmol) and N-bromosuccinimide (NBS) (1.36 g, 7.36 mmol) were 

suspended in 30 mL benzene. Benzoyl peroxide (0.17 g, 0.69 mmol) was added and the 

mixture was heated to reflux under nitrogen for 3.5 h. An additional portion of NBS 

(0.33 g, 1.85 mmol) was added and the reflux was continued for another 3 h. The 

reaction mixture was cooled to r.t. and the solvent was removed under vacuum. The 

residue was suspended in 20 mL hot H20 and filtered to give a white powder. Yield = 

0.78 g (31%), mp = 214-216 "C. 'H NMR (CDC13, 499.770 MHz) 6 7.36-7.41 (m, lOH), 

7.19 (s, 2H), 4.53 (s, 2H). I 3 c { ' ~ )  NMR (CDC13, 125.680 MHz) 6 173.0, 141.2, 140.7, 

139.8, 139.5, 131.7, 129.7, 128.6, 128.1, 32.4. IR (nujol, cm-') v 1698 (s), 1599 (w), 

1494 (w), 1289 (m), 1277 (m), 1213 (w), 1146 (w), 1116 (m), 1075 (w), 1029 (w), 786 



(m), 701 (s). HR-MS (m/z): [M'] calculated for C20H15Br02, 366.0255; Found, 

366.0250. 

4-Mercaptomethyl-2,6-diphenylbenzoic acid (24): 4-Bromomethyl-2,6- 

diphenylbenzoic acid 23 (0.75 g, 2.04 mmol) and thiourea (0.17 g, 2.25 mmol) were 

suspended in 15 mL ethanol. The mixture was heated to reflux under nitrogen for 2.5 h. 

The solution was cooled to room temperature and a solution of sodium bicarbonate (0.45 

g in 4.5 mL H20) was added dropwise to the reaction mixture. The mixture was again 

heated to reflux under nitrogen for 3 h, then cooled to r.t. and filtered. The solution was 

acidified with H2S04 and cooled to -20 OC. A pale yellow powder was isolated by 

filtration. Yield = 0.56 g (86%), mp = 250 OC (dec). 'H NMR (DMSO, 499.770 MHz) 6 

7.35-7.44 (m, lOH), 7.18 (s, 2H), 3.81 (d, J = 8.1 Hz, 2H), 3.09 (t, J = 8.1 Hz, 1H). IR 

(nujol, cm-') v 1673 (s), 1598 (m), 1576 (w), 1495 (w), 1295 (m), 1273 (m), 1180 (w), 

11 17 (w), 1089 (w), 1075 (w), 1045 (w), 1028 (w), 784 (w), 772 (w), 759 (w), 701 (s). 

HR-MS (m/z): [M'] calculated for C20H1602S, 320.0871; Found, 320.0871. 



5 NEW BIDENTATE m-TERPHENYL COMPOUNDS* 

"In recent years there has been considerable and growing interest in the 

coordination chemistry of bulky bi- and tri-dentate ligands, in part because these ligands 

can be used to provide protective shields for catalytically active metal centres."280 This 

statement by Gibson provided the motivation to see what other potentially bidentate 

functional groups besides carboxylates could be inserted into the pocket of m-terphenyl 

backbones to make new ligands with unusual properties. To narrow down the almost 

unlimited number of possible functional groups, we decided to concentrate on groups that 

were either isoelectronic or isostructural to carboxylic acids, namely hydroxylated Schiff 

bases, secondary amides, and boronic acids (Figure 5.1) with the goal of producing a 

catalytically active metal complex. 

Figure 5.1 Carboxylic acids (A) are isoelectronic with Schiff bases (B) and amides (C), and 
isostructural with boronic acids (D). 

5.1 Schiff bases, amides and boronic acids in coordination chemistry 

Schiff bases are a special class of imines having the general formula Ar(H)C=NR. 

Originally, the term Schiff base was applied to all imines formed by the condensation 

* Portions of this chapter are reproduced in part, with permission, from Dickie, D. A.; Jalali, H.; Samant, R. 
G.; Jennings, M. C.; Clyburne, J .  A. C. Can. J. Chem., 2004,82, 1346-1352 (Copyright 2004 NRC 
Canada). 



reaction of an aldehyde with a primary amine, but it has since been restricted to only 

those products derived from aryl aldehydes.281 Perhaps the best-known Schiff base 

ligands are the family of tetradentate Salen molecules, so named because they are formed 

from salicylaldehyde. 

Scheme 5.1 General synthesis of Salen molecules. 

The coordination chemistry of Salen molecules and the saturated Salan-type 

ligands with main group elements has been extensively reviewed.282 Their popularity is 

derived, in part, from the phenol that can act as an additional binding site along with the 

imino nitrogen. Thus, hydroxylated Schiff base ligands are, like carboxylates, versatile 

and potentially monoanionic. The ability of the nitrogen and oxygen heteroatoms to bind 

metals in a monodentate fashion, chelate the metal, or bridge multiple metal centres make 

these ligands very useful for varying metal coordination environments.283 

Specific recent applications for Schiff bases complexes are remarkably diverse 

and run from biology284 and medicine,285 to materials science where they are components 

of oxygen selective membranes,286 non-linear optical materials,287 phosphorescent and 

luminescent compounds,288 and single molecule magnets.289 In addition to these 

applications, Schiff bases are commonly used as ligands in catalysts for a variety of 

processes including epoxidation,290 cyclopropanation,291 and transfer hydrogenation,292 

as well as both addition293 and r i n g - ~ ~ e n i n g ~ ~ ~  (ROP) polymerization. If the Schiff base 

is chiral, several of these catalytic reactions can be made enant io~elec t ive .~~~ 



Amides are less common than other ~ , ~ - l i ~ a n d s ~ ~ ~  perhaps because under certain 

conditions they are susceptible to t r a n ~ a m i n a t i o n ~ ~ ~  or hydrolysis298 reactions. 

Nevertheless, they have been used in catalytic applications, including hydroamination'85 

and atom-transfer radical polymerization.299 Sterically hindered amides, when bound to 

nickel, have been found to give high molecular weight poly(ethylene),300 while amides 

bound to zinc through carbon, rather than one of the heteroatoms, are known as 

Reformatsky amides and have extensive uses in synthetic organic chemistry as carbon 

n u ~ l e o ~ h i l e s . ~ ~ ~  The metal-bridging capability of amides has been specifically exploited 

to design luminescent bimetallic platinum-thallium coordination networks.302 

Boronic acids have perhaps the most diverse chemistry of the three ligand classes 

discussed in this chapter. Despite the fact that they are diprotic analogues of carboxylic 

acids, they are not often used as ligands. One notable exception is aluminium-boronic 

acid complexes that act as co-catalysts in various systems, particularly structurally 

characterized alternatives to the ubiquitous but notoriously undefined M A 0  co- 

catalyst.303 On their own, boronic acids have recently been found to catalyze the 

formation of amides directly from carboxylic acids and a m i n e ~ , ~ ' ~  but they are more 

often used as a substrate for a number of essential cross-coupling  reaction^.^" They are 

also known for their potent biological activity,'06 and are found in many chemosensors, 

due to their ability to reversibly bind diol groups found in sugars.307 This is due to their 

hydrogen-bonding characteristics, which is also why they are becoming popular synthons 

for crystal engineering.308 Finally, boronic acids can be oxidized to phenols that may be 

difficult to make by other routes.309 



5.2 m-Terphenyl Schiff base ligands 

Recent work by Scott has demonstrated that one of the major limitations in the 

commercial use of metal-Schiff base catalysts, alkyl insertion into the imine bond, is 

reduced or eliminated if there is appropriate steric hindrance near the C=N bond.310 

What better way to shield this bond that to place it within the pocket of a m-terphenyl? 

The synthesis of the m-terphenyl Schiff base began with the preparation of a m-terphenyl 

aldehyde that could then undergo a condensation reaction with an appropriate amine. 

2,4,6-Triphenylbenzaldehyde 25 is readily synthesized on a large scale with good yield 

(80%) according to a variation of literature procedures31' by lithiation of 2,4,6- 

triphenylbromobenzene followed by addition of N,N'-dimethylformamide (Scheme 5.2). 

Both the 'H and I3c NMR spectra of 25 show characteristic aldehyde resonances. The 

aldehyde H signal is observed at 10.0 ppm in the 'H NMR spectrum, while in the I3c 

NMR spectrum, the aldehyde carbon signal appears at 193 ppm. IR spectroscopy 

provided further confirmation, with v C=O at 1698 cm-I and v C-H at 2747 cm-'. 

Scheme 5.2 Synthesis of 2,4,6-triphenylbenzaldehyde 25. 

The m-terphenyl Schiff base ligand 26 was prepared by treatment of the aldehyde 

25 with 2-aminophenol in ethanol solution to form N-(2',4',6'-tripheny1benzylidene)-2- 

iminophenol (TPIP - for TriPhenylIminoPhenol) 26 (Scheme 5.3). The product was 



isolated in high yield (>90%) as a yellow crystalline compound. TPIP is a somewhat 

unusual Schiff base in that its pendant phenol comes from the amine moiety rather than 

the aldehyde fragment as in Salen-type molecules.312 

Spectroscopic studies indicated the presence of the imine functionality with a 

peak at 8.59 ppm in the 'H NMR spectrum as well as by a C=N stretch at 1625 cm-' in 

the IR spectrum. These values are consistent with those reported by ~ a m a m o t o ~ ' ~  for the 

related 2-(phenylmethy1ene)aminophenol (6 NH 8.68 ppm, v C=N 1630 cm-I). The 

alcohol group was observed as a sharp singlet at 5.49 ppm in the 'H NMR spectrum and 

at 3419 cm-' in the infrared. The value of the 0 -H stretch in 26 is significantly higher 

than that of ~ a m a m o t o ~ ' ~  at 3130cm-'. It is more comparable to molecules that feature 

intramolecular [O-H-T] interactions, such as 2,6-diphenylphenol with an 0 -H stretch of 

1 314 3565 cm- . 

Scheme 5.3 Synthesis of TPIP 26 and TPAP 27. 

The saturated version of TPIP, called TPAP for TriPhenylAminoPhenol, was also 

prepared. Reduction of the C=N double bond in TPIP 26 by the addition of NaBH4 in 

ethanol solution gave TPAP 27 (Scheme 5.3). The 'H NMR spectrum showed a peak for 

the methylene protons at 4.05 ppm. This is consistent with data presented by ~ n d o ~ "  for 



the related N-benzyl-2-aminophenol where the methylene resonance is observed at 4.37 

ppm. In the IR spectrum of 27, the N-H stretch appeared as a sharp peak at 3321 cm-' 

while the 0 -H appeared as a weak signal at 3391 cm-'. 

X-ray crystallographic studies* were performed on both 26 (Figure 5.2) and 27 

(Figure 5.3). As expected from the spectroscopic data, an [0-H-..n] interaction is 

observed between the phenolic proton and the centroid of one phenyl ring [C(41)-C(46)] 

in 26. This interaction was not present in the saturated version 27. As would be expected 

when going from an imine to an amine, the Cterphenyl-N bond length increased from 

1.222(4) 8, in TPIP to 1.448(3) 8, in TPAP. At the same time, the Cphcnol-N bond 

shortened slightly from 1.427(4) 8, to 1.394(3) 8,, while the C - 0  bond lengths remained 

essentially unchanged. 

Figure 5.2 Structure of TPIP 26. Thermal ellipsoids are shown at 50% probability and all 
hydrogen atoms except the phenolic proton have been removed for clarity. 

Reproduced with permission from Dickie, D. A.; Jalali, H.; Samant, R. G.; Jennings, M. C.; Clyburne, J. A. 
C. Can. J. Chem., 2004,82,1346-1352. Copyright 2004 NRC Canada. 

* Structures of 26 and 27 solved by Dr. Michael Jennings, University of Western Ontario. 



Figure 5.3 Structure of TPAP 27. Thermal ellipsoids are shown at 50% probability and all 
hydrogen atoms except the phenolic and amino protons have been removed for clarity. 

Reproduced with permission from Dickie, D. A.; Jalali, H.; Samant, R. G.;  Jennings, M. C.; Clyburne, J. A. 
C. Can. J. Chem., 2004,82, 1346-1352. Copyright 2004 NRC Canada. 

Table 5.1 Selected structural data for TPIP 26 and TPAP 27. 

Bond lengths (A) 

5.3 Main group m-terphenyl Schiff base complexes 

While Schiff bases are generally fairly robust ligands, there have been at least two 

reports of ligand decomposition in the presence of tin(11),"~ so to test whether this would 

occur with the new m-terphenyl Schiff base ligand TPIP 26, it was treated with 

Sn[N(SiMe3)2]2 in dichloromethane. The 'H NMR spectrum of the orange-red product 

28 showed a slight downfield shift of the imino CH proton to 8.91 ppm from 8.59 ppm in 

the free ligand. The SiCH3 protons from the remaining bis(trimethylsilyl)amino ligand 



appeared as a singlet at -0.12 ppm. The 'I9sn NMR spectrum showed a single sharp peak 

at -5.95 ppm. 

Scheme 5.4 Synthesis of SnaTPIP complex 28. 

HO 

To confirm the proposed structure of 28, X-ray crystallographic studies were 

performed.* The asymmetric unit (Figure 5.4) of the SnaTPIP complex was found to 

contain two crystallographically distinct molecules of 28, along with three molecules of 

CH2C12. As expected, the tin was chelated by the two heteroatoms of the TPIP ligand, 

forming a five-membered ring. In order to accommodate the tin fragment, the flanking 

phenyls of the TPIP ligand were twisted closer to co-planarity with the central ring (ca. 

45 to 49") than in 26 (ca. 61 and 72"). 

Structure solved by Diane Dickie, with the assistance of Dr. Gabriele Schatte, Saskatchewan Structural 
Science Centre. 



Figure 5.4 Structure of Sn-TPIP 28. Thermal ellipsoids are shown at 50% probability and 
hydrogen atoms and solvent molecules have been removed for clarity. Only one of two 
crystallographically independent molecules is shown. 

Table 5.2 Selected structural data for Sn-TPIP 28. 

p t h s  (A) 
Sn(1)-N(l) 2.138(4) Sn(2)-N(3) 2.137(4) 

N(1 )-Sn(1)-N(2) 91.65(14) N(3)-Sn(2)-N(52) 92.69(14) 
N(1)-Sn(1)-O(9) 99.35(14) N(3)-Sn(2)-O(59) 1 00.49( 1 3) 
N(2)-Sn(1)-O(9) 72.24(13) N(52)-Sn(2)-O(59) 71.18(12) 

Symmetry transformation used to generate equivalent atoms: * -x, -y+l, -2 

There is a difference of more than 0.3 8, between the Sn-N dative and covalent 

bonds [2.487(4) vs 2.138(4) A] in 28. The C=N bond is slightly lengthened from 

1.222(4) 8, in the free ligand 26 to 1.275(6) or 1.271 (6) in the complex 28. Likewise, the 

C-0  bond is slightly shorter, at 1.355(5) 8, compared to 1.393(5) 8, in 26. Somewhat 

surprisingly, given the bulk of the ligands, each of the molecules formed an additional 

long Sn-0 interaction of 2.642 and 2.539(3) 8, in the Sn(1) and Sn(2) fragments, 



respectively (Figure 5.5). In contrast to a recently reported copper(I1) salicylaldimine 

complex in which the bulky substituents forced the metal to distort from square planar to 

pseudo-tetrahedral the solid-state Sn202 dimer of 26 is perfectly flat and lies 

in the same plane as the N-Sn-0 chelated ring, and the C3-C8 phenyl ring, giving rise to 

an extended 6-5-4-5-6 pentacyclic n-system. 

Figure 5.5 Solid state dimer formed through Sn-0 dative bonds in Sn-TPIP 28. Only one of two 
crystallographically independent molecules is shown. 

The m-terphenyl Schiff base ligand TPIP 26 also reacted with trimethylaluminium 

in toluene (Scheme 5.5) to give an orange solid 29. Along with the expected signals from 

the TPIP ligand, the 'H NMR spectrum indicated the presence of two different aluminium 

methyl environments with resonances observed at -1.31 and -0.89 ppm. These signals 

had relative integrated intensities of 6:9 and were assigned, respectively, to an N,O- 

chelated dimethylaluminium and an 0-coordinated trimethylaluminium. This pattern was 

observed even if only one equivalent of trimethylaluminium was used, in which case a 

yellow powder was also formed which was not characterized due to its insolubility in 



conventional solvents. Noticeably absent from the IR spectrum of 29 was the 0 -H 

stretch observed in the free ligand 26. 

Scheme 5.5 Synthesis of TPIP.AlMe2-A1Me3 29. 

toluene - 
- CH4 

Figure 5.6 Complexes showing similar aluminium coordination to TPIP.AIMe2.AIMe3 29. 
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unprecedented. Atwood, 312c.318 ~ a r r o n ~ ' ~  and van ~ o t e n ~ ~ '  have reported similar five- 

membered N-A1-0 heterocyclic chelates with a second trialkylaluminium datively 



coordinated to the oxygen atom (Figure 5.6). X-ray crystallographic studies* confirmed 

the proposed formula of 29 as TPIP.AlMe2.A1Me3 (Figure 5.7). The Al-N and A1-0 bond 

lengths of 29 are comparable to those of the complexes in Figure 5.6. The environment 

around each aluminium centre in 29 is that of a distorted tetrahedron, with bond angles 

ranging from 84.13"- 120.30" in the chelated aluminium, A1(13), and 102.02"-115.47" for 

the other, Al(4). The large distortions in the chelated centre are likely due to the steric 

constraints imposed by the formation of a five-membered ring, as well as the presence of 

the bulky m-terphenyl fragment. Finally, as with Sn-TPIP 28, the flanking phenyls are 

much less twisted (ca. 40 and 48") relative to the central phenyl than in the free ligand 26. 

The other structural parameters of the ligand are relatively unchanged upon complexation 

with aluminium. 

Figure 5.7 Structure of TPIP.AIMe2.AIMe3 29. Thermal ellipsoids are shown at 50% probability 
and hydrogen atoms have been removed for clarity. 

Reproduced with permission from Dickie, D. A.; Jalali, H.; Samant, R. G.; Jennings, M. C.; Clyburne, J. A. 
C. Can. J. Chem., 2004,82, 1346-1 352. Copyright 2004 NRC Canada. 

* Structure solved by Dr. Michael Jennings, University of Western Ontario. 
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Table 5.3 Selected structural data for TPIP.AIMe2-AIMe, 29. 

