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The chemical vapor deposition of thin, epitaxial layers of titanium nitride 

for use in electronic devices is a subject of continuing research.  The development 

of novel titanium hydrazides as single-source precursors for titanium nitride has 

been outlined.  The molecular structures of a series of titanium hydrazides 

utilizing 1,1-dimethylhydrazide(-1), 1,2-diphenylhydrazide(-1), 1,2-

diphenylhydrazide(-2), trimethylhydrazide and N,N’-bis(trimethylsilyl)-

benzamidinate ligands are presented.  By examination of the variation in structure 

and hydrazide ligand bonding modes from one ligand system to the next, the 
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effects of small changes in the hydrazide substitution on overall titanium 

hydrazide geometry have been elucidated. 

In an effort to create novel olefin polymerization catalysts, the first 

structurally authenticated examples of p-block element complexes utilizing the 

“constrained geometry” ligand, [(C5Me4)(t-BuN)SiMe2]-2 (CGC), have been 

prepared.  P-block element constrained geometry complexes show dramatic 

structural differences from the known d- and f-block metal complexes.  Group 13 

complexes (CGC)EMe·(THF) (E = Al, Ga) exhibit unprecedented η1 σ-type 

interactions between the group 13 element and the C5Me4 ring.  The dinuclear 

complexes [Mg2Cl3(THF)6][GaCl3(CGC)GaCl2] and 

[Mg2Cl3(THF)6][InBr3(CGC)InBr2] feature an equally unprecedented bridging 

bonding mode for the constrained geometry ligand, and are the first unequivocal 

examples of η2 π-donation to a gallium(III) or indium(III) metal center, 

respectively.  Group 15 complexes (CGC)ECl and the corresponding 

tetrachloroaluminate salts [(CGC)E][AlCl4] (E = P, As, Sb) undergo 

rearrangement of the constrained geometry ligand itself to produce entirely 

unpredicted complexes.  The crystallographically observed molecular structures 

have been compared to those predicted by DFT calculations.  Ethylene 

polymerization studies employing several of these p-block complexes have been 

performed.  
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CHAPTER 1:   

TITANIUM HYDRAZIDES 

 

Introduction 

PROPERTIES OF TITANIUM NITRIDE- 

Titanium nitride (TiN) is a very versatile compound. A refractory material 

with a melting point near 3200 K, TiN has exceptional hardness (between 9 and 

10 Mohs)1 and resistance to both high temperatures and chemical corrosion.  As a 

result, TiN coatings find a number of applications that require a protective coating 

against mechanical wear.2 In addition, it possesses an optical spectrum very 

similar to that of gold metal.  The attractive appearance of TiN, along with its 

durability and resistance to corrosion, has lead to unique uses in such unexpected 

fields as orthodontics.3  

In the production of electronic devices, such as integrated circuits, thin 

films of TiN are versatile beyond wear-resistance concerns.  Specifically, TiN 

films are used as a diffusion barrier and adherence layer for metallization.  The 

inclusion of a TiN layer between a semiconductor material and the metal contact 

provides better ohmic contact between the layers, and prevents detrimental 

reactions that can occur during further processing.4 



 2

 There are several key properties of TiN that lead to its utility in the field 

of electronic materials. It is relatively dense, thus impeding ion conduction 

without the need for an excessively thick layer.  The lattice parameter for TiN of 

4.225 Å1 lies between that of common contact metals such as Al (4.041 Å) and 

copper (3.608 Å),5 and semiconductor materials like silicon (5.42 Å) and GaAs 

(5.65 Å).6 TiN films deposited on silicon have been shown to develop a layer of 

titanium silicide (TiSi2), which reduces the contact resistivity between the two 

layers.7  Finally, TiN itself possesses a very low resistivity of 217 nΩ·m,1 even 

lower than Ti metal,8 minimizing current loss between the metal contacts and the 

device surface.   

 

DEPOSITION OF TIN- 

As mentioned above, TiN is both high melting and resistant to chemical 

attack, including solvation.  As a result, it cannot be fashioned into a film from 

bulk material; it must be deposited by chemical reaction onto the desired surface.  

The exact quality of the films produced, and therefore the properties, are 

extremely dependent on the method used to carry out this deposition.9   

Traditional “brute force” metallization methods, such as reactive sputtering of 

titanium metal in the presence of N2, can be used to coat flat metal surfaces.  This 

requires high-temperature conditions that are perfectly acceptable for the coating 

of machine parts or tool surfaces.  However, these methods are not suitable for 

deposition of thin films of carefully controlled thicknesses and composition, such 

as those needed in high-performance electronic device structures.  Extreme 
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conditions, including excessive temperatures, limit the scope of application, as 

some electronic materials are not stable at the sputtering temperatures.  Moreover, 

the sputtering process is damaging to pre-deposited layers of complex structures, 

leading to loss of fine layer distinctions through increased ion migration at each 

junction.  Additionally, some materials lose desirable properties if allowed to 

adopt a higher-temperature lattice structure than originally intended.   

Reactive sputtering also suffers from physical shortcomings as a 

deposition technique.  Such a process is not amenable to producing a conformal 

coverage of fine structures, which is increasingly important in modern electronic 

devices.  Moreover, sputtering amounts to a relatively high-energy blasting of the 

components onto the surface to be covered, which can cause physical damage to 

the surface, and even result in wearing away of the bulk of a device, depending on 

the material in question.  Finally, sputtering methods lack the level of control over 

the rate of deposition needed to produce thin films of regular thickness,  and the 

films produced in such a manner lack the level of crystallinity necessary for ideal 

performance. 

Specialized forms of sputtering, such as reactive magnetron sputtering, 

have been developed in an effort to overcome many of the shortcomings of 

traditional methods.  Although such enhancements have resulted in films with 

much improved stoichiometry control, and higher degrees of crystallinity, they are 

most effective in producing relatively thick films by the standards of today’s 

technologies.9  
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Chemical vapor deposition (CVD) has become the method of choice for 

production of TiN thin films.  CVD is a general term for a process in which 

gaseous reactants are introduced onto a hot surface in a closed system under 

carefully controlled conditions.  Typically, a substrate to be coated is loaded into 

a low pressure chamber (<0.1 torr), and heated.  One or more precursors are 

introduced as hot gasses in an inert carrier (argon, helium) stream onto the 

substrate, where the chemical reactions take place to produce, ideally, a single-

crystalline thin layer of TiN.  Theoretically, the precursors arrive at the surface as 

single molecules, rather than as large clusters as is the case in sputtering.  The 

particles are, therefore, less massive and less energetic, reducing the problems of 

surface erosion.  The smaller particles can also better penetrate surface features, 

intentional or defect in nature, to produce superior surface adhesion and more 

complete coverage, especially when coating a non-flat surface.  Using molecular 

precursors with considerable vapor pressure in comparison to titanium metal (in 

sputtering) allows an increased measure of uniformity in delivery, because 

sudden, large clumps of titanium are eliminated.  The process is also much 

slower, thus allowing better thickness control.   

Most commercial CVD of TiN is carried out using a multi-precursor 

system, but there is a large variation in operating conditions depending on the 

particular precursor used.  The precursors dictate the conditions necessary for 

successful operation, and depend on physical and chemical characteristics, such as 

vapor pressure and reactivity.  For instance, TiN can be grown using titanium 

tetrachloride, nitrogen, and hydrogen (as a reductant), but the reaction requires 
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high temperatures (≥1000 °C) that lead to poor film morphology, and the product 

is subject to the mentioned limitations in terms of the composition of the 

substrate.10  More successful are the reactions of titanium tetrachloride with 

ammonia or aliphatic amines, which have been demonstrated to take place at 

temperatures hundreds of degrees lower.11  Even lower reaction temperatures are 

needed for metal-organic CVD systems, such as those that use 

tetrakis(dimethylamido)titanium and ammonia.12   

 

SINGLE-SOURCE PRECURSORS- 

All of the methods described above rely on ammonia or an amine as the 

sole source of nitrogen.  As a result, stoichiometry control is dependent on the 

ability to independently control the arrival of the separate titanium- and nitrogen-

containing species onto the same surface at the same time.  By the very nature of 

gas handling equipment, high-vacuum apparatus, and problems of proper fluid 

dynamics in a closed system, there is inevitably a measure of imprecision in this 

approach.  Specific problems involved in the mixing of two or more gasses in the 

reactor include powder formation, and variations in the partial pressures of each 

species13 that can lower growth efficiency.  Finally, multi-precursor methods 

often rely on the use of corrosive chemicals, notably titanium tetrachloride and 

ammonia.   