Bond lengths (A) 
Al(4)-O(5) 1.9359(19) o ( V c ( 6 )  1.386(3) 

. ,  . 
Bond angles (O) 

O(5)-Al(13)-N(12) 84.13(8) A1( 13)-O(5)-Al(4) 123.50(9) 

Finally, when the TPAP ligand 27, which features an amine rather than an imine 

nitrogen, was combined with trimethylaluminium, the anticipated product 

TPAP-AlMe-AlMe3 was not detected (Scheme 5.6). Instead, characterization by IR, 'H 

and I3c NMR spectroscopy indicated that the product was the mononuclear complex 

TPAP.AlMe2 30. The IR spectrum showed a peak assigned to an N-H stretch at 3321 

cm-I. In the free ligand, this appears at 3291 cm-'. The 'H NMR spectrum also indicated 

that the amino hydrogen was still present, with then the NH signal appearing as a triplet 

at 3.08 ppm (J = 7 Hz), coupled to the signal for the methylene protons, a doublet at 4.01 

ppm (J = 7 Hz). Also observed in the 'H NMR spectrum was a sharp singlet at -1.35 ppm 

that was assigned to the six A1(CH3)2 hydrogens. Similarly, the signal at -8.1 ppm in the 

13 C NMR spectrum was assigned to the two aluminium methyl carbons. 

Scheme 5.6 Synthesis of TPAP-AlMe2 30. 



These spectroscopic observations, specifically the decreased frequency of VN-H in 

the IR spectrum and the NH-CH 3 ~ H - ~  coupling constant in the 'H NMR spectrum, are 

reminiscent of trialkylaluminum-dialkylamine adducts previously reported by ~ r a d l e ~ , ~ "  

and consistent with the suggested formula of 30. Unfortunately, despite numerous 

attempts in various solvents and conditions, 30 did not form crystals suitable for X-ray 

crystallographic studies. Instead, elemental analysis was performed on samples of 30, 

and the results agree more closely with the suggested structure of 30 than any of the other 

likely reaction products. 

5.3.1 Ring-opening polymerization of E-caprolactone 

The aluminium complexes TPIP.AIMe2-AlMe3 29 and TPAP.AlMe2 30 were 

tested as initiators in the ring-opening polymerization (ROP) of E-caprolactone and 

propylene oxide. Addition of a 55-fold excess of E-caprolactone to a toluene solution of 

29 was found to give poly(capro1actone) upon methanol work-up. The identity of the 

polymer was confirmed by IR and 'H NMR spectroscopy as well as matrix-assisted laser 

desorption ionization time-of-flight (MALDI-TOF) mass spectrometry. A THF solution 

of the polymer was subjected to gel-permeation chromatography* (GPC) to determine the 

molecular weight and polydispersity. It was found to have Mw = 10 964 and 

polydispersity of 1 S O .  Under similar conditions, the bulky alkylaluminium initiators 

described by ~ k u d a ~ ~ ~  produced polymers with Mw in the range of 50 000 with 

polydispersities from 1.8-3.3. 

GPC analysis done by Marianne Rodgers and Ken Shi, Simon Fraser University. 
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In our hands, complex 30 was not an active ROP initiator for E-caprolactone and 

neither 29 nor 30 were active towards propylene oxide. To exclude the possibility that 

free AlMe3 was dissociating from 29 and acting as the initiator, analogous reactions using 

AIMe3 instead of 29 were performed. No polymerization was observed. 

Scheme 5.7 Ring-opening polymerization of E-caprolactone (top) and propylene oxide (bottom). 

5.4 m-Terphenyl amides and boronic acids 

To prepare a m-terphenyl amide, it was necessary to return to the very first ligand 

described in this thesis, the carboxylic acid 2,4,6-triphenylbenzoic acid 1. The first step 

of the amide synthesis involved the conversion of 1 to an acid chloride by treatment with 

thionyl chloride in benzene at elevated temperature. The acid chloride was then 

combined with isopropylamine to give the m-terphenyl amide 31 (Scheme 5.8). 

Scheme 5.8 Synthesis of the m-terphenyl amide 30. 



Despite several attempts in various conditions, crystals of 31 suitable for single 

crystal X-ray diffraction were not obtained, but the elemental analysis was consistent the 

proposed formula. The 'H NMR spectrum confirmed the addition of the isopropyl 

fragment to the m-terphenyl. A sharp doublet of six hydrogens was observed at 0.73 

ppm, and was coupled to the tertiary CH proton, a multiplet centred at 3.83 ppm. This 

multiplet was complicated by coupling to the NH proton, a doublet at 5.08 ppm. 

In the aromatic region, the two hydrogens of the central phenyl ring appeared as a 

singlet at 7.59 ppm. The para and meta hydrogens of the three flanking phenyls, which 

should ideally appear as two triplets and two doublets of doublets, respectively, were not 

resolved. They were assigned to a multiplet centred at 7.43 ppm. The ortho protons 

were identified, and assigned to doublets at 7.64 pprn for the para phenyl ring and 7.53 

pprn for the two ortho phenyls. 

The IR spectrum of 31 showed signals due to both the N-H and C=O groups. As 

is typical for secondary amides in the solid state,323 the N-H stretch appeared as multiple 

bands. The strongest was at 3252 cm-', with weaker absorptions at 3081 and 3058 cm-'. 

For comparison, the corresponding signals in N-isopropylbenzamide appear at 3298 and 

2971 ~ m - ' . ~ ~ ~  The amide I and I1 bands, due to the C=O stretch and N-H bend, 

respectively, were found at 1626 and 1552 cm-'. Again, these absorptions are 

comparable to those of N-isopropylbenzamide at 1633 and 1 536.324 

Attempts were made to prepare a metal complex of 31 by reaction with 

trimethylaluminium. Preliminary results, based on 'H NMR spectra, suggest that the 

ligand is decomposing. As was mentioned in Section 5.1, this is not totally unknown for 

amide ligands. 297,298 Additional studies are needed to determine exactly what the 



decomposition products are, and whether this pathway can be avoided, if necessary, with 

different metals or reaction conditions. 

Scheme 5.9 Synthesis of boronic acids 32 and 33. 

The synthesis of the m-terphenyl boronic acids began in a similar manner to the 

synthesis of the carboxylic acids. Lithiation of either 2,4,6-triphenylbromobenzene or 

2,6-bis(2,4,6-trimethylpheny1)iodobenzene in diethyl ether, followed by addition of 

trimethoxyborane and aqueous work gave the m-terphenyl boronic acids 32 and 33 

respectively. Despite the lack of an unambiguous NMR handle like the isopropyl group 

of 31, the 'H NMR spectra of 32 and 33 were helpful for the characterization of the 

boronic acids. Most definitive was the appearance of a two-proton singlet at 4.1 1 or 4.06 

ppm in the spectra of 32 and 33 respectively, assigned to the OH protons. The upfield 

shift of these protons relative to phenylboronic acid (4.61 ppm)325 may be due to 

shielding by the aryls substituents. 

As usual, the methyl protons of 33 were singlets, with the six para-methyl 

hydrogens at 2.33 ppm and the 12 ortho-methyl hydrogens at 2.02 ppm. The aromatic 

region of both 32 and 33 was remarkably well resolved in the 'H NMR spectra, with all 

of the protons identified as distinct singlets, doublets or triplets, as appropriate. The "B 



NMR spectra of 32 and 33 each showed a single sharp peak, at 31.37 ppm for 32 and 

29.30 ppm for 33. These values are comparable to other phenylboronic 

Somewhat surprisingly, 32 and 33 showed different absorptions in the 0-H region 

of the IR spectrum. In the triphenyl-substituted derivative 32 ,  there was a very strong 

0 - H  stretch at 3586 cm-' and a broad absorption at 3280 cm-', while 33 showed instead 

four weak absorptions between 3668 and 3417 cm-'. Since this region should be affected 

primarily by hydrogen bonding, attempts were made to grow crystals of both m-terphenyl 

boronic acids in order to see if they exhibited different coordination patterns. 

Unfortunately only 33 yielded crystals suitable for single crystal X-ray diffraction. 

Figure 5.8 Structure of 2,6-bis(2,4,6-trimethylpheny1)phenylboronic acid 33. Thermal ellipsoids 
are shown at 50% probability and hydrogen atoms, except OH protons, have been 
removed for clarity. 

Figure 5.9 [0-H-0]  hydrogen bonds in 33, viewed along the crystallographic a axis. 



The X-ray crystallographic analysis* revealed that, as expected, there is 

intermolecular [0-Ha-0] hydrogen bonding in 33, with O(2) as the donor and O(1) as the 

acceptor, forming a zigzag chain (Figure 5.9). In the absence of other hydrogen bond 

donorlacceptor groups, all other structurally characterized phenylboronic acids1'* form 

homodimers with eight-membered B2O4H2 rings rather than infinite chains like 33. 

Homodimerization was also observed in the two related m-terphenyl carboxylic acids 14 

and 15Hz. Since the carboxylic acids both feature smaller aryl substituents than 33 

(phenyl vs mesityl), 32, which also has the smaller phenyl substituents, may also form a 

homodimer, and that would explain the differences in the IR spectra of 32 and 33. 

Table 5.4 Selected structural data for 2,6-bis(2,4,6-trimethy1phenyl)phenylboronic acid 33. 

Symmetry transformations used to generate equivalent atoms: * -x, -y, z+1/2 

Another difference between m-terphenyl boronic acid 33 and the carboxylic acids 

14 and 15H2 is the geometry of the functional groups. The boronic acid group was 

twisted exactly 90" perpendicular to the plane of the central phenyl ring, much more than 

the carboxylic acids 14 (65.3") or 15H2 (46.9 and 68.45", pocket only). Again, this was 

found to be an unusual conformation among phenylboronic acids. Of the 47 structurally 

characterized phenyl boronic acids in the CSD,"~ only seven were twisted more than 30" 

Structure solved by Diane Dickie with the assistance of Dr. Gabriele Schatte, Saskatchewan Structural 
Science Centre. 



relative to the phenyl ring, as measured by the [B-0-C-C] torsion angle, and only two 

were greater than 80". 

Presumably, the twist in 33 is due to intramolecular steric repulsion from the 

ortho aryl substituents. This supposition is only partially supported by the structural data. 

It is true that all but one308" of the seven molecules with twists greater than 30" have 

ortho substituents, and this one exception has an intermolecular Lewis acid-base 

interaction between the an imidazole nitrogen and the boron. On the other hand, four 

ortho-substituted derivatives are below that cut-off point, including 2,4-dimethoxyphenyl 

boronic at only 2.7". The only readily apparent distinguishing feature of the two 

examples with torsion angles above 80" is that they are the only examples with an ortho 

substituent (nitro328 or that forms an intermolecular [0-H-.O] hydrogen bond 

with the boronic acid group. The ortho-aryls of 33 are clearly incapable of forming [O- 

H-.O] hydrogen bonds, so this observation does not help explain the unusual 

conformation of 33. 

5.5 Summary and conclusions 

In this chapter, the synthesis and characterization of five new substituted 

m-terphenyl molecules were described. This included two Schiff base ligands derived 

from 2-aminophenol, TPIP 26 and TPAP 27, an amide 31, and two boronic acids 32 and 

33. All five were characterized spectroscopically and by elemental analysis. 

Additionally, the Schiff base ligands 26 and 27 and boronic acid 33 were 

crystallographically characterized. 



TPIP 26 formed complexes with both tin and aluminium, giving 28 and 29 

respectively. In both cases, the oxygen atom of the ligand formed a secondary dative 

interaction with the metal, in addition to the primary covalent bond formed from the 

protonolysis reactions. For the tin complex 28, this secondary interaction was 

intermolecular, resulting in Sn202 dimers. In aluminium complex 29, on the other hand, 

it was intramolecular, and the resulting complex had a formula of TPIP-AlMe2.AlMe3, 

The activity of 29 as a ring-opening polymerization initiator was examined. 

Poly(capro1actone) with M, = 10964 and polydispersity of 1.50 was produced, however 

the molecule was not active for the polymerization of propylene oxide. This is relatively 

poor compared to other alkylaluminium compounds featuring nitrogen and oxygen 

donors,330 but it tells us that active metal sites can be incorporated into the bulky m- 

terphenyl pocket. The activity of 29 could likely be improved with further optimization 

of the reaction conditions. Complex 30, formed by the reaction of TPAP 27 with AlMe3, 

was also tested as a ROP initiator, but showed no activity. Somewhat surprisingly, only a 

single protonolysis reaction occurred during complex formation, at the oxygen atom. The 

nitrogen atom in 29 was left to donate a formal lone pair in a Lewis acid-base manner, 

just as it did in 28, despite the reduction of the ligand from an imine. Characterization of 

30 was based primarily on NMR spectroscopy, and it was formulated as TPAP.AlMe2. 

NMR and IR spectroscopy was also the primary means of identification for the 

m-terphenyl amide 31 and the boronic acid 32. Both were based on the same 2,4,6- 

triphenylbenzene backbone as TPIP 26 and TPAP 27 and the carboxylic acid 1. The 

second boronic acid, 33, was based on the bulkier 2,6-bis(2,4,6-trimethylpheny1)benzene 

backbone. Crystallographic studies revealed that 33 has two unusual features. The first 



was its hydrogen-bonding pattern of chains instead of dimers, and the second was the 

twist of the boronic acid group relative to the central phenyl ring of the molecule. Based 

on IR evidence, 32 does not form the same unusual hydrogen bonds, suggesting that 

steric hindrance from the flanking aryls may be behind the different features of 33. 

5.6 Future work 

Most pressing among all the possible future directions for the work described in 

this chapter is the need to test the m-terphenyl amide 31 and boronic acids 32 and 33 as 

ligands for main group elements and/or transition metals. Unfortunately, this may not be 

as straightforward as it appears. Both amides and boronic acids have potential pitfalls of 

which one must be aware, but these should not prohibit their use as ligands. 

In the case of the amides, the nature of the apparent decomposition products of 31 

must be identified, as they could in fact be ligands that are more interesting. For 

example, under certain conditions Lin was able to take advantage of the non-innocent 

nature of his bulky amide ligands in the presence of trialkylaluminium and transform 

them to nacnac ~ i ~ a n d s . ~ ~ '  Other metals should be tested with 31 to see if they cause the 

same (or different) decomposition, or form the desired amide complexes. Given the 

success of Schafer et al. '85,296 with titanium-amide complexes, this metal may be the best 

choice for initial testing of 31. 

For the boronic acids, it may be necessary to turn to salt metathesis reactions 

rather than the protonolysis reactions studied for most other systems in this thesis. That 

is because boronic acids are known to dehydrate under anhydrous and such 

conditions are an absolute requirement for metal alkyls like A1Me3 or ZnEtz. Obviously, 



both 32 and 33 need to be tested for their resistance to dehydration, as the flanking aryl 

groups of the m-terphenyl backbones may be large enough to prevent the formation of the 

standard boroxine (B3O3) dehydration products. Thermogravimetric analysis (TGA) 

would reveal the susceptibility of 32 and 33 to thermal dehydration, while NMR studies 

should be able to reveal solvent-related dehydration. 

If the m-terphenyl boronic acids are readily dehydrated, and especially if they 

give something other than a boroxine, they could be investigated as building blocks for 

porous covalent-organic frameworks (coFs)."~ Related to the MOCNs discussed in 

Chapter 3, COFs rely on covalent bonds formed between boron and oxygen formed by 

dehydration of boronic acids in the presence of polyphenols. Initial studies would simply 

require reaction of 32 andor 33 with simple phenols. Then, if these tests are successful, 

they should be treated with polyphenols. Final COF synthesis would require a new 

bifunctional m-terphenyl boronic acid similar to 15&, but such a molecule should be 

readily available from the corresponding dihalide. 

No matter what the results of the dehydration studies, it would be interesting to 

attempt to design a bifunctional m-terphenyl ligand like thiol 24 with a boronic acid in 

place of the carboxylic acid. Because boronic acids are known for their chemosensing 

abilitiesY3O7 SAM formation by this hybrid ligand would allow isolation and 

immobilization of the boronic acid group within the m-terphenyl pocket. As with 24, this 

would lead to more efficient use of the functional groups when sensing large biological 

analytes. The hydrophobic m-terphenyl pocket also may give different selectivity than 

unsubstituted boronic acids. 



~ i b s o n ~ ~ ~  has recently found that titanium complexes of ligands similar to both 

TPIP 26 and TPAP 27 are highly active catalysts for the co-polymerization of ethylene 

and 1-hexene, so that would be a good place to begin future work with these Schiff base 

ligands. Work by ~ ~ u ~ e n ~ ~ ~  demonstrated that tin(I1) Salen complexes were able to 

catalyze the formation of propylene carbonate from CO2 and propylene oxide, although 

not as efficiently as the analogous tin(1V) complexes because of differences in Lewis 

acidity. Since 26 is bidentate rather than tetradentate like Salen, and the Sn.TPIP 

complex 28 demonstrates Lewis acidity through intermolecular dimerization with 

oxygen, it might overcome some of the problems found in Nguyen's compounds. 

Presumably, this reaction would proceed via CO2 insertion into the Sn-amide bond as was 

described in Chapter 2, so the types of C02  insertion reactions proposed for 6-9 should 

also be tested for 28. 

For the more adventurous, it should be noted that alkylaminoethoxy ligands, 

which like 26 and 27 have a neutral nitrogen and anionic oxygen separated by a two- 

carbon bridge, have been used as auxiliary ligands for tin(I1) to prepare isolable low- 

valent main group a ~ i d e s . ~ ~ ~  This project would be a risky use of Sn-TPIP 28, however, 

since such azido compounds are often very explosive. A somewhat safer project would 

be to oxidize 28 to Sn(1V) and then test its biocidal and toxicological activity, following 

the example of Beltrin's antibacterial Schiff-base complexes.336 

Based on the results from the ROP studies of the aluminium complexes 29 and 

30, they should both be tested as initiators for other types of polymerization reactions, as 

well as with different substrates for ROP. Many systems require cationic aluminium 

complexes rather than neutral ones like 29 and 30, so it would be interesting to test 



whether the difficulties reported by ~ i b s o n ~ ~ '  in preparing stable cationic complexes 

from less bulky Schiff base systems are overcome with these molecules. 

These aluminium complexes are also appealing for studies that are more 

fundamental. ~ a r r o n ~ ~ ~  has shown that the type of ring-system formed by N,O-donor 

ligands upon reaction with trialkylaluminium is highly dependent on the rigidity of the 

ligand as well as the steric bulk of it and the alkyl groups. Both 29 and 30 feature five- 

membered 0-A1-N rings, but it is easy to imagine that changing to bulkier alkyl groups 

on the aluminium or an extra carbon in the ligand bridge could result in very different 

structures, likely with different reactivity as well. 

Finally, 29 could be tested to see if the presence of two aluminium centres in 29 

makes it useful as a chelating Lewis acid for anion recognition.338 The dative bond 

between the oxygen and the AlMe3 fragment may not be strong enough to keep the metal 

in place when other anions are around, but if that were the case, it would still be 

informative to see how the oxygen compensates for the loss. Would it form a dimer 

analogous to Sn.TPIP 28, or could a different metal be introduced leading to a hetero- 

bimetallic complex? 

5.7 Experimental 

5.7.1 Synthesis of ligands and precursors 

2,4,6-Triphenylbenzaldehyde (25): Prepared according to a variation of 

literature procedure.3" Under an inert atmosphere, n-BuLi (1.6 M in hexane, 36 mL, 57 

mmol) was added dropwise to a suspension of 2,4,6-triphenylbromobenzene (20 g, 52 

mmol) in ca. 200 mL anhydrous Et20. The reaction was stirred at r.t. for 3 h, then an 



excess of DMF (17 mL) was added dropwise. After 2 h, the reaction was quenched with 

H 2 0  and extracted with Et20. The combined organic fractions were dried over MgS04, 

concentrated under vacuum and cooled -20 "C to give yellow crystals. Yield = 13.8 g 

(80%), mp 128-129 "C (lit 130-132 "C). 'H NMR (CDC13, 400.137 MHz) G 10.00 (s, 

lH), 7.40-7.71 (m, 17H). ' 3 ~ { ' ~ )  (CDC13, 100.624 MHz) G 193.0, 145.2, 144.2, 139.8, 

139.4, 131.6, 129.6, 129.1, 129.0, 128.5, 128.2, 127.7, 127.4. IR (nujol mull) v 2747 (m), 

1698 (s), 1590 (s), 1343 (s), 1198 (s), 892 (m), 764 (vs). 

N-(2',4',6'-Triphenylbenzylidene)2-iminophenol (TPIP) (26): 2,4,6,- 

Triphenylbenzaldehyde 25 (10.0 g, 29.9 mmol) and 2-aminophenol (3.7 g, 29.9 mmol) 

were suspended in ca. 200 ml of anhydrous EtOH and heated to reflux. Glacial acetic 

acid (5 mL) was added and heating continued for 3 h. Upon cooling r.t., bright yellow 

needle-like crystals formed. Yield = 11.5 g (go%), mp = 158 - 159 "C. 'H NMR (CDC13, 

400.137 MHz) G 8.59 (s, lH), 7.65 (s, 2H), 7.38-7.53 (m, 15H), 7.01-7.06 (m, lH), 6.76- 

6.79 (m, 2H), 6.68-6.72 (m, lH), 5.49 (s, 1H). 1 3 c { ' ~ )  (CDC13, 100.624 MHz) G 193.0, 

129.5, 129.4, 129.0, 128.9, 128.4, 128.2, 128.0, 127.7, 127.4, 127.2, 119.7 (quaternary 

carbons not observed). IR (nujol mull) v 3417(m), 1625 (m), 1584 (m), 1297, (m), 1249 

(m), 1212 (m), 887 (m), 699 (s). Anal. Calcd. for C31H23NO: C, 87.50; H, 5.45; N, 3.29. 

Found: C, 87.42; H, 5.47; N, 3.41. 

N-(2',4',6'-Triphenylbenzy1)-2-aminophenol (TPAP) (27): TPIP 26 (4.05 g, 

9.52 mmol) and sodium borohydride (0.90 g, 23.8 mmol) were suspended in ca. 200 mL 

of anhydrous EtOH. The mixture was heated to reflux over 1 hour and then allowed to 

cool to r.t. The reaction was quenched with H 2 0  and extracted with CH2C12. The 

combined organic fractions were washed with H20  and a saturated NaCl(,,, and dried 



over MgS04. The solvent was removed under vacuum to give a brown powder that was 

recrystallized from Et2O. Yield = 2.54 g (62%), mp = 174-176 OC. 'H NMR (CDC13, 

400.137 MHz) 8 7.38-7.67 (m, 17H), 6.63 (s, 4H), 6.24 (s, lH, NH), 5.06 (br s, lH, OH), 

4.06 (s, 2H, CH2). 1 3 c { ' ~ )  (CDC13, 125.680 MHz) 8 145.5, 144.0, 141.3, 140.1, 139.9, 

135.6, 132.8, 129.1, 128.8, 128.3, 127.5, 127.4, 127.1, 120.9,119.5, 115.4, 114.2, 44.6. 

IR (nujol mull) v 3391 (w), 3321 (m), 1595 (m), 1493 (m), 1480 (s), 1275 (m), 1251 (m), 

886 (m), 702 (s). Anal. Calcd. for C31H25NO: C, 87.09; H, 5.89; N, 3.28. Found: C, 

87.13; H, 5.97; N, 3.21. 

2,4,6-Triphenylbenzyl-N-isopropylamide (31): Under an inert atmosphere, 

freshly distilled thionyl chloride (8.49 g, 7 1.3 mmol) was added dropwise to a suspension 

of 2,4,6-triphenylbenzoic acid (5.0 g, 14.3 mmol) in 40 mL benzene. The mixture was 

heated to reflux for 2 h, and then the volatiles were removed under vacuum to give the 

yellow acid chloride. The solid was dissolved in anhydrous CH2C12 and cooled to 0 OC. 

Isopropylamine (4.20 g, 71.3 mmol) was added dropwise to the cold solution and the 

mixture was allowed to warm to r.t. over 3 h. The reaction was quenched with H 2 0  and 

dilute (1 M) HCl, and then extracted with CH2C12. The combined organic fractions were 

dried over MgS04 and the solvent was removed under vacuum to give a pale yellow 

powder. Yield = 3.32 g (59%), mp = 199-203 "C. 'H NMR (CDC13, 400.137 MHz) 8 

7.64 (d, J = 7.5 Hz, 2H), 7.59 (s, 2H), 7.53 (d, 4H), 7.47-7.37 (m, 9H), 5.08 (d, J = 8. lHz, 

lH), 3.87-3.79 (m, lH), 0.73 (d, J = 6.4 Hz, 6H). I3c (CDC13, 125.680 MHz) 8 167.9, 

141.9, 140.9, 140.7, 140.3, 135.2, 129.1, 128.9, 128.5, 128.1, 128.0, 127.8, 127.5, 41.5, 

22.2. IR (nujol mull) v 3252 (vs), 3081 (w), 3058 (w), 1698 (w), 1626 (vs), 1596 (m), 



1552 (s), 1492 (m), 1298 (w), 1074 (w), 1029 (w), 891 (m), 81 1 (w), 776 (m), 758 (s), 

697 (vs). Anal Calcd for C28H25NO: C, 85.90; H, 6.44. Found: C, 85.87; H, 6.23. 

2,4,6-Triphenylphenylboronic acid (32): Under an inert atmosphere, n-BuLi 

(9.7 rnL, 1.6 M in hexanes) was added to a suspension of 2,4,6-triphenylbromobenzene 

(5.00 g, 12.98 mmol) in 50 mL anhydrous Et20. After 2 h, the solution was cooled to -30 

"C in a methanovice bath and B(OMe)3 (1.62 g, 15.57 mmol) was added dropwise. The 

reaction was warmed to r.t. and stirred overnight. The reaction was quenched with H 2 0  

and allowed to stir 4 h before being extracted with Et20. The combined organic fractions 

were dried over MgS04 and then the solvent was removed under vacuum to give a pale 

yellow solid. Yield = 1.29 g (27%) mp 356-357 "C. 'H NMR (CDC13, 400.137 MHz) 6 

7.67 (d,2H, J = 7 . 1  Hz), 7.63 (s,2H), 7.53 (d, J = 6 . 8  Hz,4H), 7.45 (t, J = 6 . 8  Hz, 6H), 

7.40 (t, J = 7.1 Hz, 3H), 4.1 1 (s, 2H, B(OH)2). 1 3 c { ' ~ )  (CDC13, 125.679 MHz) 6 146.8, 

143.2, 142.1, 129.1, 128.8, 127.8, 127.5, 127.1, 126.9. "B (CDC13, 128.370 MHz) 6 

31.37. IR (nujol mull) v 3586 (vs), 3280 (br), 3056 (w), 3057 (w), 1595 (s), 1575 (w), 

1538 (w), 1492 (s), 1445 (s), 1396 (s), 1335 (vs), 1208 (w), 1193 (w), 1083 (m), 1041 

(m), 1030 (m), 983 (w), 917 (w), 888 (s), 821 (m), 782 (m), 761 (s), 751 (s), 699 (vs). 

Anal Calcd for C24H19B02: C, 82.31; H, 5.47. Found: C, 82.62; H, 5.40. 

2,6-bis(2,4,6-Trimethylpheny1)phenyl boronic acid (33): Prepared according to 

the same procedure as 32, beginning with 2,6-bis(2,4,6-trimethylpheny1)iodobenzene (5.0 

g, 14.1 mmol). Yield = 3.67 g (73%), mp = 268-270 "C. 'H NMR (CDC13, 400.137 

MHz) 6 7.53 (t, J = 7.5 Hz, lH), 7.06 (d, J = 7.5 Hz, 2H), 6.99 (s, 4H), 4.06 (s, 2H), 2.33 

(s, 6H), 2.02 (s, 12H). I3c (CDC13, 125.679 MHz) 6 146.9, 139.4, 137.8, 135.9, 130.9 



(d), 129.1 (d), 128.6 (d), 21.4 (q), 20.8 (q). "B (CDC13, 128.370 MHz) 6 29.30. 1R 

(nujol mull) v 3668 (w), 3652 (w), 3646 (w), 3539 (br), 3417 (w), 1729 (w), 1613 (m), 

1584 (m), 1561 (m), 1360 (s), 1309 (vs), 1261 (m), 1150 (w), 11 12 (m), 1094 (m), 1087 

(m), 1048 (m), 1038 (m), 848 (s), 81 1 (m), 759 (s), 742 (m), 666 (w), 656 (w). Anal 

Calcd for C24H27B02: C, 80.46; H, 7.60. Found: C, 80.37; H, 7.49. 

5.7.2 Synthesis of metal Schiff base complexes 

SnSTPIP (28): Under an inert atmosphere, a solution of s r ~ [ N ( S i M e ~ ) ~ ] ~  (1.14 g, 

2.58 mmol) in 5 mL CH2C12 was added dropwise to a stirring solution of N-(2',4',6'- 

triphenylbenzylidene)2-iminophenol 26 (1 .OO g, 2.35 mmol) in 15 mL CH2C12. After 3 h 

at r.t., the solution was concentrated under vacuum and then cooled to -30 OC. The next 

day, the solution was decanted from orange-red crystals. Yield = 1.27 g (77%), mp = 

175-177 "C. 'H NMR (CD2C12, 499.768 MHz) 6 8.91 (s, lH), 7.73 (s, 2H), 7.70 (d, J = 

7.6 Hz, 2H), 7.49-7.52 (m, 5H), 7.44 (m, 3H), 7.34-7.39 (m, 5H), 7.13 (t, J = 8.2 Hz, lH), 

7.08 (d, J = 8.1 Hz, lH), 6.65 (d, J = 8.2 Hz, lH), 6.53 (t, J = 8.1 Hz, lH), -0.12 (s, 18 

13 
H). c{'H} (CD2C12, 125.680 MHz) 6 163.6, 158.2, 144.4, 139.9, 139.6, 134.1, 132.0, 

131.3, 130.4, 129.2, 128.7, 128.5, 128.3, 127.5, 121.4, 116.7, 116.4, 109.9, 5.5. 

119 s ~ { ' H }  (CD2C12, 223.867 MHz) 6 -5.95. IR (nujol mull) v 3061 (w), 1597 (m), 1582 

(m), 1498 (m), 1474 (s), 1454 (s), 1398 (m), 1363 (m), 1301 (m), 1276 (m), 1250 (s), 

1183 (w), 1149 (w), 11 12 (w), 1080 (w), 1044 (w), 1030 (w), 923 (vs), 884 (m), 866 (s), 

839 (m), 828 (s), 774 (m), 763 (m), 746 (m), 700 (m). Anal Calcd for C37H40N20Si2Sn: 

C, 63.16; H, 5.73; N, 3.98. Found: C, 62.93; H, 6.02; N, 3.68. 



TPIP.AlMe2.AlMe3 (29): Under an inert atmosphere, A1Me3 (1.4 mL, 2.8 mmol, 

2.0 M in toluene) was added dropwise to a solution of TPIP 26 (0.5 g, 1.1 8 mmol) in ca. 

15 mL anhydrous toluene. Evolution of gas ceased after the halfway point of the 

addition. The solution was allowed to stir for 15 min and then the solvent was removed 

under vacuum. The resulting yellow powder was recrystallized by slow evaporation of a 

CH2C12 solution to give yellow crystals. Yield = 0.58 g (89%), mp = 276 "C (dec.). 'H 

NMR (CD2C12, 400.137 MHz) 6 8.98 (s, lH), 7.73-7.82 (m, 4H), 7.19-7.54 (m, 17H), 

-0.89 (s, 9H), -1.3 1 (s, 6H). 1 3 c { ' ~ )  (CD2C12, 100.624 MHz) 6 143.7, 129.5, 138.8, 

131.8, 130.3, 129.5, 129.4, 129.2, 128.9, 128.7, 127.7, 127.6, 120.8, 119.2, 117.5, 25.6, 

-7.2, -10.5. IR (nujol mull) v 3058 (w), 3029 (w), 1596 (vs), 1575 (s), 1556 (m), 1485 

(s). Anal. Calcd. for C36H37A12NO: C, 78.10; H, 6.74; N, 2.53. Found: C, 77.80; H, 6.70; 

N, 2.26. 

TPAP.AIMe2 (30): Under an inert atmosphere, A1Me3 (0.32 mL, 0.64 mmol, 2.0 

M in hexanes) was added dropwise to a solution of TPAP 27 (0.25 g, 0.58 mmol) in ca. 5 

mL anhydrous CH2C12. Gas evolution was observed and the solution turned reddish 

brown. Slow evaporation of the solvent to gave a pale brown powder. Yield = 0.23 g, 

1 (82%), mp >260 "C. H NMR (CD2C12, 400.137 MHz) 6 7.56 (s, 2H), 7.02-7.73 (m, 

15H) ,6 .8O(dofd , J=8Hz , lHz ,  lH) ,6 .54( to fd , J=8Hz,  l H z ,  lH) ,6 .17(dofd ,J= 

8 Hz, 1 Hz, lH), 4.01 (d, J = 7 Hz, 2H), 3.08 (t, J =  8 Hz, lH), -1.35 (s, 6H). I 3 c { ' ~ )  

(CD2C12, 100.624 MHz) 6 154.1, 145.8, 142.5, 142.0, 141.7, 133.5, 133.1, 130.8, 130.7, 

130.6, 129.9, 129.7, 129.6, 129.5, 128.9, 127.3, 120.7, 118.7, 50.6, -8.1,. IR (nujol mull) 

v 3291 (w), 1595 (s), 1574 (m), 1564 (m), 1493 (s). Anal. Calcd. for C33H30A1NO: C, 



81.96; H, 6.25; N, 2.90. Found: C, 80.57; H, 6.40; N, 2.65. (Reason for discrepancy not 

clear). 

5.7.3 Polymerization reactions 

ROP of E-caprolactone: TPIP-A1Me2A1Me3 29 (0.1 g, 0.2 mmol) was dissolved 

in 5 mL of warm anhydrous toluene. E-Caprolactone (1.21 g, 0.01 1 mol) was added to 

the toluene solution. Over the course of one hour, the solution became noticeably more 

viscous. The reaction was quenched with ca. 50 mL of methanol and the resulting yellow 

powder was isolated by filtration. The solid poly(capro1actone) (0.48 g, 40%) was 

characterized by GPC as a THF solution. 



6 MAIN GROUP AND TRANSITION METAL 
COMPLEXES OF m-TERPHENYL PHENOLS AND 
BENZYL ALCOHOLS 

Alkoxides and aryloxides are among the most versatile ligands known, and have 

been placed on virtually every element of the periodic table.339 It is not surprising, 

therefore, that one of the very first substituted m-terphenyls to be used as a ligand was 

2,6-diphenylphenol, in a tungsten olefin metathesis complex.65b The structure and 

reactivity, including catalytic behaviour, of early transition metal complexes of this 

ligand have since been extensively explored by ~ o t h w e l l ~ ~ '  and others.341 The search for 

new and improved catalysts has also motivated much of research into group 13 

m-terphenyl phenol complexes,342 based largely on the pioneering work by Yamamoto on 

aluminium tris(2,6-diphenylphenoxide) (Figure 6. 1).343 

Figure 6.1 Two of Yamamoto's "designer" catalysts, methylaluminium bis(2,6-di-t-butyl-4- 
methylphenoxide (left) and aluminium tris(2,6-diphenylphenoxide) (right). 

Yamamoto noticed early on that certain bulky aluminium aryloxide catalysts give 

different products in Claisen rearrangements than those obtained from other Lewis acids 

or by thermally induced processes.344 He has since has developed a series of "designer" 



Lewis acid catalysts (Figure 6.1) for diverse organic transformations of oxygen- 

containing substrates. These transformations include conjugate addition to a$- 

unsaturated carbonyl compounds (used in the synthesis of terpenoids and tax01 

derivatives), exo-selective Diels-Alder additions (opposite to the typical endo 

preference), and stereoselective Claisen rearrangements.345 One of these designer 

catalysts, methylaluminium bis(2,6-di-t-butyl-4-methylphenoxide), is capable of 

distinguishing between pairs of similar ethers, ketones and esters. Another catalyst, 

aluminium tris(2,6-diphenylphenoxide), is based on a m-terphenyl ligand and 

discriminates between pairs of aldehydes. The same m-terphenyl phenol is the basis for 

the biphenol ligand used by Yamamoto to prepare a polymeric aluminium tris(phenoxide) 

complex with solid-state catalytic behaviour similar to the analogous homogeneous 

catalysts. 346 

m-Terphenyl phenol complexes of tin and germanium have been less studied than 

the corresponding group 13 and transition metal complexes. Because most studies to date 

have been primarily structural 347,348,349 rather than reactivity surveys,350 no catalytic 

behaviour has yet been identified for group 14 complexes. Instead, such compounds are 

most often promoted as potential single-source precursors for ceramic oxide materials. 