The difficulties involved in multi-precursor CVD experiments are by no 

means unique to the deposition of TiN, but apply to the deposition of any binary, 

ternary, or higher order material.  The use of single-source precursors has been 
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explored as a way of avoiding problems endemic to precursor mixing, principally 

in the area of semiconductor material production.14 The term “single-source 

precursor” refers to a single molecule that can act as a gas phase source of both 

elements in a binary system.  In the case of TiN, such a molecule would contain 

both titanium and nitrogen atoms already chemically bonded, precluding the 

necessity of independent titanium and nitrogen.   

The ideal precursor molecule would have predictable properties, such as 

vapor pressure and decomposition temperature, which limits the number of 

candidate compounds fit to be tested in deposition studies.  Most attempts have 

focused on small molecules with suitable vapor pressures that contain a maximum 

of Ti-N bonds.  Early potential precursors studied include homoleptic titanium 

amides and mixed titanium amide/alkyl compounds.15 Variations on the amido 

theme include [CpTiCl2{N(SiMe3)2}]16 and  [TiCl2(NH-t-Bu)2(NH2-t-Bu)2]n.
17 

Other studies have employed simple adducts such as [TiCl4(NH3)2],18 and azides 

like [Cp2Ti(N3)2]19 and [Ti(NMe2)2(N3)2(py)2],20as well as several titanium 

imides.21  

The application of the single-source precursor method to the deposition of 

TiN has been moderately successful thus far.  Overall, the use of these precursors 

has allowed deposition at very reasonable temperatures, often in the 300-400 ºC 

range, with product stoichiometries very close to 1:1 (Ti:N).20  However, the 

various shortcomings of each candidate has allowed ongoing research with a 

much narrower scope of possibilities.  With the information garnered from 

numerous previous attempts, it is possible to apply a measure of rational design to 



 7

synthesizing a more successful precursor.  The approach starts with enumerating 

the desirable and undesirable characteristics of the hypothetical TiN precursor.  

First, the molecule must be relatively small, and not prone to polymerizing or 

oligomerizing, in order to maximize the vapor pressure.  Second, as there are 

many low energy pathways for loss of nitrogen during reaction (for instance, as 

N2, ammonia or alkylamine gasses), the molecule should be nitrogen rich relative 

to the product ratio of 1:1.  Third, direct bonds from titanium to atoms other than 

nitrogen, such as carbon19 or chlorine22, have been shown to lead to their 

inclusion as impurities in grown films without the use of higher deposition 

temperatures, and are therefore to be avoided.  When the previous two 

considerations are brought together, it can be seen that an all-nitrogen 

coordination sphere around the titanium is ideal, including just as many nitrogen 

moieties as necessary to satisfy the titanium coordination sphere and thus prevent 

oligomerization.  Finally, elements such as halogens, metals other than titanium, 

and oxygen should be avoided throughout the molecule because of the possibility 

of their incorporation in the grown film. 

 

TITANIUM HYDRAZIDES AS PRECURSORS- 

Compounds with nitrogen-rich ligands such as titanium azides, or those 

with multiple bonds between titanium and nitrogen, such as the titanium imides, 

demonstrated much promise as potential precursors.21  However, their chief 

shortcoming is their proclivity for oligomerization.  Imido and azido ligands often 
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adopt bridging positions, as they are unable to coordinatively saturate titanium, 

especially in the absence of chloride ligands.   

It was noted that substituting alkyl- or arylhydrazido- ligands for the 

smaller imido and azido groups might be able to prevent oligomerization, while 

keeping an all-nitrogen coordination sphere.  Hydrazide ligands also make 

attractive nitrogen sources because of the relative weakness of the N-N bond.  

With a typical dissociation energy of 247 kJ/mol for H2N-NMe2 in comparison to 

a common amine carbon-nitrogen bond strength of ~350 kJ/mol for R-NH2,
23 it 

can be expected that the dissociation of a hydrazido ligand, leaving behind one 

nitrogen, will occur even more easily than the loss of alkyl substituents from 

amido precursors.  Potentially, the end result is lower deposition temperatures, 

and lower carbon incorporation.  This assessment is supported by a study of the 

decomposition of methylhydrazine on a titanium surface, from which it was 

concluded that not only does decomposition begin primarily with N-N bond 

dissociation, but also that it takes place at temperatures as low as 200 ºC24  

Winter et al. demonstrated that alkylhydrazide ligand systems can be used 

to deposit high quality TiN films; however the inclusion of chloride ligands in 

these precursors led to chlorine incorporation in films grown at low 

temperatures.22,25  Additionally, many other compounds studied still showed a 

tendency to oligomerize, depending on the level of substitution on the hydrazide 

ligand itself.   
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SYNTHESIS OF NOVEL TITANIUM HYDRAZIDES- 

An analysis of the published work on titanium hydrazides suggests that 

there are many approaches one might take in order to synthesize more successful 

hydrazide-based TiN precursors.  This chapter outlines several such approaches.   

The synthetic methodology employed by Winter et al. was the direct 

reaction of neutral hydrazines with titanium(IV) chloride, using base-promoted 

HCl elimination.22,25  In some cases, an alkyl amine was added to serve as the 

base, but often an excess amount of hydrazine was used to serve as both ligand 

and base.  The research outlined here, takes a different approach, namely the salt 

elimination reactions between lithium hydrazides and titanium(IV) chloride, in the 

hope that this would promote the replacement of more than two chlorides per 

titanium species.   

To reduce the occurrence of oligomerization, when using smaller 

hydrazides, it is often necessary to introduce a neutral Lewis basic compound to 

coordinatively saturate the titanium center.  Because of the desire to maintain both 

a relatively low molecular weight, and an all-nitrogen coordination sphere, 

pyridine was the base of choice, and the initial work discussed below represents 

an attempt to use pyridine to prevent dimer formation. 

In order to further encumber the hydrazide ligand and thus prevent it from 

adopting a bridging position, thereby favoring monomeric products, the 

substitution on the hydrazide ligand itself was varied.  Some success was 

achieved using the 1,2-diphenylhydrazide(-1) ligand.  This aspect is described in 

the second part of this chapter. 
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As noted by Winter et al., the removal of all of the chlorides from the 

titanium starting material has proved difficult.  In the present work, it was 

rationalized that the use of dilithiated hydrazines would provide the extra 

energetic push to effect substitution of the remaining chlorides.  The syntheses 

were therefore directed to titanium compounds with dianionic hydrazide ligands, 

such as (PhNNPh)2-.  These compounds are examined in the third part of this 

chapter. 

The final approach used in this phase of the research involves an attempt 

to tie up the coordination sphere of titanium, and reduce its apparent tendency to 

seven-coordination.  Amidinate ligands, like η2-[PhC{N(SiMe3)}2]-1, bind to 

metals through the two nitrogen atoms, and have been shown to sterically 

stabilize lower coordination numbers in much the same way as cyclopentadienyl 

ligands.26  Since even π-bonded organic ligands lead to carbon film inclusion,19 

amidinate ligands are obviously preferred in precursors over cyclopentadienyl 

ligands.  In the fourth part of this chapter, the synthesis of a titanium compound 

featuring both amidinate and hydrazide ligands is presented. 

In summary, this chapter is not a pragmatic, dogged search for the perfect 

TiN precursor.  The novel compounds presented in this chapter, while designed 

according to the precepts discussed above for potential TiN precursors, represent 

a study of the possible bonding interactions of titanium(IV) and hydrazides in 

general.  The research described herein was undertaken to elucidate the 

consequences of making small changes to the reactants or conditions.  In general, 

it is a structural study of a series of new compounds, with an eye toward making 
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future syntheses more predictable, and the rational design of successful single-

source TiN precursors closer to reality.  
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Section 1.1:  

The use of 1,1-dimethylhydrazine and pyridine 

 

INTRODUCTION 

As mentioned previously, some titanium hydrazide compounds with small 

substituents and/or degrees of substitution show a strong tendency toward 

dimerization.  In order to explore the possibility that such hydrazides could be 

used in a mononuclear system, pyridine, as a small nitrogen donor, is used in an 

attempt to saturate the titanium coordination sphere and thus avoid dimerization.  

These compounds also represent the first attempts to replace all the chlorides from 

titanium(IV) chloride via salt elimination using lithiated hydrazines.  