Metal alkoxides have long been used for this type of application; however, their exact 

structures are often unknown, as they have a tendency to form polymeric  material^.^^' As 

has been emphasized throughout this thesis, the steric bulk of the ligand helps control the 

degree of aggregation in the complex. 352,353 m-Terphenyls are therefore ideally suited for 

model studies aimed at gaining an understanding of the factors influencing structure and 

reactivity. One example of the importance of understanding aggregation is the work of 



Okuda, who found a marked difference in ring-opening polymerization of lactones 

depending on whether the aluminium aryloxide catalyst was monomeric or dimeric in 

solution.322 

Closely related to phenols are benzyl alcohols. Although m-terphenyl derivatives 

have been known since at least 1 960,'09 no metal complexes have been published to date. 

Studies on other 2,6-disubstituted benzyl alcohols are also quite limited compared to 

analogous phenols. Since the presence of the methylene group will both alter the basicity 

of the oxygen atom354 and reduce the steric pressure at that site by distancing it from the 

flanking a r y l ~ , ~ ~ ~  a study of m-terphenyl benzyl alcohols as ligands for transition metals 

and main group elements could reveal unexpected behaviour. 

6.1 Ligand synthesis 

The targeted m-terphenyl phenol for this study was 2,6-bis(2,4,6- 

trimethylphenyl)phenol34, which had previously only been synthesized as a byproduct in 

the reaction of corresponding m-terphenyl copper complex with oxygen,90 or through the 

palladium-catalyzed cross coupling of phenol with 2,4,6-trimethylbromobenzene.356 

Neither of these routes involved the m-terphenyl precursors that were readily available, 

so two alternatives were developed. One route involves the oxidation of boronic acids 

with ~ x o n e @ . ~ O ~  This reaction was tested with the m-terphenyl boronic acid 33 and 

proceeded smoothly to give the m-terphenyl phenol 34. Boronic acid 33, however, comes 

from 2,6-bis(2,4,6-triphenyl)iodobenzene, and recently developed a synthesis of 

related m-terphenyl phenols directly from the halogenated starting material, so this 

shorter route was pursued. Lithiation followed by addition of excess nitrobenzene at -78 



"C results in the immediate formation of the dark red solution that is quenched with 

methanol to give 34 upon aqueous work-up. 

Scheme 6.1 Synthesis of 2,6-bis(2,4,6-trimethylphenyl)phenol34. 

Figure 6.2 Known m-terphenyl phenols, from least to most bulky. 

Ref. 359 Ref. 358 Ref. 358 

34 Ref. 357 Ref. 357 

In the 'H NMR spectrum of 34, the O H  appears as a singlet at 4.53 ppm. The 

methyl groups are found, as usual, at 2.33 (para) and 2.06 (ortho) ppm. Additional 

evidence for the presence of the OH was provided by strong IR absorptions at 3486 and 

3451 cm-'. These stretches are comparable to those reported by ~ i i n i n ~ ~ ' ~  for 2,6- 

bis(2,6-dimethylphenyl)phenol, at 3482 and 343 1 cm-'. Four other previously published 

rn-terphenyl phenols (Figure 6.2), namely 2,6-diphenylphenol,359 2,6-bis(3,5- 

dimethylphenyl)pheno1,358 2,6-bi~(2,6-diis0~ro~~l~hen~l)~henol~'~ and 2,6-bis(2,4,6- 

triisopropylphenyl)pheno1,357 each reported only a single OH stretch between 3520-3533 



cm-' in the IR spectrum. Since three of these five compounds had been 

crystallographically characterized, single crystal X-ray diffraction studies were 

performed on 34 to see if there was a difference in hydrogen bonding that could explain 

the differences in the IR spectra. 

Figure 6.3 Structure of 2,6-bis(2,4,6-trimethylpheny1)phenol 34. Thermal ellipsoids are shown at 
50% probability and all hydrogens except phenolic protons have been removed for 
clarity. 

The crystallographic studies* revealed that in the solid state, 34 exists as two 

crystallographically distinct molecules (Figure 6.3). These molecules are connected by a 

weak228 [0-H...O] hydrogen bond to form a dimer. This is in contrast to unsubstituted 

phenol (C6H50H), which forms infinite hydrogen-bonded chains360 with an average 

[O--01 distance of 2.67 A, compared to 2.823(3) A in 34. It is also in contrast to all three 

previously structurally characterized m-terphenyl phenols, none of which exhibit [O- 

H.-0] hydrogen bonds. Based on the IR evidence, it would appear that Liining's 2,6- 

bis(2,6-dimethylpheny1)phenol follows the same pattern as 34, while his 3,5-derivative is 

more similar to the others. 357,359 

Structure solved by Dr. Michael Jennings, University of Western Ontario. 
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Table 6.1 Selected structural data for 2,6-bis(2,4,6-trimethylpheny1)phenol 34. 

Bond lengths (A) 
o (  1)-C(2) 1.356(3) H(lA).-O(3 1) 2.05 
O(3 1)-C(32) 1.375(3) 0(1).-O(3 1) 2.823(3) 

Bond angles (") 
O(1)-C(2)-C(7) 1 16.7(2) O(1)-C(2)-C(3) 121.7(2) 

Another feature that was found in each of the crystallographically characterized 

m-terphenyl phenols, including 34, is an intramolecular [0-H.-n] interaction. In the case 

of the extremely bulky 2,6-bis(2,4,6-triisopropylpheny1)phenol and 2,6-bis(2,6- 

diisopropylphenyl)phenol, steric hindrance hampers intermolecular interactions, but does 

not prevent intramolecular [0-H...n] interaction with a flanking aryl. This interaction 

occurs primarily through the @so carbon atoms (H...Cks0 = 2.64 and 2.39 A, 

respectively).357 In fact, the restricted rotation caused by the presence of such bulky 

groups may even enhance the interaction by locking the aryls into place. 

Restricted rotation is clearly not necessary though, since the crystal structure of 

the least hindered m-terphenyl, 2,6-diphenylphenol, also showed an [0-H...n] interaction 

of 2.43 A."' The corresponding H.-Cb0 distances in 34 are 2.41 and 2.47 A 

[H(lA).-C(11) and H(31A).-C(41), respectively]. It is not immediately clear why 2,6- 

diphenylphenol does not also engage in [0-H...O] hydrogen bonds like 34, but it may be 

that [C-H...n] interactions through the para hydrogen of the central phenyl provide more 

favourable packing interactions. Taken together, these examples illustrate how subtle 

changes in steric demands can have a large effect on intermolecular interactions. 

To prepare the m-terphenyl benzyl alcohols, no direct synthesis from the 

halogenated starting materials was identified. Instead, the chosen route involved a 

sodium borohydride reduction of the corresponding aldehydes, a variation on the lithium 



aluminium hydride reduction used by Liining to prepare 2,6-bis(2,6- 

dimethylpheny1)benzyl alcohols3 and 2,6-bis(2,6-diisopropylpheny1)benzyl 

One of the required aldehydes, 2,4,6-triphenylbenzaldedhyde 25 had already been made 

as a precursor of Schiff base 26 (see Chapter 5), and the second, 2,6-bis(2,4,6- 

trimethylpheny1)benzaldehyde 35 was prepared in an analogous manner by lithiation of 

2,6-bis(2,4,6-trimethylpheny1)iodobenzene followed by addition of DMF. 

The 'H NMR spectrum of 35 showed a singlet at 9.65 ppm due to the aldehyde 

CH, and the corresponding peak in the l3c NMR spectrum appeared at 192.4 ppm. These 

values compare very well to the chemical shifts of 25 at 10.00 ppm ('H) and 193.0 (13c), 

and the CH signal in the 'H NMR spectrum also matches well with Liking's 2,6-bis(2,6- 

diisopropylpheny1)benzaldehyde at 9.70 ppm.358 The relevant absorptions in the IR 

spectrum are also quite similar, with aldehyde C-H stretch at 2743 cm-' in 35  (2747 cm" 

in 25), and the C=O stretch at 1702 cm-' (1698 cm-' in 25). 

Scheme 6.2 Synthesis of 2,4,6-triphenylbenzylalcohol 36 and 2,6-bis(2,4,6-trimethylphenyl)benzyl 
alcohol 37. 

O v H  
HO > 

"-0-" EtOH 
+ xs NaBH4 

0•‹C+900C * "*" 
Addition of excess sodium borohydride to cold (0 "C) ethanol solutions of 25 or 

35 followed by heating to reflux and aqueous work-up gave the m-terphenyl benzyl 

alcohols 3636' and 37 in good yields. The 'H NMR spectra of 36 and 37 showed that the 

downfield aldehyde CH singlet had been replaced by peaks for the new methylene 



protons. These protons appear as a doublet at 4.48 ppm in 36 or a broad unresolved peak 

at 3.94 ppm in 37. Given that there was no clear coupling of the CH2 protons in 37 to the 

O H  proton, it is not surprising that no signal was observed for the alcohol in the 'H NMR 

spectrum of 37. In contrast, the 'H NMR spectrum of 36 showed the O H  triplet at 1.45 

PPm. 

The conversion of aldehydes 25 and 35 to alcohols was also evident in the IR 

spectra, with the complete disappearance of the C=O stretches and appearance of new 0 -  

H stretches. In 36, the 0 -H appeared as two broad absorbances at 3428 and 3324 cm-I. 

The corresponding stretches in the bulkier 37 appeared at 3563 and 3522 cm-I. In 

contrast, only a single 0-H stretch was reported by Liining for the related benzyl alcohols 

2,6-bis(2,6-dimethylpheny1)benzyl alcohol (3522 ~ m - ' ) ~ ~  and 2,6-bis(2,6- 

1 358 diisopropylpheny1)benzyl alcohol (3569 cm- ). 

Both of the m-terphenyl benzyl alcohols proved amenable to single-crystal 

formation, so X-ray crystallographic studies were performed on 36 and 37.* Unlike most 

of the molecules described so far in this thesis, the benzyl alcohols each exhibited some 

disorder. In 36 (Figure 6.4), the disorder was in the twist of the para phenyl rings 

[C(2 1)-C(26) and C(7 1)-C(76)] of the two crystallographically distinct molecules relative 

to the central phenyl, while in 37 (Figure 6.5), the disorder was located around the benzyl 

alcohol group. 

* Structure of 36 and 37 solved by Dr. Michael Jennings, University of Western Ontario. 
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Figure 6.4 Structure of 2,4,6-triphenylbenzyl alcohol 36. Thermal ellipsoids are shown at 50% 
probability and all hydrogen atoms except the OH protons have been removed for 
clarity. Only one of the two crystallographically distinct molecules is shown, and only 
the major conformation of the disordered phenyl is shown, as isotropic spheres. 

Figure 6.5 Structure of 2,6-bis(2,4,6-trimethylpheny1)benzyl alcohol 37. Thermal ellipsoids are 
shown at 50•‹h probability and all hydrogen atoms except the OH protons have been 
removed for clarity. For the disordered OHs, only the major conformation is shown. 

Table 6.2 Selected structural parameters of 2,4,6-triphenylbenzylalcohol36 and2,6-bis(2,4,6- 
trimethylpheny1)benzyl alcohol 37. 

O(1)-C(2)-C(3) 1 13.4(5) I O(1 A)-C(2A)-C(3) 112.3(10) 

The less hindered 2,4,6-triphenylbenzyl alcohol 36, whose OH hydrogen a toms  

were located in the Fourier difference map, forms a solid-state tetramer (Figure 6.6) with 



two distinct intermolecular [0-H--01 hydrogen bonds between 0(1).-O(51) and 

O(5l).-O(5 I)*. The third [0-H--01 hydrogen bond that would be expected between 

O(1)-..0(1)* to complete the tetramer is not present due to the non-complementary 

positions of the H(1A) hydrogen atoms. 

Figure 6.6 [0-Ha-O] hydrogen bonds in 2,4,6-triphenylbenzyl alcohol 36 form a solid-state 
tetramer. 

Unlike phenol (C6H50H), benzyl alcohol (C6H5CH20H) is a liquid at room 

temperature and its crystal structure has not been reported. It is therefore not possible to 

compare and contrast with the hydrogen bonding structure of 36 .  There is only one 

benzyl alcohol with a 2,6-substitution pattern that has been characterized as the free 

alcohol, and that is 2,4,6-tris(trifluoromethyl)benzyl alcohol.362 It exists as a solid-state 

hexamer, in contrast to the tetrameric pattern observed in 3 6 .  The average [O-0-01 

distances are slightly shorter in (F3C)3C6H2CH20H at 2.647 8,, compared to 2.752 8, in 

3 6 .  Given the disorder in 37 ,  it is not possible to unambiguously identify intermolecular 

[0-H.-0] hydrogen bonds or intramolecular [0-Ha-n] interactions analogous to those 

seen in the m-terphenyl phenols including 34. From the packing diagram, 37 does not 

appear to form solid-state tetramers like 36. 



Table 6.3 [O-H-0] hydrogen bond lengths and angles in 2,4,6-triphenylbenzyl alcohol 36. 

Hydrogen bond lengths (A) 
0(1  ).-0(5 1) 2.772 H(1A)-O(5 1) 1.933 

. .  . .  
Hydrogen bond angles (O) 

O(1)-H(lA)...0(5 1) 176.56 O(5 1)-H(5 1A)...0(5 1)* 133.90 

6.2 Main group m-terphenyl phenol complexes 

Despite the fact that the first Sn(I1) and Ge(I1) compounds found to exist as 

dicoordinate monomers in the solid state were based upon bulky phenol l igand~ ,"~  

structural data on bivalent group 14 alkoxy or aryloxy compounds remains relatively rare. 

Besides being interesting simply from a structural perspective, group 14 alkoxy or 

aryloxy complexes are being studied as catalysts363 and as molecular precursors to 

superconductors andlor ceramic materials for applications including flat panel displays, 

gas sensors, solar cells and lithium battery anodes. 13od,348b,364 These elements, therefore, 

seemed an appropriate starting point for the exploration of the coordination chemistry of 

the m-terphenyl phenol 34. 

The protonolysis reaction of Sn[N(SiMe3)2I2 with 34 in benzene gives the tin(I1) 

m-terphenyl phenoxide 38 in good yield. No signal from the CH3 groups of the 

silylamine ligand was observed 'H NMR spectrum of 38, indicating that both amido 

groups had been lost to give the tin(I1) bis(phenoxide) complex. The disappearance of 

the OH signal in both the 'H NMR and IR spectra also indicated the formation of 38, but 

the most unambiguous evidence was provided by the peak at -344 ppm in the H 9 ~ n  NMR 

spectrum. This value is slightly upfield of the signal at -289 ppm for the most closely 

related Sn(0Ar)z compound in the literature, namely Power's bis(phenoxide) based on 

the m-terphenyl 2,6-bis(2,6-diisopropylphenyl)pheno1.349 



Scheme 6.3 Synthesis of [ S n ( 0 C ~ H ~ M e s ~ ) ~ l  38. 

Final confirmation of the structure of 38 was provided by single crystal X-ray 

diffraction. The crystallographic studies* revealed that it does indeed exist as a monomer 

in the solid state (Figure 6.7). The geometry at tin is v-shaped, due to the 

stereochemically active lone pair. As in other few other known Sn(I1) 

bis(aryloxides), 3491365 the 0-Sn-0 angle is quite acute, measuring only 87.32(11)'. The 

tin atom in 38 is not truly dicoordinate, however, as it has extensive Sn-.n interactions 

resulting from being sandwiched between two flanking aryls of the m-terphenyl ligand. 

The Sn-.centroid distances measure 2.942 and 2.980 A for the C(111) and C(221) rings, 

respectively. Such interactions are not present in Power's bulkier m-terphenyl phenol 

complex, and if persistent in solution, would explain the relative upfield shift in the ' 19sn 

chemical shift of 38. 

Structure solved by Diane Dickie. 



Figure 6.7 Structure of [Sn(OC6H3Mes2)2] 38, showing Sn-x interactions. Thermal ellipsoids are 
shown at 50% probability and hydrogen atoms have been removed for clarity. 

Table 6.4 Selected structural data for [Sn(OC6H3Mest)z] 38. 
Bond lengths (A) 

Sn(1)-0(1) 2.039(3) Sn(1)-O(2) 2.043(3) 
O(1)-C(101) 1.343(5) O(2)-C(20 1) 1.342(5) 

Bond angles (") 
C(lO1)-O(1)-Sn(1) 127.7(2) O(1)-Sn(1)-O(2) 87.32(11) 
C(201)-O(2)-Sn(l) 125.7(2) 

The reaction in dichloromethane of Ge[N(SiMe3)2I2 with the m-terphenyl phenol 

34 gave a mixture of compounds, one of which was the mixed aryloxy-amido germanium 

complex 39. This complex could be identified in the 'H NMR spectrum of the crude 

reaction mixture as a singlet of 18 hydrogens at 0.00 ppm, and singlets at 2.1 8 and 2.42 

ppm for the ortho and para methyls of the m-terphenyl ligand. Since S r ~ [ N ( s i M e ~ ) ~ ] ~  is 

known to react with dichloromethane solvent (see Chapter 2), it seemed possible that this 

could also be happening during the synthesis of 39, so an attempt was made to repeat the 

synthesis in hexanes. Unfortunately, only traces of the mixed complex 39 were observed 

in the 'H NMR spectrum. The major product was the germanium bis(ary1oxide) 39a. 

This assignment was based on similarities with the tin bis(ary1oxide) 38, namely the 

pronounced upfield shift of the ortho methyl protons to 1.79 ppm (1.82 ppm in 38) and an 



elevated melting point of 3 18 "C (32 1 "C in 38). Elemental analysis was consistent with 

the proposed composition of 39a. 

Scheme 6.4 Synthesis of [(Me3Si)2NGe (OC6H3Mes2)] 39. 

Scheme 6.5 Synthesis of [Ge(OC6H3Mes2)2] 39a. 

Recrystallization of both 39 and 39a from benzene was attempted, but only 39 

yielded single crystals suitable for X-ray diffraction studies.. Compound 39 is the first 

structurally characterized mixed alkoxy-amido germanium(I1) complex (Figure 6.8). The 

Ge-0 bond length of 1.8414(16) 8, is longer than those found in other dicoordinate non- 

calixarene Ge(I1) compounds [1.8 14(2) to 1.8296(14) A]. 349,350,366 The opposite is true of 

the Ge-N bond, which, at 1.85 l(2) A is shorter than in comparable compounds [I .855(2) 

Structure solved by Diane Dickie with the assistance of Dr. Hilary Jenkins, Saint Mary's University. 
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to 1.939(6) A]. 771367 The germanium does not have any significant inter- or 

intramolecular interactions. 

Figure 6.8 Structure of [(Me3Si)2NGe(OC6H3Mes2)] 39. 

Table 6.5 Selected structural data for [(Me3Si)2NGe (OC6H3Mes2)] 39. 

As with the germanium complex 39, the reaction of the m-terphenyl phenol 34 

with AlMe3 in dichloromethane leads to the substitution of only a single ligand to give 

the dialkylaluminium monophenoxide 40. Evidence for this product is given by the 'H 

NMR spectrum, which showed peaks at -1.26,2.15 and 2.19 ppm with relative intensities 

of 6: 12:6, due to the aluminium methyls, and m-terphenyl ortho and para methyl groups, 

respectively. 



Scheme 6.6 Synthesis of [Me2Al(yOC6H~Mes2)12 40. 

Figure 6.9 Structure of [Me2Al(yOC6H3Mes2)]2 40. Thermal ellipsoids are shown at 50% 
probability, and hydrogen atoms and CH2C12 solvent have been removed for clarity. 

X-ray crystallographic studies* confirmed the formula proposed based on the 'H 

NMR data, and showed that despite the bulk of the m-terphenyl, 40 exists in the solid 

state as an oxygen-bridged dimer (Figure 6.9). An identical motif was described by 

Rothwell for his less hindered 2,6-diphenylphenol aluminium complex368 (Figure 6.10). 

In contrast, Power's bulkier 2,6-bis(2,4,6-triisopropylpheny1)phenol aluminium complex 

Structure solved by Dr. Gabriele Schatte, Saskatchewan Structural Sciences Centre. 

155 



can be isolated only as a base-stabilized monomeric ether ~ o l v a t e ~ ~ ~  (Figure 6.10). The 

A1-0 bond lengths in 40 are very similar around the A1202 core, ranging from 1.8892(17) 

to 1.9044(18) A, indicating equal A1-0 interactions rather than distinct covalent and 

dative bonds. These values are longer than most A1-0 bonds in tetracoordinate 

dialkylaluminium A1202 heterocycles, but still within the reported range [1.852(7) to 

1.917(2) A, mean = 1.880 A]. 368,369 The A1204 core of 40 is planar, as it is in most 

phenol-bridged aluminium dimers, unless constrained by linked ligands. 369c.e The A1--A1 

distance of 2.8947(lO) A is, like the A1-0 bonds, slightly above the average of 2.882 A. 

Figure 6.10 Rothwell's 2'6-diphenylphenol aluminium complex (left) and Power's 2'6-bis(2,4,6- 
triisopropylphenyl) phenol aluminium complex (right). 

Table 6.6 Selected structural data for [ M e ~ A l ( p 0 C ~ H ~ M e s ~ ) ] ~  40. 

Bond lengths (A) 
Al(1)-O(2 1) 1.8892(17) Al(2)-O(11) 1.8931(17) 
Al(1)-O(11) 1.8979(18) Al(2)-O(2 1) 1.9044(18) 
Al(1)-C(4 1) 1.943(3) Al(2)-C(8 1) 1.942(3) 
Al(1)-C(42) 1.938(3) Al(2)-C(82) 1.952(3) 
0 (1  1)-C(l 1) 1.402(3) O(2 1)-C(5 1) 1.406(3) 
Al...Al 2.8947(10) 

Bond angles (") 
0(2  1)-Al( 1 )-O( 1 1 ) 80.40(7) O(l1)-Al(2)-0(2 1) 80.14(7) 
Al(2)-O(1 I )-A](] ) 99.56(8) Al(1)-0(2 1)-Al(2) 99.47(8) 
C(1 1)-O(l1)-Al(2) 127.06(14) C(5 1)-0(2 1)-Al(1) 134.17(15) 
C(1 1)-O(l1)-AI(1) 133.34(14) C(5 1)-O(2 1)-Al(2) 125.17(14) 



6.3 Transition metal m-terphenyl phenol and benzyl alcohol 
complexes 

Of all the transition metals, titanium complexes are by far the most common for 

2,6-diphenylphenol. Virtually all of these complexes feature two m-terphenyl phenol 

ligands on the titanium centre, and a few even accommodate three.370 Only one complex 

is known with a single 2,6-diphenylphenol ligand, and it uses cyclopentadienyl as an 

ancillary ligand.371 Would the increased bulk of 34 make it possible to isolate a titanium 

monophenoxide complex? 

Addition of tetrakis(dimethy1amino)titanium to a solution of 34 in 

dichloromethane resulted in the formation of an orange solid 41. The 'H NMR spectrum 

showed a 1:l ratio between the NMe2 ligand at 2.30 ppm and the m-terphenyl at 2.24 

(para) and 2.1 1 (ortho) ppm. Given that titanium is tetravalent, that data suggested 

formation of a bis(phenoxide) complex with a formula of (Me2N)2Ti(OC6H3Mes2)2. This 

is formed even when only a single equivalent of the m-terphenyl phenol ligand is added. 

Scheme 6.7 Synthesis of [(Me2N)2Ti(OC6H3Mes2)2] 41. 



X-ray crystallographic studies of 41* confirmed the proposed structure (Figure 

6.1 1). The geometry at titanium is tetrahedral, with the greatest deviation in the O(11)- 

Ti(1)-O(21) angle [119.25.(5)"] and N(31)-Ti(1)-N(41) angle [102.88(6)"]. The Ti-0 

bonds are the same within experimental error, and are within the range of similar titanium 

complexes [1.786(2) - 1.862(5) A].372 The same is true for the two Ti-N bond lengths, 

for which literature values of similar compounds range from 1.854(7) to 1.897(5) A.372 

The nature of the oxygen ligand appears to be the most important factor governing the 

coordination at titanium. All but one of the structurally characterized examples"2 of 

tetracoordinate titanium complexes with two oxygen donors and two nitrogen donors of 

any type [(R2N)2Ti(OR)2] were based on 2,6-disubstituted phenol ligands. The one 

exception featured a 2,6-disubstituted aniline instead.373 It is not immediately clear if this 

is merely a coincidence or if the steric shielding of the meta substituents is chemically 

required. 

Figure 6.11 Structure of [(Me2N)zTi(OCbH3Mes2)2] 41. Thermal ellipsoids are shown at 50% 
probability and hydrogen atoms have been removed for clarity. 

Structure solved by Dr. Gabriele Schatte, Saskatchewan Structural Sciences Centre. 
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Table 6.7 Selected structural data for [ (Me~N)~Ti (0C~H~Mest ) t ]  41. 

Bond lengths (A) 
Ti(1)-N(3 1) 1.8822(13) N(3 1)-C(3 1) 1.451(2) 
Ti(1)-N(41) 1.8763(13) N(3 1 )-C(32) 1.454(2) 
Ti(1)-0(1 1) 1.8460(10) N(41)-C(41) 1.446(2) 
Ti(1)-O(2 1) 1.8495(10) N(41)-C(42) 1.453(2) 
0 (1  1)-C(l 1 1) 1.3622(17) O(2 1 )-C(2 1 1 ) 1.3601(16) 

Bond angles (") 
O(1 1)-Ti( 1)-0(2 1) 1 19.25(5) N(3 1)-Ti(1)-N(41) 1 02.88(6) 
O(l1)-Ti(1)-N(41) 106.63(5) O(l1)-Ti(1)-N(3 1) 109.17(5) 
O(2 ])-Ti( 1)-N(3 I ) 107.72(5) O(2 1)-Ti(1)-N(41) 109.98(5) 
C( 1 1 1)-O(1 I )-Ti(1) 144.80(10) C(2 1 1)-0(2 1)-Ti(1) 147.13(10) 
C(3 1 )-N(3 1 )-C(32) 1 1 1.80(15) C(4 1)-N(4 1)-C(42) 1 1 1.32(15) 
C(3 1)-N(3 1)-Ti(1) 123.47(12) C(41)-N(41)-Ti(1) 128.66(12) 
C(32)-N(3 1 )-Ti( 1) 124.72(11) C(42)-N(4 1)-Ti( 1 ) 119.98(12) 

The literature precedents for m-terphenyl phenol complexes of 2,6- 

diphenylphenol helped guide the choice of which metals would be appropriate for 

reaction with the bulkier 2,6-bis(2,4,6-trimethy1phenyl)phenol 34, but no such 

background existed for the related benzyl alcohols. Any of the metals previously reacted 

with the m-terphenyl phenols or carboxylic acids (Chapter 2) would therefore have given 

a novel product. The decision to treat 2,4,6-triphenylbenzyl alcohol 36 with diethyl zinc 

was based on the realization that the zinc compounds 4 and 22 had perhaps most clearly 

demonstrated the ability of m-terphenyl ligands to stabilize low-coordinate complexes. 

Complex 4 featured a tricoordinate zinc carboxylate molecule, while 22 contained 

tetracoordinate zinc in a 2-D network with labile ethanol coordination. 

The equimolar reaction of 36 with ZnEt2 proceeded readily in dichloromethane to 

give colourless crystals of 42. The 'H NMR data were in agreement with the reaction 

stoichiometry, with the diagnostic singlet for the m-terphenyl methylene protons at 4.91 

ppm, slightly downfield from the corresponding doublet in the free ligand. The CH2 and 

CH3 protons of the remaining ethyl group were also readily identified as a quartet at 0.09 



ppm and a triplet at 1.06 ppm. These values are similar to those reported for the zinc 

carboxylate complex 4. 

Scheme 6.8 Synthesis of [EtZn(p-OCH2C6H2Ph3)]2 42. 

To determine whether 42 was a solid-state monomer like 39 or a dimer like 40, X- 

ray crystallographic studies were performed.* Two crystallographically distinct oxygen 

bridged homodimers were found (Figure 6.12). The geometry at both the zinc atoms and 

the oxygen atoms is trigonal planar ( C L  Zn = 360"; 0 = 356"). Unlike the zinc 

carboxylate 4, there are no metal-n: interactions. In 42, the zinc--centroid distances 

measure 3.579 A and 3.448 A for Zn(1)-C(3 1-36) and Zn(2)..C(7 1-76) respectively, 

significantly longer than the sum of the van der Waals radii for zinc and benzene (1.39 + 

1.77 = 3.16 A).'I5 

Structure solved by Diane Dickie. 



Figure 6.12 Structure of [EtZn(p-OCH2C6H2Ph3)]2 42. Thermal ellipsoids are shown at 50% 
probability, and hydrogen atoms have been removed for clarity. Only one of the two 
crystallographically independent molecules is shown. 

Table 6.8 Selected structural data for [EtZn(p-OCH2C6H2PhJ)12 42. 

Bond lengths (A) 
Zn( 1)-O( 1) 1.9448(17) Zn(2)-O(2) 1.9358(19) 
Zn(1)-O(1)#1 1.9439(17) Zn(2)-0(2)#2 1.9484(18) 
Zn(1)-C(2) 1.944(3) Zn(2)-C(42) 1.946(3) 
o (  1) 1.427(3) O(2)-C(4 1 ) 1.424(3) 
Zn(l).-Zn(l)# 1 2.9428(6) Zn(2)-.Zn(2)#2 2.9390(7) 

Bond angles ( O )  

O(l)#l-Zn(1)-O(1) 8 1.64(8) O(2)-Zn(2)-0(2)#2 8 1.66(8) 
O(l)#l-Zn(1)-C(2) 139.76(10) O(2)-Zn(2)-C(42) 141.34(14) 
C(2)-Zn(1)-O(1) 138.60(10) C(42)-Zn(2)-0(2)#2 136.99(14) 
C(1)-O(1)-Zn(l)#l 131.23(15) C(4 1)-O(2)-Zn(2) 130.35(16) 
C(1)-O(1)-Zn(1) 126.50(15) C(4 1 )-O(2)-Zn(2)#2 126.74(17) 
Zn(l)#l-O(1)-Zn(1) 98.36(8) Zn(2)-O(2)-Zn(2)#2 98.34(8) 

Symmetry transformations used to generate equivalent atoms: #1 -x+l ,-y+l ,-z+l #2 -x+l,-y+2,-z 

Similar Zn202 heterocycles with tricoordinate zinc appear to be known only for 

bridging phenols, rather than bridging alcohols. The Zn-0 bond lengths of 42 fall 

between 1.9358(19) to 1.9484(18) A, within the range found for the related phenol 

complexes [1.9 1 l(1) to 2.02 l(4) A].374 Tolman recently published two tetracoordinate 

Zn-carbene complexes with bridging benzyl alcohol ligands,375 and the Zn-0 bond 

lengths and angles of 1.9198(15) to 2.0135(14) are quite comparable to both the phenolic 

examples and 42 ,  despite the difference in coordination number. The Zn-.-Zn separations 

in 42 [Zn(l)..-Zn(l)#l = 2.9428(6) A; Zn(2).-.Zn(2)#2 = 2.9390(7) A] are within the 



range of related literature compounds [2.894 to 3.02 1 1 (6)], 3749375 but significantly shorter 

than in the bridging carboxylate complex 4 at 3.5769(6) A. 

6.4 Summary and conclusions 

The X-ray crystal structures of a m-terphenyl phenol and two m-terphenyl benzyl 

alcohols were described. The hydrogen bonding pattern observed in phenol 34, 

intermolecular [0-H--01 dimerization, is very different from that observed in related m- 

terphenyl phenols. The steric demands of 34 are intermediate between those of 

previously characterized derivatives. This balance appears to be the key to the 

supramolecular interactions, as the same 2,4,6-trimethylphenyl substituent was used in 

the boronic acid 33 that also exhibited unprecedented [0-H.-0] hydrogen bonds. 

Unfortunately, this analogy of different hydrogen bonding between phenyl and 2,4,6- 

trimethylphenyl derivatives could not be extended to the benzyl alcohols 36 and 37 due to 

disorder in the CH20H fragment of 37. 

Given the differences in the structures of the free ligands, it seemed possible that 

the main group and transition metal complexes of 34 would also have features not found 

in more andlor less bulky analogues. In the case of titanium complex 41 and aluminium 

complex 40, this was not the case. Both molecules were essentially isostructural to 

known 2,6-diphenylphenol derivatives. The tin complex 38, on the other hand, did show 

differences. The secondary metal-n interaction between the tin atom and flanking aryls 

of the m-terphenyl ligand in 38 provides increased thermal stability of nearly 100 "C 

relative to the bulkier 2,6-diisopropylphenylphenol derivatives in which that interaction is 

sterically hindered. 



No such metal-.rc interactions were seen zinc complex 42, the first structurally 

characterized m-terphenyl benzyl alcohol complex. This is in contrast to the zinc 

carboxylate 4, in which the zinc was also bound by one carbon and two oxygen atoms, 

and may be due to the greater electron donating ability of the benzyl alcohol relative to 

carboxylate ligands, since the negative charge is localized on a single atom. The switch 

from phenol to benzyl alcohol appeared to have little effect on the structure of 42, as its 

Zn202 core is a known motif for bridging phenols. 

6.5 Future work 

The solvent dependency of the reaction of Ge[N(SiMe3)2]2 with the m-terphenyl 

phenol 34 needs to be explored in further detail to determine a reliable, reproducible 

synthesis of the mixed aryloxylamido germylene 39. Next most urgent is the synthesis of 

more complexes of the benzyl alcohols 36 and especially 37. Diethylzinc should be the 

first metal tested with 37, in order to compare and contrast it with the 42. Both ligands 

should then be treated with each of the metals used in the study of phenol 34, in order to 

probe the differences between the behaviour of benzyl alcohols and phenols. Aluminium 

and titanium have been the most studied in the literature for the related phenols, so they 

would be good starting points. 

For the complexes that have already been made, several areas of future study are 

available. The zinc complex 42 should be treated with N-heterocyclic carbenes (NHCs) 

andlor the corresponding imidazolium salts to see if ring-opening polymerization 

catalysts related to those recently described by Tolman can be prepared.375 Aluminium 

complex 40 should also be tested as a ring-opening polymerization catalyst, particularly 



since recent studies have suggested that the active species in MAO-catalyst systems is in 

fact an A1-0-A1 fragment,376 which is present in 40. 

Of course, future research should by no means be limited only to the complexes 

already prepared. One option is to vary the metal-ligand stoichiometry for the 

combinations presented in this chapter. For example, although there was one previously 

known analogue of aluminium compound 40, bis and tris(2,6-diphenylphenoxide) 

complexes are much more common, especially for catalytic applications. Attempts could 

be made to prepare 2: 1 and or 3: 1 complexes of 34 with aluminium to see if they display 

complementary reactivity. The same could be done with the benzyl alcohols 36 and 37. 

The second route is potentially more rewarding. Despite extensive studies of 

bulky phenols with early transition metals, the chemistry of late transition metals is 

essentially untouched. No m-terphenyl phenol complexes have been made with group 

seven or group 10 elements, and only a single example is known in groups eight377 and 

nine.378 Recent work by Fogg demonstrated that replacing halide ligands in ruthenium 

catalysts with aryloxides can lead to greatly improved activity, but if the sterics are not 

carefully controlled, decomposition by bridging is common.379 Ligands like 34, 36 and 

37 could provide just the right balance. 

A similar discrepancy exists in the main group elements. Tin(IV), 

germanium(1V) and especially aluminium(II1) are very well studied for 2,6- 

diphenylphenol, but there is a combined total of only four complexes for all the 

remaining elements in groups 13- 1 5. 357,380 The elements that may be most interesting to 

combine with 34, 36, and 37 are bismuth and silicon. Bulky phenols have been used as 

ligands on bismuth(II1) to prepare model compounds of the active mixed-metal Bi-Mo 



catalyst in the SOH10 process (oxidation/ammoxidation of propylene to acrolein or 

acrylonitrile, producing 5 000 000 tonslyear in 2000).)~' Bismuth(I11) aryloxides have 

also been studied as precursors to bismuth oxide catalysts, superconductors and 

ferroelectric materials.382 

Reaction of the m-terphenyl phenol 34 andlor benzyl alcohols 36 and 37 with an 

appropriate silicon precursor could lead to new silylenes (R2Si:). The silylenes are still 

the rarest of the divalent group 14 element,383 and would be analogous to the germylene 

39a and stannylene 38. The work of ~ a r r a u ) ~ ~  on silanethiones (R2Si=S) suggests that m- 

terphenyl phenol complexes might be precursors for that class of molecules as well as the 

elusive silanones ( R ~ S ~ = O ) . ' ~ ~  

Finally, instead of looking at what others have done with smaller alkoxy and 

aryloxy ligands, inspiration for new pathways could be drawn from nitrogen-based 

derivatives. Lappert and Power recently used an amido ligand with steric demands 

similar to the m-terphenyls to prepare a "metalloid cluster" of 15 tin atoms 

[ s ~ ~ ( s ~ { N R R ' } ) ~ ] . ~ ~ ~  Could a similar structure be obtained from the oxygen-based 

ligands 34,36 or 37? 