 

RESULTS AND DISCUSSION 

In an attempt to overcome the difficulties noted in the literature with 

respect to chlorine incorporation, salt elimination reactions were chosen as the 

predominant synthetic route over HCl elimination.  In order to observe the effect 

that this simple change would have on the system, 1,1-dimethylhydrazide (-1) was 

the ligand of choice for the first attempts.  The overall plan was to create a series 

of compounds, varying the degree of hydrazide inclusion by controlling the 

stoichiometry.  Starting with the parent hydrazine, lithium(1,1dimethylhydrazide) 
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was synthesized via alkane elimination reaction with n-BuLi according to the 

equation in Scheme 1.1.  As a general practice, n-BuLi was used for the lithiation 

  
NMe2 NH2 n-BuLi NMe2 N(H)Li+ +   n-BuH

-78 oC

Scheme 1.1  Lithiation of a hydrazine  

 

of all the hydrazines in this research, so Scheme 1.1 is typical of the first step in 

most of the reactions described in this chapter.  In this case, the reaction was 

carried out in tetrahydrofuran, and the product, LiN(H)NMe2, was not isolated.  

Instead, the solution of lithiated hydrazine was added slowly to a tetrahydrofuran 

solution of titanium(IV) chloride.  The first attempts were carried out with a 4:1 

hydrazine to titanium ratio, in an effort to replace all of the chlorides, and also to 

test the ability of pyridine to prevent oligomerization.  The product was 

redissolved in dichloromethane, filtered, and treated with pyridine in an attempt to 

isolate the product described in Scheme 1.2.  However, as indicated in Scheme 

1.2, the reaction did not proceed as expected.  1H NMR analysis demonstrates that 

the final product has easily identifiable methyl and pyridine resonances, but no 

resonance corresponding to N-H was detected.  This evidence implies that LiCl 
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4 LiN(H)NMe2  +  TiCl4

CH2Cl2

-10 oC
[Ti(HNNMe2)4]n

pyridine
[TiNHNMe2)4]n

Scheme 1.2  Anticipated synthesis of pyridine adduct

X

Ti(NHNMe2)4(py)m

 

 

elimination may have been accompanied by HCl elimination during the reaction.  

The supposed reaction of each lithiated hydrazine with two chlorides in this 

manner should definitely lead to a product containing no chlorides, particularly 

with excess lithiated hydrazine.  If such a product were to be mononuclear, each 

hydrazide (-2) ligand would be formally attached via a double bond, making η2 

coordination unlikely, because the methylated hydrazido nitrogen would be forced 

to extend away from the titanium center.  In this case, the titanium center would 

be extremely coordinatively unsaturated, and would be expected to pick up as 

many as four or more pyridines when given the opportunity. Integration of the 

methyl and pyridine peaks give a ratio of 2:3 (hydrazides:pyridines) in the 

isolated product, thus making the chloride-free diimidotitanium scenario even less 

likely.  More tenable is a structure in which hydrazide (-2) ligands assume 

bridging positions in an oligomeric compound.  For a complete listing of the 1H 

NMR resonances, see Synthesis of Ti2Cl4(NNMe2)2(py)3 (1) in the 

Experimental Section at the end of this chapter. 
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Positive ionization CI-MS of the product revealed a cluster of peaks 

around m/e= 556, with a pattern indicative of an overall formula of 

Ti2Cl3C19H27N7
+.  This composition corresponds to a dinuclear system with two 

hydrazide(-2) ligands, three chlorides, and three pyridines.  This conclusion is 

supported by similar clusters at m/e= 477, 398, and 319, which correspond to the 

loss of one, two and three pyridines, respectively.  Previous experience with the 

CI+-MS of TinClm species in the past has demonstrated that a very common mode 

of ionization is loss of Cl-, so it is reasonable to speculate that the parent 

compound was possessed the formula Ti2Cl4(NNMe2)2(py)3.  This would mean 

that, while each hydrazide displaced two chlorides, only one hydrazide reacted 

with each titanium(IV) chloride, and only one hydrazide unit per metal center 

would be found in the final product.  This overall reaction is summarized in 

Scheme 1.3. 

 
4 LiN(H)NMe2  +  TiCl4

CH2Cl2

-10 oC
[TiCl2(NNMe2)]n + 3 LiN(H)NMe2

pyridine
[TiCl2(NNMe2)]n

Scheme 1.3  Synthesis of [Ti2Cl4(NNMe2)2(py)3]

[Ti2Cl4(NNMe2)2(py)3]

 

 

An X-ray crystal structure (Figure 1.1) confirms that 1 is a dinuclear compound, 

that features two chlorides per titanium center, along with two hydrazide(-2) and 

three pyridine ligands.  Interestingly, the structure is not symmetric, not simply  
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Ti1 Ti2
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Cl1
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N21

 

Figure 1.1  Molecular structure of Ti2Cl4(NNMe2)2(py)3 (1) (two molecules of 
dichloromethane solvent are omitted for clarity).. 

 

because of the odd number of pyridines, but also because of the hydrazide(-2) 

ligands as well.  As expected, both hydrazide ligands bridge through the 

unmethylated, formally dianionic nitrogen atoms, but both also make a second 

donor bond to the same titanium center.  Overall, this creates a seven-coordinate 

titanium atom, which exhibits a distorted pentagonal bipyramidal geometry, 

neither of which is unprecedented in the case of Ti(IV).27  The sum of the angles 

in the pentagonal plane around Ti(1) described by the five nitrogen atoms is 

360.0(1)º; however, the angle between the “apical” chlorides is only 161.0(1)º.  

Both chlorides are slightly inclined away from the more “crowded” side of the 
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distorted pentagon, where the two hydrazide units, and thus four of the five 

pentagon-defining bonds, are squeezed into only 160º of the total equatorial plane.  

This deviation from ideal spacing around the pentagonal plane is, quite obviously, 

a result of the limits enforced by the small bite angles of the η2-hydrazides.  In 

fact, a pentagonal bipyramidal description may be a less appropriate 

representation of the observed geometry than considering it a form of trigonal 

bipyramidal geometry that just happens to attach two of its ligands at two places.  

If one ignores, for the sake of geometrical argument, the very real difference 

between the bonds from titanium to each end of the hydrazide ligand, the 

midpoint of each N-N moiety and the nitrogen atom of the lone pyridine form 

angles of 120.3º, 118.1º, and 121.6º.  Still, there is no mistaking the bond length 

disparity between the methylated, donor-bonded nitrogen atoms (average Ti-N: 

2.216(4) Å) and the nonmethylated, imido nitrogen atoms (average Ti-N: 1.948(3) 

Å).  The geometry at the six-coordinate titanium center is only slightly distorted 

octahedral.  Out of necessity, the two orthogonal planes coincide with the equally 

orthogonal planes of the seven-coordinate center, as they both share the bridging, 

formally dianionic nitrogens, each of which exhibits a nearly planar geometry 

(sums of the angles around N51 and N41 are 348.5(1)º and 353.0(1)º 

respectively).  This conformation is easiest to see when the molecule is viewed 

down the Ti-Ti axis, as in Figure 1.2, in which the pyridine carbon atoms have 

been excluded for clarity.  This nearly-square planar Ti2N2 core is very similar to 

those observed in dinuclear imido-bridged titanium systems,28 but is slightly 

asymmetric. As might be expected, the average distance from each nitrogen to the 
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six-coordinate titanium, at 1.855(3) Å, is 0.09 Å shorter than the average distance 

to the seven-coordinate center, and the N-Ti-N angle is 5.2º more acute at the 

more crowded center.  Details of the data collection, structure solution and 

refinement, are provided in Table 1.1.  Selected bond lengths and angles can be 

found in Table 1.2 and Table 1.3, respectively. 

 

 

Figure 1.2 View down Ti-Ti axis of 1. 

CONCLUSIONS  

As noted above, the final product of the reaction of LiN(H)NMe2 with 

titanium(IV) chloride indicates that it did not proceed stoichiometrically.  In fact, 

when the reaction was repeated with higher hydrazide to titanium ratios, 1 was the 

only isolated product.  Although lithium(1,1-dimethylhydrazide) is reactive 

enough towards titanium(IV) chloride to induce both LiCl and HCl elimination, it 
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is not sufficiently reactive to displace the final two chlorides.  Furthermore, the 

pronounced tendency of the hydrazide(2-) ligand to adopt a bridging position 

resulted in a dinuclear structure,  and the attempted use of pyridine ligands to 

saturate the titanium centers and inhibit dimerization was unsuccessful.  Though 1 

exhibits an interesting mixed-coordinate structure,  it is clear that mononuclear, 

chloride-free titanium hydrazides are unlikely to be isolated with this combination 

of small, asymmetric substituents on the hydrazide ligand.  
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Section 1.2  

1,2-diphenylhydrazides 

 

INTRODUCTION 

Given the conclusions of the preceding section, it was necessary to change 

the hydrazide strategy.  It was surmised that changing the substitution pattern, as 

well as the size of the substituents on the hydrazide ligand may result in a 

different reactivity pattern.  The 1,2-diphenylhydrazide ligand features slightly 

larger, perhaps more sterically demanding substituents, but more importantly, a 

symmetrical substitution pattern that should make a bridging position for the 

ligand more difficult. 

 

RESULTS AND DISCUSSION 

The synthesis of the diphenylhydrazides of titanium followed a pathway 

similar to that described for the dimethylhydrazides.  Lithiation of the parent 

hydrazine was accomplished using n-BuLi in toluene solution, and this procedure 

was immediately followed by reaction with TiCl4 in various proportions.  

Isolation of individual products proved extremely difficult, as it was later 

determined that the reactions invariably produced mixtures of products, regardless 

of the ratio of hydrazide to titanium used.   
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1H NMR spectroscopy did not yield any useful data in these cases.  

Regardless of their numbers, resonances due to the ligands appeared in the same 

regions of the spectrum, and necessarily integrated in the same ratios.  The phenyl 

proton signals were sometimes complicated by the persistence of toluene in the 

solid sample, as well as by the possible presence of aniline (as discussed below).  

The remaining nitrogen-attached protons exhibited a singlet δ ~5.6-5.8 (in 

CD2Cl2, relative to TMS standard), suggesting equivalency even in mixtures.  For 

the exact chemical shift values from a typical spectrum, see the Synthesis of 2, 3, 

and 4 in the Experimental Section at the end of this chapter.  The CI-MS, 

analyses of the solid, dark-red products were also inconclusive.  The unknown 

material either possessed very low vapor pressure, or decomposed on heating to 

vaporization temperatures.  Operating in the positive ionization mode, the 

overwhelmingly largest and only identifiable peak was at m/e = 183, which 

simply corresponds to C12H11N2, which is probably best ascribed to protonated 

azobenzene.  In the negative ionization mode, the only peak of appreciable 

intensity is that corresponding to the negatively-charged azobenzene peak,  found 

at m/e = 182.  These peaks are always detected in materials containing 1,2-

diphenylhydrazine residues.   

Identification of the individual compounds from the mixtures relied on 

fractional crystallization, usually from diethyl ether, and X-ray crystal structure 

analysis.  After many experiments, it was concluded that the ratio of hydrazide 

ligands to titanium centers in the crystallized product seemingly had no relation to 

the ratio of reactants used, which was varied from 2:1 to 5:1 hydrazide:titanium.  
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In some cases, many different products were identified from a single reaction.   

However, consideration of these various products yields some interesting 

regularities, and insight into the tendencies of titanium hydrazides in general.  

Scheme 2.1 illustrates a typical outcome of a reaction.  Compounds 2, 3,  and 4 

were characterized by X-ray crystallography. 

 
TiCl4  +  n Li[PhNN(H)Ph]
                       
                    n = 2 - 5

Scheme 1.4 1,2-diphenylhydrazide Yields Mixture of Products

          Mixtures of (typically):

  TiCl2[N(Ph)NH(Ph)]2(NH2Ph) (2)

  Ti2Cl4[N(Ph)NH(Ph)]4 (3)

  TiCl[N(Ph)NH(Ph)]3 (4)

 

 

TiCl2[N(Ph)NH(Ph)]2(NH2Ph) (2) and Ti2Cl4[N(Ph)NH(Ph)]4 (3) 

The X-ray crystal structures of 2 (Figure 1.3) and 3 (Figure 1.4) share 

many interesting features.  Again, as was the case with the 1,1-dimethylhydrazide 

ligand, the reluctance of the titanium to lose the last two chlorides is observed.  

Note also that the narrow bite-angles of the hydrazide ligands open up the 

titanium centers to seven-coordinate geometry.  In the case of 2, this manifests 

itself in the surprising inclusion of aniline(!), which was not intentionally added to 

the reaction mixture.  Confirmation of the presence of aniline came from 1H NMR 

spectroscopy of a typical sample in CD2Cl2 solution, which evidenced a low-
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intensity, very broad resonance at δ ~3.6 ppm, as well as a broadened, complex 

aromatic region from ~6.6-7.4.  There are two possible sources of aniline, namely: 

 

 

Figure 1.3 Molecular structure of TiCl2[N(Ph)NH(Ph)]2(NH2Ph) (2). 

it was present as an impurity in the hydrazine originally, or it was generated in 

situ through decomposition of the hydrazine.  The starting material, 1,2-

diphenylhydrazine, was not purified prior to use.  In fact, although it should be 

colorless, the material used had a slight orange color, which was probably due to 

the presence of azobenzene.  If azobenzene is present in the original, it is not 

unlikely that aniline could be present as well.  Given the very small yield of 2 (as 
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a mixture), either source of the unexpected aniline is possible, but the impurity 

theory seems more likely. 

The geometry of 2 is very similar to that of the seven-coordinate titanium 

center in 1.  The sum of the angles comprising the pentagonal plane, once again 

defined by five nitrogen atoms, is 360.4(1)º, and the angle between the two 

“apical” chlorides is 162.0(1)º.  The hydrazide ligands are slightly further apart in 

2 than in 1, as they are not attached to a second titanium center, but once again, 

the chloride ligands are inclined away from the crowded hydrazide side of the 

pentagonal plane.  The unprotonated, protonated, and aniline nitrogens are quite 

distinct, with average distances from the titanium of 1.9059(18) Å, 2.1722(19) Å, 

and 2.2711(19) Å, respectively.  The comparable donor-acceptor and single bond 

distances for the hydrazides in 1 were ~0.04 Å longer than those in 2.  Increased 

strain and competition caused by the presence of the second metal center would 

probably account for this difference. The geometry at the aniline nitrogen is 

nearly tetrahedral, but the protonated, donor-bonded hydrazide nitrogens are quite 

distorted from the ideal tetrahedral angles as an unavoidable consequence of 

being part of a three-membered ring with the metal center and the other nitrogen.   

However, the geometry at each unprotonated nitrogen atom is close to planar, 

with the sum of the angles around N(1) and N(3) being 347.87(16)º and 

348.23(16)º, respectively.  The relative lack of steric activity exhibited by the 

formal lone pairs at both N(1) and N(3) may indicate its involvement in a more 

extended π-system with the phenyl ring, and/or some amount of π-donation to the 

metal center.  Details of the data collection, structure solution and refinement are 
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presented in Table 1.4.  Selected bond lengths and angles can be found in Table 

1.5 and Table 1.6, respectively. 

 

Ti2

Cl4

Cl3

Ti1

N2

N1

N3N4

Cl1
Cl2

N5

N6

N8

N7

 

Figure 1.4 Molecular structure of Ti2Cl4[N(Ph)NH(Ph)]4 (3) (one of two 
independent molecules). 

Due to poor crystal quality, the refinement of 3 could not be completed to 

the level of structures discussed previously.  Nevertheless, the connectivity of the 

dimeric system is quite discernable.  The unit cell of 3 contains two 

crystallographically independent molecules, each formally a dimer of 

[TiCl2{N(Ph)NH(Ph)}] bridged by two chloride ligands.  These particular crystals 

were isolated from a reaction carried out with 1,2-diphenylhydrazine that had 
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been recrystallized prior to lithiation.  The outcome of this experiment 

demonstrates that in the absence of aniline (which must now be assumed to be 

from an original impurity in the earlier experiments) titanium centers with two 

hydrazide ligands prefer seven-coordination.  Since the symmetrical substitution 

pattern of 1,2-diphenylhydrazide does not allow the preferred imide-type bridge 

to form, the titanium complex dimerizes via chloride ligands instead.  These 

bridging chlorides are roughly equidistant from either metal center in each 

molecule, and the average Ti-Cl length for the bridging chlorides is slightly 

longer at 2.513(8) Å than the average terminal chloride length at 2.332(8) Å. The 

pentagonal bipyramidal geometry is not observed in this case because only four 

nitrogen atoms surround the titanium atom.  Instead, the chloride ligands lie in a 

single plane with both metals, and the hydrazide ligands form separate, more 

distorted planes at either metal center, with a spacing similar to that observed in 

the previously discussed compounds.  Each unprotonated nitrogen atom also 

appears to have a degree of planarity similar to that of the corresponding 

nitrogens in 2.  Details of the data collection, structure solution and refinement are 

presented in Table 1.7.  The best values for selected bond lengths and angles can 

be found in Table 1.8 and Table 1.9, respectively. 