6.6 Experimental 

6.6.1 Synthesis of ligands and precursors 

2,6-bis(2,4,6-Trimethylpheny1)phenol (34): Under an inert atmosphere, n-BuLi 

(2.8 mL, 4.5 mmol, 1.6 M in hexanes) was added dropwise to a suspension of 2,6- 

bis(2,4,6-trimethylpheny1)iodobenzene (1.32 g, 3.0 mmol) in 20 mL anhydrous Et20. 

After 2 h, the solution was cooled to -78 "C and freshly distilled nitrobenzene (1.5 mL, 



15 mmol) was added dropwise. The bright red solution was allowed to stir for 5 min and 

then 20 mL of methanol was added slowly. After warming to r.t., 30 mL of H20  was 

added and the organic layer was separated. The aqueous layer was acidified with 1 mL 

concentrated HC1 and then extracted with Et20. The combined organic fractions were 

washed with water and saturated NaCl(,,, and then dried over MgS04. The solution was 

concentrated to ca. 10 mL and then passed through a plug of silica. After addition of ca. 

10 mL pentane, the solution was left to evaporate slowly at room temperature overnight. 

The resultant pale brown solid was recrystallized to give colourless to pale blue crystals. 

Yield = 0.39 g (40%), mp = 145 "C. 'H NMR (CDC13, 499.767 MHz,) 6 7.03 (m, 3H), 

6.98 (s, 4H), 4.53 (s, lH), 2.33 (s, 6H), 2.06 (s, 12H). I3c {'H) NMR (CDCI3, 100.624 

MHz) 6 137.5, 137.2, 135.9, 133.4, 129.6, 128.5, 128.1, 120.7, 21.2, 20.4. IR (nujol 

mull) v 3486 (s), 3451 (s), 161 1 (w), 1584 (w), 1573 (w), 1490 (m), 1320 (s), 1260 (m), 

1221 (vs), 1 170 (s), 1089 (m), 1071 (m), 1030 (w), 1008 (w), 848 (vs), 829 (s), 797 (s), 

780 (w), 752 (vs), 740 (w), 715 (w). Anal Calcd for C24H260: C, 87.23; H, 7.93. Found: 

C, 87.50; H, 8.04. HR-MS (mh): [M'] calculated for C24H260, 330.198; Found: 330.198. 

2,6-bis(2,4,6-Trimethy1phenyl)benzaldehyde (35): Prepared according to the 

same procedure as 25, beginning with 2,6-bis(2,4,6-trimethylphenyl)iodobenzene (1 5.0 g, 

34.1 mmol). Yield = 8.13 g (76%), mp = 208-210 "C. 'H NMR (CDC13, 499.767 MHz) 

6 9.65 (s, lH), 7.66 (t, J = 7.5 Hz, lH), 7.17 (d, J = 7.5 Hz, 2H), 6.94 (s, 4H), 2.34 (s, 

6H), 1.96 (s, 12H). ' 3 ~ { ' ~ ) ~ ~ ~  (CDC13, 100.624) 6 192.4, 143.8, 136.9, 136.4, 135.3, 

133.4, 132.5, 129.9, 128.1, 21.1, 20.6. IR (nujol mull) v 2743 (m), 1702 (vs), 1612 (s), 

1574 (s), 1416 (m), 1396 (m), 1277 (m), 1195 (s), 1178 (m), 1105 (w), 1090 (w), 1034 



(m), 1013 (m), 858 (s), 846 (s), 777 (w), 751 (m), 739 (m), 675 (m). Anal Calcd for 

C25H260: C, 87.68; H, 7.65. Found: C, 87.41; H, 7.41. 

2,4,6-Triphenylbenzylalcohol (36): A solution of 2,4,6-triphenylbenzaldehyde 

24 (4.0 g, 12.0 mmol) in 50 mL 90% EtOH was cooled to 0 "C and NaBH4 (0.5 g, 13.1 

mmol) was added slowly in small portions. The reaction mixture was then heated to 120 

"C for 30 min. Upon cooling to r.t., 30 mL H 2 0  was added and the mixture was acidified 

with 6 M HC1 to pH 1-2. The reaction was extracted with Et20, then the organic layer 

was washed with saturated NaCl(,,) and dried over MgS04. The solution was 

concentrated under vacuum and then cooled to -20 "C to give colourless crystals. Yield = 

3.0 g (75%), mp = 116-120 "C (lit. 128 "c).Io9 'H NMR (CDC13, 499.767 MHz) 6 7.65 

(d, J = 7.2 Hz, 2H), 7.54-7.56 (m, 6H), 7.40-7.49 (m, IOH), 7.35 (t, J = 7.2 Hz, IH), 4.48 

(d, J = 5.9 Hz, 2H), 1.45 (t, J = 5.9 Hz, IH). IR (nujol mull) v 3428 (br), 3324 (br), 1595 

(m), 1565 (w), 1493 (m), 1455 (s), 1414 (m), 1 I98 (w), 1155 (w), 1087 (w), 1075 (m), 

1030 (m), 992 (s), 886 (s), 772 (s), 760 (vs), 71 8 (w), 699 (vs). 

2,6-bis(2,4,6-Trimethylpheny1)benzyl alcohol (37): Prepared according to the 

same procedure as 36, beginning with 2,6-bis(2,4,6-trimethylpheny1)benzaldehyde 35 

(0.25 g, 0.7 mmol). Yield = 0.19 g (75%), mp = 202 "C. 'H NMR (CDC13, 499.767 

MHz) 6 7.34 (t, J = 7.6 Hz, 1 H), 6.98 (d, J = 7.6 Hz, 2H), 6.88 (s, 4H), 3.94 (br, 2H), 

2.26 (s, 6H), 1.93 (s, 12H). I 3 c { ' ~ }  NMR (CDC13, 125.677 MHz) 6 141.4, 137.4, 136.8, 

135.9, 128.7, 128.5, 128.2, 128.1, 60.7,21.1, 20.7. IR (nujol mull) v 3563 (w), 3522 (w), 

3050 (w), 2729 (w), 161 1 (m), 1581 (w), 1573 (w), 1484 (m), 1261 (m), 1192 (w), 1171 

(w), 1100 (m), 1013 (s), 975 (w), 959 (w), 940 (w), 846 (s), 803 (vs), 759 (m), 743 (w), 

701 (w). Elemental analysis not obtained. 



6.6.2 Synthesis of main group complexes 

[Sn(OC6H3Mes2)2] (38): Under an inert atmosphere, a solution of 

Sn[N(SiMe3)2]2 (0.33 g, 0.76 mmol) in 2 mL anhydrous benzene was added dropwise to a 

solution of 2,6-bis(2,4,6-trimethylpheny1)phenol 34 (0.50 g, 1.51 mmol) in 10 mL 

anhydrous benzene. The mixture was allowed to stir for 3 h at r.t. and then filtered. Slow 

evaporation of the solvent gave a yellow solid that was recrystallized from warm hexanes 

to give colourless crystals: Yield = 0.48 g (81%), mp = 321-322 "C. 'H NMR (CD2C12, 

499.767 MHz)S 6.84 (d, J = 6.9 Hz, 2H), 6.79 (s, 4H), 6.73 (t, J = 6.9 Hz, lH), 2.29 (s, 

13 6H), 1.82 (s, 12H). C NMR (100.624 MHz, C6D6) S 157.8, 138.5, 137.8, 137.4, 129.7, 

119 129.5, 129.2, 117.9, 21.1, 20.5. s ~ { ' H }  (CD2C12, 223.867 MHz) S -344.23. IR (nujol 

mull) v 1610 (m), 1584 (m), 1412 (s), 1262 (m), 1246 (s), 1088 (w), 1072 (m), 1031 (br), 

844 (vs), 798 (w), 787 (w), 752 (m), 739 (w), 649 (m). Anal Calcd for C48H5002Sn: C, 

74.14; H, 6.48. Found: C, 74.03; H, 6.39. 

[(Me3Si)2NGe(OCsH3Mes2)] (39): Under an inert atmosphere, a solution of 

Ge[N(SiMe3)2I2 (0.57 g, 1.45 mmol) in 2 mL CH2C12 was added dropwise to a solution of 

2,6-bis(2,4,6-trimethylphenyl)phenol34 (0.48 g, 1.45 mmol) in 5 mL anhydrous CH2C12. 

After 5 min, the solvent was removed under vacuum and the crude product was 

recrystallized from benzene. Mp = 84-86 "C. 'H NMR (ChD6,499.768 MHz) S 7.62 (t, J 

=7.5 Hz, lH),7.22 (d, J = 7 . 5  Hz,2H),7.03 (s,4H),2.42(s,6H),2.18 (s, 12H),0.00(s7 

18H). (This molecule was not isolated as an analytically pure compound). 

[Ge(OC6H3Mes2)2] (39a): Under an inert atmosphere, a solution of 

Ge[N(SiMe3)2]2 (0.24 g, 0.61 mmol) in 2 mL hexanes was added dropwise to a 

suspension of 2,6-bis(2,4,6-trimethylpheny1)phenol 34 (0.20 g, 0.61 mmol) in 5 mL 



anhydrous hexanes. After 45 min, the solvent was decanted from a white precipitate. 

Yield = 0.1 6 g (72%), mp = 3 18-3 19 "C. 'H NMR (CD2C12, 499.767 MHz) 6 6.81-6.88 

(m, 3H), 6.75 (s, 4H), 2.29 (s, 6H), 1.79 (s, 12H). I3c NMR (CD2C12, 125.678 MHz) 6 

138.1, 136.2, 129.5, 129.2, 128.8, 128.5, 119.2, 21.0, 20.1. IR (nujol mull) v 1610 (w), 

1585 (w), 1484 (m), 1414 (s), 1260 (s), 1230 (vs), 1091 (m), 1071 (s), 1016 (m), 948 (w), 

845 (vs), 799 (m), 754 (s), 739 (w), 728 (w), 670 (m), 659 (s), 609 (m). Anal Calcd for 

C4gH50Ge02: C, 78.8 1; H, 6.89. Found: C, 79.14; H, 7.08. 

[Me2Al(pOC6H3Mes2)]2 (40): Under an inert atmosphere, AlMe3 (1 .O1 mL, 2.0 

M in hexanes) was added dropwise to a solution of 2,6-bis(2,4,6-trimethylpheny1)phenol 

34 (0.56 g, 1.69 mmol) in 10 mL anhydrous CH2C12. After stirring for 5 min at r.t., the 

solution was concentrated under vacuum and then cooled to -30 "C. The next day, the 

solution was decanted from colourless crystals. Yield = 0.25 g (38 %), mp = 238-240 "C. 

1 H NMR (C6D6, 499.767 MHz) 6 6.85 (s, 4H), 6.69 (t, J = 7 Hz, 1 H), 6.59 (d, J = 7 Hz, 

2H), 2.19 (s, 6H), 2.15 (s, 12H), -1.26 (s, 6H). I3c NMR (C6D6, 125.680 MHz) G 138.3, 

137.9, 135.9, 133.1, 129.5, 129.3, 128.3, 21.9, 21.7. IR (nujol mull) v 1610 (w), 1405 

(m), 1261 (w), 1 190 (m), 1 182 (m), 1091 (m), 1032 (w), 848 (m), 825 (m), 803 (w), 774 

(w), 758 (w), 701 (s), 635 (m). Anal Calcd forc52H62A1202, C, 80.80; H, 8.08. Found: 

C, 81.14; H, 8.18. 

6.6.3 Synthesis of transition metal complexes 

[(Me2N)2Ti(OC6H3Mes2)2] (41): Under an inert atmosphere, a solution of 

Ti(NMe2)4 (0.26 g, 1.15 mmol) in 5 mL anhydrous CH2C12 was added dropwise to a 

solution of 2,6-bis(2,4,6-trimethylpheny1)phenol 34 (0.76 g, 2.30 mmol) in 10 mL 



anhydrous CH2C12. The solution was allowed to stir for 10 min at r.t. and then cooled to 

-30 "C. After 3 hours, the solution was decanted from orange crystals. Yield = 0.59 g 

I (64%), mp 180 "C (dec). H NMR (C6D6, 400.137 MHz) G 6.82-6.87 (m, 7H), 2.30 (s, 

6H), 2.24 (s, 6H), 2.1 1 (s, 12H). 13c NMR (C6D6, 100.624 MHz) G 160.2, 137.3, 136.7, 

135.6, 131.1, 130.5, 128.3, 120.2, 43.8, 21.0, 20.9. IR (nujol mull) v 3279 (m), 1611 

(m), 1580 (m), 1484 (m), 14 13 (vs), 1345 (m), 125 1 (vs), 1229 (vs), 1 146 (m), 1083 (s), 

1054 (m), 1029 (m), 1008 (m), 950 (s), 904 (m), 876 (vs), 849 (vs), 799 (m), 778 (m), 

757 (vs), 741 (w), 691 (vs), 679 (s), 597 (s). Anal Calcd for C52H62N202Ti: C, 78.57; H, 

7.86; N, 3.52. Found: C, 78.20; H, 7.83; N, 3.37. 

[EtZn(pOCHzC6HzPh3)]2 (42): Under an inert atmosphere, ZnEt2 (4.9 mL, 

4.93 mmol, 1.0 M in hexanes) was added dropwise to a solution of 2,4,6- 

triphenylbenzylalcohol36 (0.79 g, 2.35 mmol) in 15mL anhydrous CH2C12. The solution 

was allowed to stir overnight, and was then concentrated under vacuum and cooled to -30 

"C. The next day, the solution was decanted from colourless crystals. Yield = 0.69 g 

(68%), mp = 163-165 "C. 'H NMR (C6D6, 400.136 MHz) G 7.54 (s, 2H), 7.14-7.44 (m, 

15H),4.91 (s, 2H), 1.06(t, J =  8.1 Hz, 3 H),O.O9(q, J =  8.1 Hz,2H). ' 3 ~ { 1 ~ }  (CD2C12, 

125.680 MHz) 6 144.3, 143.6, 141.8, 141.1, 139.5, 130.5, 130.2, 129.7, 129.6, 128.9, 

128.5, l28.4,64.l, l2.6,O.OO. IR (nujol mull) v 3054 (m), 3029 (m), 2807 (w), 272 1 (w), 

1595 (m), 1574 (w), 1562 (w), 1493 (s), 1442 (m), 1430 (w), 141 6 (w), 1396 (w), 1 194 

(w), 1 178 (w), 1 156 (w), 1077 (m), 1032 (vs), 1012 (m), 999 (m), 889 (m), 794 (m), 770 

(s), 761 (vs), 704 (vs), 697 (s). Anal calcd for C27H240Zn: C, 75.44; H, 5.63. Found: C, 

75.66; H, 5.58. 



7 GLOBAL CONCLUSIONS 

A recent editorial in a leading ACS publication stated that although "the goal of 

basic chemical research is to create and understand chemical materials and processes well 

enough to predict their properties," scientists are "generally unable to predict the impact 

of their latest results, much less whether the work will yield something useful to society. 

[...I The true outcome will depend on other scholars' thinking and on future research, 

and these complexities cannot be known ahead of time."386 In light of that assertion, this 

chapter is designed to pull together the conclusions drawn from the work described in the 

previous chapters, to help bring into focus the contribution of this research to the 

knowledge of the greater chemical community. 

In broad terms, I studied the influence of substituted m-terphenyl ligands on main 

group and transition metal complexes in order to better understand the impact of sterics 

on the coordination and reactivity at these metal centres. One of the specific goals of this 

project was to discover if it was possible to incorporate m-terphenyls into materials 

beyond simple molecules, to take advantage of their steric shielding in a new context. 

The metal-organic frameworks described in Chapter 3, especially the zinc complex 22, 

demonstrated how m-terphenyls limit the coordination at metal atoms to well-defined 

two-dimensional arrays reminiscent of common clays. A different type of array was 

discussed in Chapter 4, namely the self-assembled monolayer of m-terphenyl thiols on 

gold. Although m-terphenyls have long been known to limit aggregation in molecular 



complexes, using them in this way, to lower the number of active sites on a 2-D 

functionalized surface, has opened up a completely new field for these molecules. 

Of course, the work on these extended structures was possible only because of the 

knowledge gained by studying discrete molecules as model compounds. The tri- 

coordinate zinc carboxylate 4, described in Chapter 2, provided the most compelling 

evidence that m-terphenyls are capable of enforcing low coordination numbers at metal 

sites. The series of tin(I1) carboxylates (6-8) with a common Sn204C2 core, also 

described in Chapter 2 showed that the steric bulk of the ligand could be varied without 

affecting the coordination environment. Once a certain steric threshold is crossed, 

though, the differences are dramatic, as illustrated by the differences in the aluminium 

(40) and tin (38) phenol complexes of Chapter 6 with respect to the bulkier analogues 

recently reported by 

Having control over the coordination environment is useful because it allows 

reactivity to be managed, and not simply blocked. Aluminium complex 29 (Chapter 5) 

was found to initiate the ring-opening polymerization of E-caprolacton, thereby 

establishing that m-terphenyls can control the environment around a metal without 

completely shutting down the reactivity. This reactivity was an important contributing 

factor for the serendipitous discovery of the most unusual molecule in this thesis, the 

Sn2N2 heterocycle 9 (Chapter 2) whose bonding and electronic nature is still being 

studied. 



APPENDIX 1 : CRYSTALLOGRAPHIC DATA 

Table Al: 
Compound 
name (#) 

Formula 
FW 
T, K 
colour 
size 
cryst. syst. 
space group 
a, A 
b, A 
c, A 
a, deg 
P, deg 

z 
Dca~c, ~ g ' m - ~  
p, mm-I 
RI* 
wR2 * 
Data collect. 
Stmct. sol. 
CCDC no. 

294(2) 
colourless 
0.58 x 0.48 x 0.15 
triclinic 
P- 1 
9.9702(2) 
10.6813(2) 
1 1.3952(2) 
77.0130(10) 
85.6730(10) 
74.0890(10) 
1 137.06(4) 
1 
1.187 
0.109 
0.0433 
0.1128 
UWO 
Dr. M. Jennings 
230826 

Crystallographic data for compounds in chapter 2. 