 

Ti[N(Ph)NH(Ph)]3Cl (4) 

Figure 1.5 shows the molecular structure of Ti[N(Ph)NH(Ph)]3Cl (4), the 

first compound presented in this chapter in which the hydrazides replace three 

chlorides of titanium(IV) chloride.  Since six nitrogen and one chlorine atoms 
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surround the titanium atom, this center is once again seven-coordinate.  However, 

the geometry at titanium is unique among the compounds discussed so far.  It may 

be best summarized by considering the position of each ligand as a whole to 

roughly describe a distorted tetrahedron, with each hydrazide twisted in apparent 

response to crowding of the phenyl groups.  As noted previously, the 

unprotonated nitrogens are in general fairly close to planar in comparison to the 

protonated nitrogens.  As an example, the sum of the angles around N(21) is 

354.6(4)º, compared to 307.9(3)º for N(22). 

 

  

Figure 1.5 Molecular structure of TiCl[N(Ph)NH(Ph)]3 (4). 

 



 28

The average Ti-N bond length for unprotonated nitrogens, 1.927(4) Å, and 

protonated, donor-bonded nitrogens, 2.196(5) Å, are roughly 0.02 Å longer than 

those for 2, perhaps due to the increase in steric crowding. 

Examination of the stereochemistry at the metal center provides no clue 

with respect to the difficulty of substituting the fourth chloride of titanium(IV) 

chloride.  However it is interesting to note that the titanium-chloride bond length 

in 4 is the shortest of the compounds investigated thus far (2.3295(18) Å), which 

may be a result of a lack of other competing chloride bonds.  However, the 

difference is small (approximately 0.01 Å), and probably does not limit the 

reactivity of such a polar bond significantly.  With the small bite angle of the 

hydrazide ligands, it does not seem that the coordination sphere is too crowded for 

eight-coordination.  However, examination of the way in which the ligands twist 

to accommodate the phenyl groups reveals that it is probably the size of these 

substituents that causes the most difficulty.  Details of the data collection, 

structure solution and refinement are presented in Table 1.10.  Selected bond 

lengths and angles can be found in Table 1.11 and Table 1.12, respectively. 

 

CONCLUSIONS 

The replacement of 1,1-dimethylhydrazide by 1,2-diphenylhydrazide 

ligands results in structures with important similarities, as well as differences.  

The phenyl-substituted hydrazides have demonstrated the ability to stabilize 

mononuclear complexes, and do not adopt bridging positions in dimeric systems.  

However, the sharp bite angles endemic to all hydrazides open the coordination 
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sphere of titanium sufficiently to permit seven-fold coordination.  In addition, 

although three chlorides of titanium(IV) chloride were successfully replaced by 

1,2-diphenylhydrazides, substitution of the final chloride was not possible.  This 

observation may be a function of space requirements.  There may simply not be 

enough room for an additional hydrazide ligand, especially one that attached in an 

η2 fashion, the preferred coordination mode in all compounds investigated thus 

far.  Phenyl substituents were originally chosen in preference methyl groups 

because it was anticipated that their larger size would limit the coordination 

number of titanium to six.  However, it is clear that there is a strong preference for 

seven coordination. 

The formation of a mixture of products in these studies made isolation and 

identification very difficult.  It is interesting, however, that these same mixtures 

form, regardless of the stoichiometry of the reactants.  This suggests that the 

energies of formation of the various Ti(IV) hydrazide derivatives must be very 

close and not particularly sensitive to the degree of hydrazide substitution.  

Moreover, every hydrazide ligand, regardless of number of such ligands present 

on titanium, appears to be equivalent on the 1H NMR time scale.  These 

observations, combined with the unusual geometries of the new complexes, 

suggestive of a very plastic geometry in general, point to an overall bonding 

picture that implies a high degree of ionic character.   
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Section 1.3  

Reactions with Li2[PhNNPh] 

 

INTRODUCTION 

Despite the relative amount of lithium hydrazide used, none of the 

reactions discussed above were successful in terms of replacing all of 

titanium(IV) chloride.  It was postulated that doubly lithiating 1,2-

diphenylhydrazine might produce a ligand nucleophilic enough to effect total 

chloride removal, yet retain a substitution pattern that had been shown to 

discourage dimerization.  Moreover, by allowing each hydrazide to replace two 

chlorides, it would not be necessary to crowd four η2-bonded hydrazide ligands 

around a single metal center. 

 

RESULTS AND DISCUSSION 

Double lithiation was accomplished in much the same manner as single 

lithiation, and was carried out in toluene with two equivalents of n-BuLi rather 

than one.  A toluene solution of titanium(IV) chloride was then added, the 

reaction mixture filtered, and the product crystallized out of diethyl ether.   As is 

the case of the monolithiated hydrazine studies, these reactions also resulted in 

mixtures of products.  The 1H NMR spectra of these products differed from the 

previous ones only in the absence of hydrazinic N-H resonances.  The coarse, red-
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brown powder products also contained small amounts of the original solvent, 

toluene, further complicating the aromatic region, which usually consists of 

doublets overlaid on broad multiplets from δ 7.1-8.0.  For exact values from a 

typical 1H NMR spectrum, see Synthesis of 5 and 6 in the Experimental Section 

at the end of this chapter.  CI MS analysis of the product, in the positive 

ionization mode, revealed the highest m/e cluster at 597, which corresponds to the 

formula Ti[NH(Ph)NPh]3
+.  However, the lack of chloride in this formula does 

not definitively rule out its presence in the original neutral molecule, nor can it be 

claimed that all of the protons were necessarily present in the original material.  

Once again, identification of individual products relied upon fractional 

crystallization of these product mixtures.  Scheme 1.5 shows the typical reaction 

scheme, and the products that were characterized by X-ray crystal structure 

analysis. 

 
TiCl4  +  n Li2(PhNNPh)
                       
                    n = 2 - 3

Scheme 1.5 Li2(PhNNPh) Yields Mixture of Products.

          Mixtures of (typically):

(Li·Et2O)4[Ti2(PhNNPh)4(µ−NPh)2] (5)

(Li·Et2O)3[Ti(PhNNPh)2(NHPh)(NPh)] (6)

 

 

As can be seen above, the dilithiated reactant was indeed sufficiently 

nucleophilic to displace all of the chlorides from titanium(IV) chloride.  In fact, it 

is perhaps too nucleophilic, since the titanium complexes produced by this 

synthetic route are anionic.  Upon reflection, this result is not surprising given the 
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particular reaction environment.  A titanium center, after undergoing reaction with 

two equivalents of Li2(PhNNPh), is still quite sterically accessible.  Not only does 

it possess a coordination number of four, but the small bite angles of the 

hydrazide (-2) ligands leave it available for the coordination of additional ligands.  

The only ligands available are anionic hydrazides (or fragments thereof) hence the 

products are formed.  The molecular structures of the two structurally related 

products, 5 and 6, are shown in Figure 1.6 and Figure 1.7, respectively. 

Compound 5 is composed of two six-coordinate titanium centers, each 

possessing two diphenylhydrazide (-2) ligands, bridged by two phenyl imides, 

each of which also carry -2 charges. With two titanium(IV) centers, this adds up 

to a total charge of -4, which is balanced by four lithium cations, each of which is 

in close contact with two nitrogen atoms and one equivalent of diethyl ether (not 

shown, for clarity).  In the unit cell, there is a C2 axis running through the imido 

nitrogens, and thus half of the dimer is generated by symmetry.  Because of the 

small bite angles of the hydrazides, the geometry at each titanium center is not 

octahedral in any recognizable form.  In the Ti2N2 core, the angle at each titanium 

is 83.82(10)º, but the nitrogen corners are not symmetrical.  Nitrogen atom N(6) 

has close contacts (2.313(6) Å) to two lithium cations, and as a probable 

consequence, the bonds from N(6) to the titanium centers are slightly longer 

(2.003(2) Å), and form a more acute angle (94.73(14)º) than those from N(5) 

(1.958(2) Å and 97.62(14)º), which lack lithium contacts.  These bonds are, on 

average, 0.08 Å longer than those of the imido-bridged complex 1 discussed 

earlier, probably due to a combination of steric and electrostatic charge effects, 
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since the phenyl substituents compete with each other for space and the lithium 

atoms compete with the titanium atoms for nucleophiles.   