1 SO@) 
colourless 
0.68 x 0.41 x 0.34 
orthorhombic 
Pbca 
23.1334(4) 
l5.9039(2) 
25.6396(4) 
90 
90 
90 
9433.1(2) 
8 
1.273 
1 .O6l 
0.0465 
0.0949 
UWO 
Dr. M. Jennings 
266025 

1 
1 SO(2) 
colourless 
0.125 x 0.20 x 0.225 
triclinic 
P- 1 
1 O.429(2) 
13.276(3) 
14.405(3) 
104.92(3) 
110.62(3) 
101.70(3) 
1706.1(6) 
1 
1.389 
1.004 
0.0348 
0.0737 
UWO 
D. Dickie 

[(Me3Si)zNSn(p- 

1357.99 
173(2) 
colourless 
0.25 x 0.25 x 0.25 
monoclinic 
P2Ic 
17.2290(2) 
19.5480(2) 
20.4440(2) 
90 
95.4530(6) 
90 
6854.23(13) 
4 
1.316 
0.920 
0.0368 
0.07 16 
SSSC 
Dr. G. Schatte 



name (#) 

Formula 
FW 
T, K 
colour 
size 
cryst. syst. 
space group 
a, A 
b, A 
c, A 
a, deg 
P? d% 
Y, d e ~  
v, A 
Z 
Dca~c, ~ g . m - ~  
p, mm-' 
Rl* 
wR2 * 
Data collect. 
Struct. sol. 
CCDC no. 

C66H94C14Nz04Si4Snz 
1470.97 
150(2) 
colourless 
0.125 x 0.30 x 0.40 
triclinic 
P- 1 
1 1.8023(6) 
12.5695(9) 
14.2170(10) 
67.446(3) 
65.690(2) 
76.473(3) 
1767.8(2) 
1 
1.382 
0.97 1 
0.0635 
0.1723 
UWO 
D. Dickie 
6 18669 

Table A1 (col 
Compound 
name (#) 
Formula 
FW 
T, K 
colour 
size 
cryst. syst. 
space group 
a, A 
b, A 
c,  A 
a, deg 
P> deg 
3: deg 
v, A3 
Z 
Dca~c, Mg.m-3 
p, mm-' 
Rl* 
wR2 * 
Data collect. 
Struct. sol. 
CCDC no. 

for 

[(Mes2C6H3C02)Sn 
(p-NSiMe3)l~ 
(9.CHzCl2) 
C29H36C12N02SiSn 
648.29 
223(2) 
colourless 
0.2 x 0.45 x 0.45 
triclinic 
P- 1 
10.5733(6) 
1 1.8229(6) 
13.8362(7) 
67.293O(lO) 
79.9680(10) 
89.7190(10) 
1567.46(14) 
2 
1.374 
1.048 
0.0433 
0.1 173 
SMU 
D.Dickie/H. Jenkins 

C6&78Nz05Si2Snz 
1200.80 
1 73(2) 
colourless 
0.20 x 0.20 x 0.25 
triclinic 
P- 1 
10.8922(3) 
1 1.7957(3) 
12.3240(3) 
77.2409(16) 
75.5426(16) 
87.3334(17) 
1495.34(7) 
1 
1.333 
0.922 
0.0427 
0.0920 
SSSC 
D.Dickie/G.Schatte 

C13H38C12N2Si4Sn 
524.40 
173(2) 
colourless 
0.15 x 0.20 x 0.20 
triclinic 
P- l 
8.55900(10) 
1 1.3010(2) 
14.9150(3) 
105.9710(12) 
96.8970(13) 
108.9690(14) 
1276.35(4) 
2 
1.365 
1.397 
0.0247 
0.0562 
SSSC 
D.Dickie/G.Schatte 

[(Mes2C6H3C02)Si 
(NMe2)3] (12) 

C31H43N302Si 
5 17.77 
173(2) 
colourless 
0.25 x 0.25 x 0.20 
triclinic 
P- 1 
8.63 1 O(2) 
10.3890(3) 
18.1010(5) 
80.7600(9) 
78.8330(10) 
72.7830(13) 
15 1 1.73(7) 
2 
1.137 
0.108 
0.0691 
0.1875 
SSSC 
Dr. G. Schatte 
6 18676 

[(Mes2C6H3C02)Ti 
(NMe2)3] (13) 

C31H43N302Ti 
537.58 
295(2) 
yellow 
0.3 x 0.3 x 0.3 
orthorhombic 
Pna2(1) 
23.3385(4) 
1 1.3985(3) 
12.0 12 1(5) 
90 
90 
90 
3195.51(17) 
4 
1.117 
0.296 
0.0542 
0.1423 
SSSC 
D. Dickie 
6 18678 

173(2) 
orange 
0.10 x 0.15 x 0.20 
monoclinic 
P2( 1 )/c 
22.6200(5) 
10.8510(10) 
24.4610(11) 
90 
121.716(3) 
90 
5 107.3(5) 
4 
1.217 
0.318 
0.0627 
0.1334 
SSSC 
D. Dickie 
6 1 8679 



Table A2: - 
Compound 
name (#) 

Formula 
FW 
T, K 
colour 
size 
cryst. syst. 
space group 
a, A 
b, A 
c, A 
a, deg 
P, deg 
3: deg 
v, A3 
z 
Dcaic? ~ ~ 3 . m ' ~  
p, mm-I 
Rl* 
wRZ* 
Data collect. 
Struct. sol. 
CCDC no. 

Table A2 (COI 
Compound 
name (#) 
Formula 
FW 
T, K 
colour 
size 
cryst. syst. 
space group 
a,  A 
b, A 
c, A 
a, deg 
P, deg 
3: deg 
v, A3 
z 
Dca~o ~ g . m - ~  
p, mm-' 
Rl* 
wR2 * 
Data collect. 
Struct. sol. 
CCDC no. 

dibenzoic acid 
(15H2) 
c 2 & 1 4 0 4  

318.31 
173(2) 
colourless 
0.10 x 0.10 x 0.20 
tetragonal 
P41212 
l3.5640(3) 
13.5640(3) 
17.01 5O(4) 
90 
90 
90 
3 l3O.4(1) 
8 
1.351 
0.094 
0.0396 
0.0808 
SMU 
Dr. H. Jenkins 
266027 - 

2 2  112 * RI = [CIIFo~-IFcII]IICIFo~] for [F,' > ZCJ(F,')]; wR2 = { [ C W ( F ? - F ~ ) ~ ] ~ [ ~ W ( F ~  ) 1) 

1 
( ~ W Z . C U . ( P Y ) ~  
(19) 
Cd36C~N20u 
856.35 
173(2) 
blue 
0.15 x 0.20 x 0.20 
orthorhombic 
Pbca 
17.2 l7O(2) 
l2.9640(3) 
18.7630(4) 
90 
90 
90 
4187.9(1) 
4 
1.358 
0.580 
0.0426 
0.0954 
SSSC 
Dr. G. Schatte 
279139 

C30H22N204 
474.50 
173(2) 
colourless 
0.20 x 0.25 x 0.25 
monoclinic 
P2iIc 
10.4550(2) 
13.3910(3) 
19.0530(5) 
90 
116.6730(8) 
90 
2383.61(9) 
4 
1.322 
0.089 
0.05 18 
0.1 190 
SSSC 
Dr. G. Schatte 
279136 

2101.18 
223(2) 
blue 
0 .060~ 0 . 2 5 ~  0.40 
triclinic 
P- I 
9.3336(5 
1 1.7460(6) 
24.569(1) 
76.949(1) 
86.176(1) 
79.196O(IO) 
2576.6(2) 
1 
1.354 
0.489 
0.0398 
0.0777 
SMU 
D. DickieM. Jenkins 

hapter 3. - 
15.Zn.(py)2.MeOH 

P 

C31H26N205Zn 
571.91 
l73(2) 
colourless 
0.05 x 0.13 x 0.13 
monoclinic 
P2 In 
1 O.6080(2) 
14.9550(4) 
16.4450(4) 
90 
90.676(1) 
90 
2608.7(1) 
4 
1.456 
0.987 
0.0463 
0.0946 
SSSC 
Dr. G. Schatte 
279137 

C20Hl 2Ag204 
532.04 
150(2) 
colourless 
0.08 x 0 . 2 7 ~  0.47 
monoclinic 
C21c 
1 7.334(1) 
1 l.l485(9) 
9.4161(5) 
90 
1 14.1 54(4) 
90 
1660.4(2) 
4 
2.128 
2.382 
0.0330 
0.0833 
UWO 
Dr. M. Jennings 
279141 

P 

15.C0.(py)~.MeOH 
(18) 

- 
C3 iH26C0N205 
565.47 
223(2) 
pink 
0.04 x 0.28 x 0.34 
monoclinic 
P21/n 
10.640(1) 
15.018(2) 
l6.425(2) 
90 
90.703(2) 
90 
2624.5(6) 
4 
1.43 1 
0.699 
0.0422 
0.0970 
SMU 
D. DickieIH. Jenkins 
279138 

473.80 
295(2) 
colourless 
0.20 x 0 . 2 2 ~  0.28 
triclinic 
P- 1 
1 1.1 OOO(3) 
13.6800(6) 
15.71 70(6) 
98.866(2) 
90.857(2) 
95.61 O(2) 
2345.6(1) 
4 
1.342 
1 .O82 
0.0657 
0.1806 
UWO 
Dr. M. Jennings 
266026 



Table A3: 
Compound 
name (#) 

Formula 

FW 
T, K 
colour 
size 
cryst. syst. 
space group 
a, A 
b, A 
c, A 
a, deg 
LX deg 
Y? deg 
v, A3 
z 
Dca~c, ~ g . m - ~  
p, mm" 
Rl* 
wR2* 
Data collect. 
Struct. sol. 
CCDC no. 

* R1 = [WoI-I 

Table A3 (cor 
Compound 
name (#) 
Formula 
FW 
T, K 
colour 
size 
cryst. syst. 
space group 
a, A 
b, A 
c, A 
a, deg 
P9 deg 
Y> deg 
v, A3 
z 
Dcalc, 
p, mm-' 
Rl* 
wR2* 
Data coll. 
Struct. sol. 
CCDC no. 

* R1 = [Wol-I 

Crystallographic d 
4-Methyl-2,6- 
diphenylbenzoic 
acid (14) 
P 

c 2 & 1 6 0 2  

288.33 
223(2) 
colourless 
0.2 x 0.2 x 0.35 
monoclinic 
P2(l)/c 
9.4738(7) 
13.377(1) 
12.2980(9) 
90 
104.107(1) 
90 
15 1 l.49(19) 
4 
1.267 
0.08 1 
0.0625 
0.1176 
SMU 
Dr. H. Jenkins 

J29) 
C36H37A12NO 
553.63 
1 50(2) 
orange 
0.28 x 0.23 x 0.10 
triclinic 
P- 1 
10.0605(2) 
12.4185(4) 
I3.8863(5) 
100.619(1) 
97.415(1) 
1 10.549(2) 
1560.91(8) 
2 
1.178 
0.121 
0.0529 
0.1201 
UWO 
Dr. M. Jennings 
244654 

N-(2',4',6'-Tripheny 1 
benzy1)-2-amino 
phenol (27) 
c31H25NO 

a for corn ounds in cha ters 4 and 5. c 
425.50 
297(2) 
yellow 
0.33 x 0.28 x 0.05 
monoclinic 
P2(l)/c 
l7.4903(4) 
5.7029(1) 
23.3492(6) 
90 
99.234(1) 
90 
2298.79(9) 
4 
1.229 
0.074 
0.0690 
0.1910 
UWO 
Dr. M. Jennings 
244653 
F:)]; wR2 = {[CW(F,' 

427.52 
296(2) 
orange-brown 
0.40 x 0.35 x 0.28 
monoclinic 
P2(l)/n 
12.4 1 84(3) 
10.6374(2) 
17.9932(5) 
90 
101.353(1) 
90 
2330.38(10) 
4 
1.219 
0.073 
0.0526 
0.1413 
UWO 
Dr. M. Jennings 
244652 
~ , 2 ) 2 ] / [ ~ ~ ~ : ) 2 ]  } 

phenylborork acid (33) 

C24H27B02 
358.27 
173(2) 
colourless 
not recorded 
orthorhombic 
Cmc2(1) 
23.178(6) 
12.981 O(4) 
6.7470(3) 
90 
90 
90 
2030.0(5) 
4 
1.172 
0.072 
0.0705 
0.1672 
SSSC 
D. Dickie / G. Schatte 
6 18675 

3238.95 
1 73(2) 
orange 
0.15 x 0 . 1 0 ~  0.10 
triclinic 
P- 1 
13.8303(3) 
15.99 l4(5) 
19.5290(5) 
104.669(2) 
97.199(2) 
108.549(2) 
3860.21(18) 
1 
1.393 
0.929 
0.0534 
0.1 130 
SSSC 
D.Dickie/G. Schatte 
6 18677 



Table A4: Crystallographic data for compounds in ci 
Compound I 2,6-Dimesitylphenol 

Formula I C24H260 
330.45 
l73(2) 
colourless 
0.20 x 0.15 x 0.15 
triclinic 
P- 1 
9.9380(2) 
1 1.5740(3) 
17.7 140(6) 
lO5.46OO( 13) 
lOO.3660(15) 
94.5700( 18) 
1914.14(9) 
4 
1.147 
0.068 
0.0752 
0.2019 
SSSC 
Dr. M. Jennings 1 618683 

2,4,6-Triphenyl 
benzyl alcohol (36) 

C25H200 
FW 
T, K 
colour 
size 
cryst. syst. 
space group 
a, A 
6, A 
c, A 
a, deg 
P? deg 
3: deg 
V, A3 
z 
Dca~c, ~ g . m - ~  
p, mm-' 
Rl* 
WRZ* 
Data coll. 
Struct. sol. 
CCDC no. 

Table A4 (co~  
Compound 
name (#) 

Formula 
FW 
T, K 
colour 
size 
cryst. syst. 
space group 
a, A 
6, A 
c, A 
a, deg 
P> deg 
3: deg 
v, '4 
z 
D,,I,, ~ g . m - ~  
p, mm-' 
RI* 
wR2* 
Data coll. 
Struct. sol. 
CCDC no. 

336.41 
I 200(2) 
I colourless 

0.35 x 0.08 x 0.03 
monoclinic 
P2ic 
14.4768(3) ~ 17.9691(6) 
18.2367(6) 
90 
l27.34(3) 
90 

I 3771.72(19) 

I.185 
0.07 1 
0.0876 
0.2272 

i uwo 
Dr. M. Jennings 

18684 

b&zyl alcohol (37) 

Cz5HzxO 

296(2) 
colourless 
0.56 x 0.16 x 0.15 
orthorhombic 
Pnma 
6.7390(2) 
23.7974(7) 
l2.7734(3) 
90 
90 
90 
2048.48(10) 
4 
1.1 17 
0.066 
0.0909 
0.2536 
UWO 
Dr. M. Jennings 

[Sn(OC6H3Mes2)21 
(38) 
C48H~oOzSn 
777.59 
l73(2) 
colourless 
0.10 x 0.08 x 0.08 
triclinic 
P- 1 
9.7264(2) 
1 1.6250(3) 
18.1089(3) 
107.0250(10) 
90.2950(10) 
90.8970(10) 
1957.49(7) 
2 
1.319 
0.690 
0.0402 
0.1206 
SSSC 
D. Dickie 

I: Crystallographic d 
[(Me3Si)2NGe 
(OCnH3Mes2)I (39) 
C3ad3GeNOSi2 
562.42 
223(2) 
pale yellow 
0.35 x 0.42 x 0.5 
orthorhombic 
P2(1)2(1)2(1) 
1 1.6223(8) 
1 l.8066(8) 
23.2495(15) 
90 
90 
90 
3 190.3(4) 
4 
1.171 
1.056 
0.0280 
0.0698 
SMU 
D.Dickie/H. Jenkins 
618681 

a for compounds in 
[Me2Al(p-0C6H3 
Wl2 (40) 

Cd64A1zC1202 
857.90 
173(2) 
colourless 
0.30 x 0.25 x 0.25 
monoclinic 
P2,ic 
17.5020(3) 
13.1600(3) 
22.3220(4) 
90 
109.5440(11) 
90 
4845.12(16) 
4 
1.176 
0.209 
0.0682 
0.1856 
SSSC 
Dr. G. Schatte 
618680 

apter 6. 
[(Me2N)2Ti(OCnH3 
Mes2)zI (41) 

C52H62N202Ti 
794.94 
173(2) 
orange 
0.30 x 0.25 x 0.25 
triclinic 
P- 1 
10.96300(10) 
13.1 O4O(2) 
16.5680(2) 
101.2510(5) 
98.8800(5) 
99.5070(7) 
2259.1 O(5) 
2 
1.169 
0.230 
0.0444 
0.1051 
SSSC 
Dr. G. Schatte 
6 18686 

[EtZn(p-0CH2 
ChHzPhd12 (42) 
C27HZ40Zn 
429.83 
173(2) 
colourless 
not recorded 
triclinic 
P- 1 
10.1499(4) 
15.4439(5) 
15.4694(5) 
69.695(2) 
89.788(2) 
7 1.263(2) 
2137.77(13) 
4 
1.336 
1.163 
0.0388 
0.0945 
SSSC 
D. Dickie 
6 18687 



APPENDIX 2 : ATOMIC COORDINATES 

4 Atomic coordinates ( x 10 ) and equivalent isotropic displacement parameters (A2x lo3) for 2. U(eq) is 

defined as one third of the trace of the orthogonalize~ 

X Y z W s )  

O(1) 953(1) 1266(1) -550(1) 59(1) 
C(2) 1325(2) 1 l96(2) 2043(2) 77(1) 
C(3) -1270(3) 3436(2) 286(2) 78(1) 
Al(4) -37(1) 1681(1) 772(1) 42(1) 
O(5) -1 l38(l) 557(1) 1227(1) 56(1) 
C(6) -1459(1) -500(1) 1246(1) 42(1) 
C(7) -2520(1) -866(1) 2160(1) 39(1) 
C(8) -3876(1) -3 l(1) 2144(1) 39(1) 
C(9) -4835(1) -409(1) 3008(1) 42(1) 
C(l0) -4493(1) -1578(1) 3887(1) 42(1) 
C(l1) -3 l36(2) -2383(2) 3885(1) 47(1) 
C(l2) -2142(1) -2054(1) 3034(1) 43(1) 
C(3 1) -4372(1) 121 l(1) 1208(1) 41(1) 
C(32) -4171(2) 1219(2) -10(1) 50(1) 
C(33) -4728(2) 2364(2) -863(2) 66(1) 

uij tensor: 