 

 

 Figure 1.6 Molecular structure of (Li·Et2O)4[Ti2(PhNNPh)4(µ-NPh)2] (5), the 
diethyl ethers excluded for clarity. 

The arrangement of the hydrazide (-2) ligands at each titanium center 

seems to be determined mostly by steric demands and also by the presence of the 

lithium cations.  Each ligand appears to be evenly spaced above and below the 
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plane of the Ti2N2 ring, but twisted towards either one or two lithium cations.  

The N(1)-N(2) bond is nearly parallel to the line defined by the nitrogens of the 

ring, but it is slightly twisted as N(1) leans slightly toward Li(1) (2.059(6) Å) , 

and N(2) is likewise inclined toward Li(2) (2.211(7) Å).  The twisting effect is 

more dramatic for the N(3)-N(4) bond, as N(4) is canted toward Li(1) (2.024(7) 

Å), but there is no balancing close contact to N(3).  The Ti-N bond lengths are 

also affected by the lithium cations in each case.  N(1) and N(2) are equidistant 

from the titanium, and at 2.052(2) Å are significantly longer than any of the 

formal single bonds observed so far.  The unbalanced effect of one lithium cation 

on N(4) results in a still longer Ti-N length of 2.117(2) Å, while the Ti-N(3) 

distance of 1.947(3) Å is more in line with the single bonds observed in the 

compounds discussed earlier.  The apparent malleability of the geometry is likely 

due to a considerable degree of ionic character in the metal-ligand bonds.  Details 

of the data collection, structure solution and refinement, are presented in Table 

1.13.  Selected bond lengths and angles can be found in Table 1.14 and Table 

1.15, respectively. 

One very interesting aspect of the structure that has not been examined yet 

is the observed in situ production of phenyl imide (-2) ligands.  In the case of the 

monolithiated diphenylhydrazine reactions discussed in Section 1.2, the aniline 

that appears in one product was postulated to have come from an impurity in the 

starting material.  In the present case, this impurity is not as likely, yet at the same 

time formation of the imide from the dianionic hydrazide ligand is somewhat 

more likely than in the monoanionic case.  The formation of titanium imides from 
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coordinated η2-azobenzenes has been observed numerous times.29,30,31  The first 

step in this reaction is the formation of a complex, either by addition to a Ti(II) 

species,29,31 or by replacement of an η2-imine ligand on a Ti(IV) species.30  Next, 

a cleavage and oxidative addition to two metal centers takes place,29,31 or the 

addition to one metal is accompanied by reformation of azobenzene.30   

A crystallographic study of a lithium hydrazide cluster in diethyl ether 

reveals that a doubly charged diphenylhydrazide moiety can adopt a nearly planar 

structure.  In the cluster in question, three hydrazide units share four lithium 

cations, forming a sort of triple-decker sandwich of hydrazides with two lithium 

cations separating each layer.32  Overall, the structure demonstrates the very ionic 

nature of the lithium-hydrazide interaction, and the nearly planar central 

hydrazide, which has contacts to all four lithium cations, is probably a good 

model for the type of species that exists in the reaction mixture that produces 5 

and 6.  Thus, it is expected that the 1,2-diphenylhydrazide (-2) ligand will behave 

like a doubly charged version of azobenzene. 

The difference between the azobenzene adducts in each case seems merely 

to be a matter of semantics, as in the absence of structural characterization, the 

two possible descriptions appear to be equivalent (Scheme 1.6).  It is proposed 

that the formation of the imide bridged in 5 goes through a similar intermediate.  

The important difference between the proposed reaction and those discussed 

above is the source of the charge on the ligand.  The literature routes use the 

titanium center itself as the ultimate source of electrons, since even the imine 

replacement reaction30 probably involves at least an intermediate Ti(II) stage.  In 
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the case of 5, the ligand is already doubly anionic, so no redox activity at the 

titanium center is necessary.  It is proposed that 5 forms when this intermediate 

interacts with another titanium center through the hydrazide ligand to form a 

bridged, dinuclear complex, which is similar to that proposed to occur in the 

synthesis of (TTP)Ti=NPh (TTP = meso-tetra-p-tolylporphyrinato).29 

 

(TTP)Ti
NPh

NPh
(ArO)2Ti

NPh

NPh

py

py

(Ph2N2)2Ti
NPh

NPh
(Ph2N2)2Ti

NPh

NPh

Proposed intermediate to 5 and 6

OR

Scheme 1.6 Comparison between reported imide-forming 
intermediates and proposed intermediate to (5)and (6).

Ti(II) π-complex (Ref. 28)       Ti(IV) σ-complex (Ref. 29)

-2
-2

 

 

Compound 6 is most likely formed in much the same way as 5, with the 

coordination of a third equivalent of the diphenylhydrazide (-2) ligand leading to 
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formation of an imide.  However, in this case, the process produced an 

mononuclear complex featuring a terminal imide and an anilide, giving the whole 

complex a total charge of -3.  This -3 charge is balanced once again by lithium 

cations, each of which is coordinated (as in the case in 5) by two nitrogens and 

one molecule diethyl ether.    

 

Figure 1.7 Molecular structure of (Li·Et2O)3[Ti(PhNNPh)2(NHPh)(NPh)] (6), 
the diethyl ethers excluded for clarity. 
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Although the titanium center is six-coordinate, once again the overall 

geometry of 6 is difficult to describe.  In some ways, the distribution of the 

hydrazide ligands is similar to that in compound 4 discussed above, in which the 

ligands, taken as single points, roughly describe a distorted tetrahedron.  As in 4,  

each hydrazide ligand exhibits slight twisting in response to both steric constraints 

and the presence of lithium cations.  In fact, the cations seem to have a more 

dramatic effect on the Ti-N bond lengths in 6 than in 5.  In 6, each nitrogen atom 

has a close contact with one lithium cation, and in some cases, the Li-N bond 

length is actually shorter than the Ti-N bond length.  The difference is particularly 

striking for N(2) (Ti-N(2) = 2.199(6) Å, Li(3)-N(2) = 1.997(14) Å) and N(3) (Ti-

N(3) = 2.099(6) Å, Li(3)-N(3) = 1.974(14) Å).  The Ti-N(2) bond is roughly the 

same length as many donor bonds observed in the monoanionic hydrazides of 

titanium, which may also be due in part to its location nearly directly across the 

titanium from the terminal imide (∠N(2)-Ti-N(6) = 154.2(3)º).  However, this 

interpretation ascribes more π-character to the bonding than is in evidence. 

The structure refinement for 6 is not of sufficient quality to allow 

definitive location of the protons.  However, from charge balance and bond length 

arguments, it can be deduced that there is only one, singly-protonated nitrogen 

present in the compound, and it is an anilide nitrogen, N(5).  The Ti-N(5) bond 

length is 2.070(7) Å, and the ∠Ti-N(5)-C(51) angle is 131.4(5)º).  Nitrogen N(6) 

is definitely imido in nature, with a Ti-N length of 1.796(6) Å and nearly linear 

geometry (∠Ti-N(6)-C(61) = 169.7(7)º).  For comparison the imido bond length 

in [{TiCl(t-BuN)(N3)(py)3}2], a similar compound with an all-nitrogen, six-
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coordinate coordination sphere is  1.689 Å.  The slight bending and the increased 

bond length of Ti-N(6) is due to the close contact with lithium (2.084(17) Å).  

Details of the data collection, structure solution and refinement are presented in 

Table 1.16.  Selected bond lengths and angles can be found in Table 1.17 and 

Table 1.18, respectively. 

The formation of the terminal imide and anilide ligands in 6 is believed to 

occur via the same intermediate as that proposed for 5 in Scheme 1.6.  Before, or 

perhaps immediately after interacting with a second metal center, one 

diphenylhydrazide (-2) ligand accepts a proton from an unidentified source, 

possibly excess un- or monolithiated diphenyl hydrazine that may be present in 

the system.  The activated species then relaxes into a non-bridged species, 

probably due to the lessened ability of the anilide ligand to bridge relative to the 

planar imido ligand.  Alternatively, the intermediate could form a bis-imide, 

which is then protonated to form one anilide.  It may, in fact, be this protonation 

that prevents the formation of the symmetrically bridged dinuclear species 5.  Of 

course, regardless of exact pathway, terminal imide formation is in closer 

agreement with what is observed in the previously mentioned azobenzene 

studies.29,30,31  The lack of bridged dimer formation in previous cases is probably 

due to the very different nature of the ligand sets.  As already noted in the case of 

1, hydrazides seem to inspire dimerization as a remedy to largely open 

coordination spheres.     
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CONCLUSIONS 

The double lithiation of 1,2-diphenylhydrazide did produce, finally, a 

reagent powerful enough to displace all four chlorides from titanium(IV) chloride.  