X Y z U(es) 

C(34) -5485(2) 3494(2) -507(2) 76(1) 
C(35) -5684(2) 3506(2) 697(2) 72(1) 
C(36) -5132(2) 2377(2) 1551(2) 54(1) 
C(41) -700(2) -2956(2) 3 102(1) 50(1) 
C(42) -485(2) -4274(2) 3067(2) 82(1) 
C(43) 847(3) -5117(2) 3121(3) 103(1) 
C(44) 1960(2) -4661(3) 3218(2) 97(1) 
C(45) 1773(2) -3356(3) 3271(2) 91(1) 
C(46) 442(2) -2501(2) 3225(2) 68(1) 
C(5l) -5563(2) -1966(2) 4772(1) 46(1) 
C(52) -6725(2) -1022(2) 507 1(2) 59(1) 
C(53) -7734(2) -1401(2) 5865(2) 74(1) 
C(54) -7599(2) -27 l8(2) 6377(2) 76(1) 
C(55) -6456(2) -3663(2) 61 lO(2) 70(1) 
C(56) -5443(2) -3297(2) 5307(1) 56(1) 

Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters (A2x lo3) for 4. U(eq) is 

defined as one third of the trace of the orthogonalizel 
X Y z U(es) 

Zn(1) 1416(1) 5592(1) 1306(1) 35(1) 

uij tensor: 
X Y z Wes) 

8589(2) 3250(1) 40(1) 



C(22) 446(2) 8417(2) 689(1) 30(1) (58) 3034(2) 5028(3) 687(1) 47(1) 
C(23) 430(2) 9121(3) 368(1) 37(1) (59) 2422(2) 7592(2) 1690(1) 33(1) 
C(24) 761(2) 9169(3) -75(1) 39(1) (61) 1540(2) 7098(2) -79(1) 28(1) 
C(25) 1 120(2) 85 14(2) -206(1) 35(1) (62) 2144(2) 7182(2) -90(1) 32(1) 
C(26) 1 169(2) 780 l(2) 1 lO(1) 29(1) (63) 2475(2) 6547(3) -313(1) 36(1) 
C(3 1) 891(2) 7017(2) 3350(1) 24(1) (64) 2231(2) 5837(3) -532(1) 39(1) 
C(32) 580(2) 7764(2) 3377(1) 30(1) (65) 1641(2) 5755(2) -509(1) 40(1) 
C(33) -1(2) 7737(3) 3519(1) 39(1) (66) 1288(2) 6370(2) -288(1) 33(1) 
C(34) -276(2) 6984(3) 3629(1) 40(1) (67) 2440(2) 7944(2) 133(1) 42(1) 
C(35) 41(2) 6252(3) 3606(1) 37(1) (68) 2603(2) 5 170(3) -790(1) 59(1) 

Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters (A2x lo3) for 6. U(eq) is 

Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters (A2x lo3) for 7. U(eq) is 
d e f i n e d o n a l i z e d  u U ~  tensor: 



Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters (A2x lo3) for 8. U(eq) is 

defined as one third of the trace of the ortho~onalizc u i j  tensor: 

a z U(eq) 

C(17) 5758(7) 6597(8) -1446(7) 58(2) 

C( 1 8) 2787(7) 7392(7) 2003(7) 5 1 (2) 

C(20) -2480(5) 7484(5) 2834(5) 30(1) 

C(21) -2927(6) 756 l(5) 2020(5) 32(1) 

C(22) -395 l(6) 8343(6) 1905(6) 38(1) 

C(23) -4580(6) 9006(5) 2590(6) 39(2) 

C(24) -4172(6) 8843(5) 3432(6) 36(1) 

C(25) -3 l32(6) 8 1 l6(5) 3556(5) 32(1) 

C(26) -2362(7) 6773(6) 1341(6) 40(2) 

C(27) -5655(7) 988 l(7) 2422(7) 5 l(2) 

C(28) -2686(6) 8041(6) 4438(6) 39(2) 



U(eq) is defined as one third of the trace of the ortho 

X Y z Ueq)  

Sn(1) -68(1) l268(l) 5292(1) 36(1) 

Si(1) 1590(1) -1 lSO(1) 6654(1) 40(1) 

O(1) 1929(3) 1661(3) 4547(2) 39(1) 

O(2) 935(3) 3246(3) 3630(2) 43(1) 

N(l) 519(3) -626(2) 5847(2) 23(1) 

C(1) 3241(4) 3394(4) 3264(3) 34(1) 

C(2) 3848(4) 4049(4) 3737(3) 36(1) 

C(3) 5065(4) 4614(4) 3242(4) 48(1) 

C(4) 5667(4) 4538(5) 2301(4) 54(1) 

C(5) 5055(4) 3910(5) 1834(4) 5 l(1) 

C(6) 3827(4) 3332(4) 2303(3) 39(1) 

(37) 1939(4) 2749(4) 3827(3) 33(1) 

C(8) 3151(4) 41 l4(4) 4753(3) 36(1) 

C(9) 2260(4) 4998(4) 4714(3) 39(1) 

C(l0) 1511(4) 4954(4) 5665(4) 43(1) 

C(l1) 1640(4) 4066(4) 6643(3) 41(1) 

C(l2) 2571(4) 3235(4) 6664(3) 41(1) 

C(13) 5737(3) 38(1) 

C(6) 782(6) 5 l64(S) 2908(5) 30(1) 

C(7) 893(6) 6206(5) 2034(5) 28(1) 

C(8) -435(6) 3762(5) 4697(5) 36(1) 

C(l0) 2126(5) 6381(5) 1 1 l3(5) 30(1) 

C(l1) 2383(6) 5921(5) 283(5) 34(1) 

C(l2) 3559(7) 6006(6) -528(5) 43(2) 

C(l3) 4488(6) 6535(6) -556(6) 45(2) 

C(l4) 4206(6) 6990(6) 274(6) 44(2) 

C(l5) 3046(6) 6920(5) 1 lO7(6) 37(1) 

C(16) 1412(7) 5333(7) 284(6) 46(2) 

malized uiJ tensor: 

x Y z U (eq) 

C(l4) 4352(5) 2335(5) 5798(4) 54(1) 

C(l5) 766(5) 3994(5) 7660(4) 56(1) 

C(l6) 2083(5) 5982(4) 3669(4) 54(1) 

C(17) 3 l6O(4) 2687(4) 1768(3) 39(1) 

C(l8) 2424(4) 3353(4) 1015(3) 44(1) 

C(19) 1832(5) 2744(5) 5 l3(4) 53(1) 

C(20) 1928(5) 15 1 l(5) 736(4) 55(1) 

C(21) 2643(5) 863(5) 1505(4) 55(1) 

C(22) 3268(5) 1426(4) 201 8(4) 47(1) 

C(23) 4077(6) 686(5) 2809(5) 68(2) 

C(24) 1282(7) 876(7) 173(5) 79(2) 

C(25) 2224(6) 468 l(5) 777(4) 59(1) 

C(l02) 1638(6) -104(5) 7362(5) 66(1) 

C(l03) 1 104(5) -2729(5) 7626(5) 65(1) 

C(l04) 3 l72(5) -1 149(6) 5837(4) 62(1) 

Cl(1) 5005(2) 8323(2) 1364(2) 104(1) 

Cl(3) 3247(3) 8020(3) 89(2) 124(1) 

C(501) 4578(8) 75 l4(8) 663(6) 95(2) 

C(3 1) 3702(6) 82 ls(6) -3 l74(6) 39(2) 

C(32) 1865(7) 6643(6) -2744(6) 43(2) 

C(33) 2221 (7) 8906(6) -461 7(5) 42(2) 

C(41) -5 lO(6) 10742(6) -3467(5) 36(1) 

C(42) -1003(7) 8249(7) -2723(7) 49(2) 

C(43) -1724(6) 9414(6) -1061 (5) 39(2) 

C(l01) 4900(10) 53 lO(20) 3850(20) 225(14) 

Cl(1) 4277(5) 4596(4) 3506(4) 143(2) 

Cl(2) 4041(4) 6332(4) 4408(4) 125(1) 

Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters (A2x lo3) for 9.Et20. 
O a c e  of the orthogonalized U'J tensor: 

I 

Atomic coordinates ( x 1 04) and equivalent isotropic displacement parameters (A2x lo3) for 9CH2C12. 



Atomic coordinates ( x 1 04) and equivalent isotropic displacement parameters (A2x 1 03) for 11. U(eq) is 

defined as one third of the trace of the orthomnalized uiJ tensor: 

Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters (A2x lo3) for 12. U(eq) is 



Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters (A2x lo3) for 13. U(eq) is 

defined as one third of the trace of the orthogonalized uiJ tensor: 

Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters (A2x lo3) for 13a. U(eq) is 



Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters (A'x lo3) for 15H2. U(eq) 

is defined as one third of the trace of the orthogonali 

x Y z U(eq) 

O(1) 2175(9) 3334(10) -5029(9) 41.7(5) 

O(2) 6660(9) 6096(9) -4424(8) 35.5(4) 

C(l)  3067(12) 3067(12) -5000 29.0(7) 

C(2) 3842(13) 3842(13) -5000 28.1(6) 

C(3) 4829(13) 3582(13) -5088(11) 30.6(6) 

C(4) 5568(13) 4300(13) -5095(11) 28.5(6) 

C(5) 5291(12) 5291(12) -5000 27.0(6) 

C(6) 6072(12) 6072(12) -5000 26.5(6) 

C(7) 661 6(l3) 4OO3(13) -5200(11) 29.4(6) 

:d U'J tensor: 



Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters (A2x lo3) for 16. U(eq) is 

defined as one third of the trace of the 0 n h 0 0  

Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters (A2x lo3) for 17. U(eq) is 

ensor: 

x Y z U (eq) 

C(25) 3624(3) -675(2) 943(2) 34(1) 
C(26) 3981(3) 207(2) 1024(2) 28(1) 
C(3 1) 5702(3) 3248(2) 33 l4(2) 23(1) 
C(32) 6796(3) 3733(2) 3482(2) 3 l(1) 
C(33) 6950(3) 41 86(2) 4208(2) 37(1) 
C(34) 6019(4) 4158(2) 4778(2) 36(1) 
C(35) 4918(3) 3689(2) 4624(2) 33(1) 
C(36) 4760(3) 3246(2) 3888(2) 27(1) 
C(41) -386(3) 962(3) 3605(2) 41 (1) 
C(42) -1443(3) 1 1  15(3) 3125(2) 48(1) 
C(43) -1298(3) 133 l(3) 2324(2) 44(1) 
C(44) - lO6(3) 1397(3) 2024(2) 49(1) 
C(45) 907(3) l247(3) 2544(2) 34(1) 
C(5l) 2543(3) -978(2) 4733(2) 26(1) 
C(52) 25 87(3) - l9O2(2) 4724(2) 33(1) 
C(53) 2483(3) -2336(2) 3992(2) 34(1) 
C(54) 2341(3) -1 84O(2) 3286(2) 32(1) 



Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters (A2x lo3) for 18. U(eq) is 

defined as one third of the trace of the orthogonalized 1 

X v z 

J tensor: 
x Y z U(eq) 

C(l0l )  7458(3) 5967(2) 5283(2) 32(1) 
C(l02) 7428(3) 6885(2) 5305(2) 40(1) 
C(l03) 753 l(3) 7305(2) 6039(2) 41(1) 
C(lO4) 765 l(3) 6798(2) 6743(2) 39(1) 
C(l05) 7677(3) 5893(2) 6673(2) 32(1) 
C(201) 10362(3) 4041(3) 6379(2) 48(1) 
C(202) 11416(3) 3900(3) 6857(2) 59(1) 
C(203) 11279(3) 3680(3) 7646(2) 53(1) 
C(204) 1 OO94(3) 3594(3) 7933(2) 56(1) 
C(205) 9083(3) 3736(3) 7423(2) 39(1) 
C(30l) 5766(3) 3855(3) 4247(2) 42(1) 
O(1) 6461(2) 3697(1) 6744(1) 23(1) 
O(2) 4497(2) 3855(1) 6248(1) 28(1) 
O(3) 6009(2) 4199(2) 5037(1) 32(1) 
O(4) 3079(2) 21 89(l) 10238(1) 3 l(1) 
O(5) 3674(2) 918(1) 9706(1) 29(1) 
N(l) 7586(2) 5468(2) 5957(2) 27(1) 
N(2) 9200(2) 3942(2) 6641(2) 27(1) 
Co(1) 7616(1) 4078(1) 5814(1) 23(1) 

Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters (A2x lo3) for 19. U(eq) is 



Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters (A2x lo3) for 20. U(eq) is 
defined as one third of the trace of the orthogonalized L 

x Y z U(eq) 

Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters (A2x lo3) for 21. U(eq) is 

defined as one third of the trace of the orthogonalized u i j  tensor: 



Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters (A2x lo3) for 22. U(eq) is 

:d uiJ tensor: 

Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters (A2x lo3) for 14. U(eq) is 



Atomic coordinates ( x lo4) and equivalent isotropic dis 

defined as one third of the trace of the orthogonalized ui. 
xement parameters (A2x lo3) for 26. U(eq) is 

mar: 

x Y z U (eq) 

C(23) 4(2) -3974(8) 1481(2) 94(1) 
C(24) -230(2) -3880(9) 897(2) lOl(1) 
C(25) 153(2) -251 8(9) 556(2) 104(1) 
C(26) 807(2) -1253(8) 806(2) 88(1) 
C(31) 2201(2) 4795(5) 2810(1) 58(1) 
C(32) 1627(2) 4507(6) 3 l54(l) 69(1) 
C(33) 1 542(2) 6 l3O(7) 3579(2) 79(1) 
C(34) 2024(2) 8018(7) 3677(2) 79(1) 
C(35) 2591 (2) 8307(6) 3342(2) 77(1) 
C(36) 2679(2) 6739(6) 2910(1) 67(1) 
C(41) 3926(2) 440(6) 1675(1) 58(1) 
C(42) 4324(2) -1537(7) 188 l(2) 79(1) 
C(43) 5065(2) -1 983(8) 1790(2) 86(1) 
C(44) 5420(2) -44 l(8) 1482(2) 84(1) 
C(45) 5048(2) 1553(9) 1269(2) 1 O7(2) 
C(46) 4303(2) 2006(8) l377(2) 9 l(1) 

Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters (A2x lo3) for 27. U(eq) is 

defined as one third of the trace of the orthogonalized uiJ tensor: 



defined as one third of the trace of the orthogonalized 

x Y z U(eq) 
3614(1) 4748(1) 

C(2 1) 4347(1) 1910(1) 705(1) 52(1) 

!l tensor: 
x v z U(ea) 

C(46) 792 l(1) -1736(2) 1595(1) 65(1) 

Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters (A2x lo3) for 28. U(eq) is 



C(700) 5001(5) 2479(6) 723(4) 69(2) 

Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters (A2x lo3) for 29. U(eq) is 

defined as one third of the trace of the orthogonalized ui j  

Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters (A2x lo3) for 33. U(eq) is 

defined as one third of the trace of the orthogonalized uiJ tensor: 

Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters (A2x lo3) for 34. U(eq) is 

defined as one third of the trace of the orthogonalized u i j  tensor: 



Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters (A2x lo3) for 36. U(eq) is 

defined as one third of the trace of the orthogonalized 

X Y z Wes) 

llJ tensor: 

x Y z U(eq) 

-6784(3) 95(2) 
-5950(4) 80(2) 
-5833(4) 72(2) 
-5351(4) 78(2) 
-5238(5) 91(2) 
-561 2(6) 94(3) 
-607 l(5) 95(2) 
-6194(4) 79(2) 
-4956(4) 8 l(2) 
-5486(3) 88(2) 
-5 1 02(5) 99(2) 
-4 l87(5) 1 13(3) 
-3657(3) 121(3) 
-4042(4) 1 O5(3) 
-5549(7) 123(8) 
-4779(6) 129(5) 
-4728(6) 141(6) 
-5447(7) l37(6) 
-62 17(6) l24(5) 
-6268(6) 1 19(5) 

-5462(8) 75(7) 
-5215(10) 150(9) 

) -5073(11) 177(11) 
-5178(10) 102(7) 



Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters (A2x 10') for 37. U(eq) is 

Atomic coordinates ( x lo4) and equivalent isotropic di! 

defined as one third of the trace of the orthogonalized U: 

x Y z U(eq) 
Sn(1) 6156(1) 7243(1) 1850(1) 

defined as one third of the trace of the orthogonalized U'J tensor: 

acement parameters (A2x lo3) for 38. U(eq) is 

x Y z U(eq) 
O(1 A) 8 1 O(20) 7500 2997(9) 84(5) 
C(2A) 1779(12) 7500 3779(4) 68(2) 
O(1B) 3109(13) 7500 3869(6) 1 12(4) 
C(2B) 1779(12) 7500 3779(4) 68(2) 
C(3) 434(7) 7500 4812(3) 52(1) 
C(4) -190(5) 6992(1) 5266(2) 50(1) 
C(5) -1 379(6) 7002(2) 6 149(3) 59(1) 
C(6) - 1976(9) 7500 6591(4) 66(2) 
C(11) 383(5) 6435(1) 4809(2) 50(1) 

x Y z U (eq) 
C(12) -784(6) 6187(1) 4033(3) 59(1) 
C(13) -268(7) 5660(2) 3646(3) 67(1) 
C(14) 1390(7) 5373(2) 4006(3) 65(1) 
C(15) 2521(6) 5626(2) 4767(4) 72(1) 
C(16) 2048(6) 6148(1) 5183(3) 62(1) 
C(17) -2616(8) 6472(2) 3614(4) 94(2) 
C(18) l887(9) 4797(2) 3591(4) 89(2) 
C(19) 3313(8) 6398(2) 6038(4) 98(2) 



Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x lo3) for 39. U(eq) is 

defined as one third of the trace of the orthogonalized u i j  tensor: 

Atomic coordinates ( x 104) and equivalent isotropic di 

defined as one third of the trace of the orthogonalized C 

X Z Y e q )  

,lacement parameters (A2x lo3) for 40. U(eq) is 



Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters (A2x lo3) for 41. U(eq) is 

defined as one third of the trace of the orthogonalizec 

x Y z U(eq) 

J ~ J  tensor: 

Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters (A2x lo3) for 42. U(eq) is 

defined as one third of the trace of the orthogonalized uiJ tensor: 
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