However, it still left one fundamental problem of titanium hydrazides, namely 

coordination sphere management.  While phenyl groups are bulky enough to 

interfere with each other at some distance from the metal center, the bonds 

between the titanium and hydrazide nitrogens are too plastic, and allow the 

ligands to overcome steric conflicts by twisting and varying bond distances.  This 

allows more ligands to enter the relatively unencumbered metal center.  In such 

cases anionic complexes which result may or may not be bridged dimers, 

depending on the exact conditions.   

An interesting feature observed in these reactions is the apparent 

dissociation of the N-N bond of the hydrazide to form imido or anilido ligands.  

Although, as referenced above, this has been observed in azobenzene-titanium 

systems, very little study has been made into N-N homolysis in dianionic 

hydrazide derivatives.  Arylhydrazine compounds have been shown to undergo 

rearrangement involving N-C bond migration when rendered dianionic using 

alkyllithium reagents.33  Compounds of asymmetric, dianionic hydrazides and 

titanium employing cyclopentadienyl ligands have evidenced η2 and bridging 

(η1:η1) bonding modes, but the authors only speculate on the possibility of η2 

bridging.34  Decomposition studies of these compounds yielded totally nitrogen-

free titanium end products, with evolution of N2 and ammonia.  No intermediate 

products were trapped.35 
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Tungsten(IV) adducts of various hydrazines have been shown to break 

down into, among other products, tungsten(VI) imides.36 This essentially 

accomplishes the same outcome as the above described process for 5 and 6 in 

which the formal two electron reduction is accomplished by the lithium reagent 

instead of the metal.  The similar electronic and bonding properties of the 

tungsten, azobenzene, and above described systems seem to make this comparison 

valid.  In fact, 5 and 6 may be representatives of different stages along the 

reaction pathway for the oxidative addition, and subsequent cleavage to imide, of 

azobenzene. 
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Section 1.4   

Use of an Amidinate 

 

INTRODUCTION 

After finally removing all of the chlorides from titanium(IV) chloride 

(Section 1.3), a previously observed problem becomes the new focus.  Hydrazides 

are inefficient ligands for filling the coordination sphere of titanium, thus 

mononuclear, homoleptic titanium hydrazides may prove very difficult to isolate.  

It was posited that a larger ligand, combined with hydrazides, may complete the 

task.  In fact, a series of mononuclear hydrazides have been synthesized by taking 

advantage of the relative steric bulk of the cyclopentadienyl ligand.34,37  One of 

the central guidelines to the hydrazides for possible precursor use, however, is to 

employ an all-nitrogen coordination sphere, and so in this regard the use of 

cyclopentadienyl would be untenable.   

Amidinate ligands are a possible substitute for cyclopentadienyl ligands.  

They are monoanionic, and bond through two nitrogens, thus making them 

attractive ancillary ligands for the hydrazides in this work.  In addition, they have 

been found to sterically stabilize low coordination numbers in a manner similar to 

cyclopentadienyl ligands,26 and therefore may contribute to a more managed 

coordination sphere, with a lower total number of ligands.  Finally, they are easily 

converted into lithium salts, such as Li[PhC{N(TMS)}2](TMEDA) (TMEDA = 
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tetramethylethylenediamine) for use in metathesis with titanium(IV) chloride.  An 

X-ray crystal structure, emphasizing the shape of the amidinate in this particular 

lithium salt, is shown in Figure 1.8.  Although the synthesis of this salt was 

published some years ago,38 no crystal structure has been published previously.  

Details of the data collection, structure solution and refinement, are presented in 

Table 1.19.  Complete lists of bond lengths and angles can be found in Table 

1.20 and Table 1.21, respectively. 

 

 

Figure 1.8  Molecular structure of Li[PhC{N(TMS)}2](TMEDA).  
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By use of the N,N’-bis(trimethylsilyl)benzamidinate (am) ligand, it was 

hoped that the titanium center could be rendered less open to excess coordination.  

As an additional measure, the hydrazide used was selected to minimize the 

possibility of bridging.  1,1-dimethylhydrazides exhibit the tendency to become 

dianionic and bridge in an (η2:η1) manner, and 1,2-diphenylhydrazides, when 

dianionic, have produced bridging imides.  It was considered that use of a tri-

substituted hydrazide, trimethylhydrazide specifically, would preclude dianion 

formation, and dramatically lower the possibility of bridging two metal centers.  

A range of trimethylhydrazide compounds of titanium has been prepared, and 

none have been observed to form bridged complexes.22,37a,35c,39  However, all the 

resulting compounds contained either chloride or cyclopentadienyl ligands, which 

are specifically to be avoided in titanium nitride precursors. 

 

RESULTS AND DISCUSSION 

Li(am)(TMEDA), pictured in Figure 1.8, was allowed to react with 

titanium(IV) chloride in tetrahydrofuran to make TiCl2(am)2 by a variation of 

literature methods.38,40  Trimethylhydrazine was synthesized from 1,1-

dimethylhydrazine by literature methods,41 and then lithiated by treatment with n-

BuLi in diethyl ether.  The lithiated hydrazine was allowed to react in situ with 

0.5 equivalents of TiCl2(am)2 in diethyl ether.  After filtration, the solution was 

concentrated and cooled to -20 ºC to produce red-orange crystals.  1H NMR 

spectroscopic examination of the product showed both benzamidinate and 

hydrazide resonances in a ratio of 2:1.  A complete listing of 1H NMR chemical 
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shifts is presented in Synthesis of (7) in the Experimental Section at the end of 

this chapter.  CI MS, in the positive ionization mode, of the crude powdery 

product, evidenced small peaks attributable to Ti(am)2(MeNNMe2)2 and 

TiCl(am)2(MeNNMe2).  The most intense peak corresponded to [TiCl(am)2]+.  X-

ray crystallographic analysis confirmed the 2:1 benzamidinate to hydrazide ratio 

found by NMR, as well as confirming the presence of chloride in the molecular 

structure of 7. (Figure 1.9, with TMS methyls excluded for clarity)  A summary 

of the overall reaction is shown in Scheme 1.7.  
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Scheme 1.7  Synthesis of TiCl(am)2(MeNNMe2) (7).  
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 Once again, the stoichiometry of the reactants does not correspond to the 

products.  Only one trimethylhydrazide ligand displaces a chloride ion, leaving 

the other one intact.  The overall result is formation of another seven coordinate 

titanium hydrazide, despite the larger amount of space required by the 

benzamidinate ligands.   

 

 

Figure 1.9 Molecular structure of TiCl[(NSiMe3)CPh]2(MeNNMe2) (7), TMS 
methyls excluded. 
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As in several previous described cases, the geometry of 7,does not fall into 

an easy descriptive category.  Nitrogen N(2) and the chloride ligand are located 

almost directly across the titanium center from each other (∠N(2)-Ti-Cl = 

158.21(10)º), and with N(1), they roughly form a plane (sum of angles = 

361.32(10)º).  Nitrogen atoms N(3) and N(6) are almost directly opposite each 

other (∠N(6)-Ti-N(3) = 171.59(13)º), and, in turn, form a rough plane with the 

remaining nitrogens, the maximum deviation from planarity being 0.185 Å for 

N(5).  The two planes are almost mutually perpendicular, with N(2) forming 

angles of 88.95(11)º and 91.43(12)º with N(3) and N(6), respectively.  The 

hydrazide bond distances to titanium are 1.898(3) Å for the single bonded N(5), 

and 2.200(3) Å for the donor bonded N(6), both of which fall in expected ranges 

on the basis of the compounds discussed thus far.  The benzamidinate bond 

lengths are not quite symmetrical.  The N(3)-Ti bond is 0.086 Å longer than N(4)-

Ti, and the N(2)-Ti bond is 0.097 Å longer than the N(1)-Ti bond.  In comparison 

with the literature reported values for TiCl2(am)2, this is more than double the 

difference of 0.040 Å found between the two bonds in the parent compound.40  No 

obvious steric reasons can be found for this discrepancy.  Details of the data 

collection, structure solution and refinement are presented in Table 1.22.  

Selected bond lengths and angles can be found in Table 1.23 and Table 1.24, 

respectively. 

The average bite angle of the benzamidinate ligands is 62.7º, substantially 

larger than the 39.36º bite angle of the hydrazide.  However, given that the 

compound still features a seven-coordinate titanium center, this seems like a 
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modest difference.  In fact, from a strictly visual perspective, the diphenyl-

hydrazide ligands of 2 - 6 seem to cause more steric confrontations between 

ligands than the benzamidinate ligands do.  However, the benzamidinate ligands 

have not shown a tendency to adopt bridging positions in 7 this system, which 

some hydrazides have, whether as whole entities, or by decomposition into imido 

fragments. 

The stoichiometry of 2 hydrazides to 1 titanium center was chosen in the 

hope that both would displace the final chlorides from titanium(IV) chloride.  

This product would probably involve at least one η1 coordinated hydrazide, a 

feature yet to be observed in this research, but seen, at least in a bridging sense, in 

the compound [{Ti(C5H5)Cl(NNPh2)}2].34  In the latter compound, the 

cyclopentadienyl ligand apparently crowds the titanium center enough such that 

only one bridging 1,1-diphenylhydrazide (-2) ligand is able to form a donor bond, 

with the Ph2N moiety of the other ligand pointing off into space.  It could be 

suggested that the two phenyl groups on the nitrogen atom also are important, but 

1,1-disubstituted ligands were avoided because of their propensity to form imido-

type bridges, and two triphenyl hydrazide ligands were thought to be too sterically 

bulky to fit onto the Ti(am)2 center even with η1 coordination.  In addition, the 

relative ease of preparation of trimethylhydrazine from readily available 1,1-

dimethylhydrazine made it an attractive candidate for the study.  This albeit small 

amount of bulk, combined with the cyclopentadienyl-like crowding of the 

benzamidinate ligands was theorized to be enough to prevent at least one 

trimethylhydrazide from forming the second, donor-type bond.   
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It may be that the two methyl substituents, as electron releasing groups, 

are encouraging the formation of the second, donor-type bond through inductive 

effects.  The dimethyl substituted nitrogen is a slightly better donor than a 

diphenyl-substituted nitrogen, making it more likely to engage in formation of a 

donor-acceptor bond with the titanium center.  This assessment is supported by a 

study of the ability of silyl substituents on hydrazines to form donor-acceptor 

interactions with the β nitrogen.  It was found that the strength of the interaction, 

which is correlated to the acuteness of the Si-N-N angle, does depend, in part, on 

the electron releasing or withdrawing characteristics of substituents on the β 

nitrogen.42 

The only reagent found capable of displacing the final chloride from 

titanium(IV) chloride, so far, is Li2(PhNNPh).  Accordingly, the parent compound 

TiCl2(am)2 was allowed to react with this dilithium salt in a 1:1 stoichiometry in 

toluene.  It was expected that this reaction would result in the displacement of 

both chlorides, and that the combined steric demands of the benzamidinate and 

1,2-diphenylhydrazide (-2) ligands would finally force the formation of a six-

nitrogen coordination sphere.  Unfortunately, it was not possible to grow X-ray 

quality crystals of the product.  As is commonly the case with these compounds, 
1H NMR spectroscopy is of little value in terms of structure determination.  All 

that can be identified are complex phenyl signals in the aromatic region and 

benzamidinate TMS signals at δ ~ 0.  CI MS in the positive ionization mode 

yielded little valuable information other than a conspicuous lack of chlorine 

isotopic patterns. 
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CONCLUSIONS 

Despite the increase in size in going from hydrazide to benzamidinate 

ligands, it was impossible to replace all the chlorides of titanium(IV) chloride.  

The resistance of titanium to lose it’s the final chloride ligand, coupled with the 

ability of trimethylhydrazide to bond in η2 fashion in a relatively small opening in 

the coordination sphere, resulted in a seven-coordinate titanium compound once 

again.  Moreover, the presence of the small peak in the mass spectrum 

notwithstanding, the unwillingness of hydrazides to form simple η1 interactions 

seems to be one of the major stumbling blocks to forming a bis(benzamidinate)-

bis(hydrazide) complex.  Nevertheless, 7 is a step in the right direction, and it is 

believed that the right combination of hydrazides, or the appropriate single 

hydrazide (-2) ligand, can be used to synthesize a neutral, mononuclear, all-

nitrogen coordinated titanium hydrazide.  
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Chapter 1 

Experimental Section 

 

GENERAL PROCEDURES 

CH2Cl2 was purified by distillation under N2 from calcium hydride, and all 

other solvents were distilled under N2 from sodium/benzophenone.  Additional 

degassing of solvents was performed using either vigorous Ar bubbling, or 

freeze/pump/thaw cycling.  All manipulations and reactions were performed 

under catalyst scrubbed Ar, using a combination of glove box and standard 

Schlenk techniques using oven-dried and vacuum- or Ar flow-degassed 

glassware. 

n-BuLi in hexane solution was purchased from a commercial source, and 

used without further purification. Titanium(IV) chloride was purchased from a 

commercial source, and purified as necessary by vacuum distillation.  1,1,-

dimethylhydrazine was purchased from a commercial source, and purified by 

distillation.  1,2-diphenylhydrazine was purchased from a commercial source, and 

used prior to and after purification by fractional crystallization and washing with 

cold pentane.  Li[PhC(NTMS)2](TMEDA)38 and trimethylhydrazine41 were 

prepared and purified using literature methods. 
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PHYSICAL MEASUREMENTS 

CI mass spectra were obtained from a Finnigan MAT TSQ-700, and were 

performed on samples sealed in glass capillaries under Ar in a glove box.  NMR 

spectra were recorded at 295 K on a GE QE-300 instrument.  The CD2Cl2 used in 

these measurements was purchased in sealed vials, pure or with 1% (v/v) 

tetramethylsilane, from a commercial source and used without further 

purification.  THF-d8 was purchased from a commercial source and vacuum 

distilled under Ar prior to use.  The 1H NMR chemical shifts are reported relative 

to tetramethylsilane, referenced either directly or to solvent.   

 

X-RAY CRYSTALLOGRAPHY 

Crystals of suitable quality were collected directly from Schlenk-type 

flasks under Ar pressure, and immediately covered with degassed perfluorinated 

polyether oil.  X-ray data were collected on a Nonius Kappa CCD diffractometer,  

or a Siemens P4 diffractometer.  Structure determinations and refinements were 

performed by Dr. Colin Abernethy, Dr. Charles Macdonald, or Ms. Jamie Jones at 

The University of Texas at Austin.  All structures were solved by direct methods, 

and refined by full-matrix least squares on F2 using the Siemens SHELX PLUS 

5.0 (PC) software package.  All non-hydrogen atoms were allowed anisotropic 

thermal motion and hydrogen atoms, which were included at calculated positions 

(C-H 0.96 Å), were refined using a riding model and a general isotropic thermal 

parameter.  The total number of reflections, collection ranges, and final R values 

are listed in the appropriate tables for each molecule. 
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Data from the Nonius-Kappa CCD diffractometer were collected at 153 K 

using an Oxford Cryostream low-temperature device and graphite 

monochromated Mo Kα radiation (λ = 0.71073 Å).  A correction was applied for 

Lorentz-polarization.  The data were collected using ω-scans to complete the 

asymmetric unit. 

 Data from the Siemens P4 diffractometer were collected at 213 K using 

graphite-monochromated Mo Kα radiation (λ = 0.71073 Å).  A correction was 

applied for Lorentz-polarization.  Three standard reflections were measured every 

1800 seconds during each data collection, and no decreased in intensities were 

observed. 

 

Synthesis of Ti2Cl4(NNMe2)2(py)3 (1) 

 A solution of NH2NMe2 (3.8 g, 63 mmol) in 40 mL tetrahydrofuran was 

chilled to -78 ºC.  25 mL of a n-BuLi solution (1.6 M in hexanes) was added over 

a period of 10 min.  The reaction mixture was allowed to warm to room 

temperature over several hours, and stirred overnight.  TiCl4 (5.2 mL, 16 mmol) 

was added via syringe to 80 mL of tetrahydrofuran at -10 ºC, and then the lithium 

containing mixture was added over a period of 10 min.  The reaction mixture was 

allowed to warm to room temperature overnight, and then the solvent was 

removed, and the solids extracted with CH2Cl2 (3 x 75 mL).  Filtration through a 

glass frit covered with diatomaceous earth produce a red solution.  The volume 

was reduced to 100 mL, and pyridine (0.5 mL, 6 mmol) was added to a 30 mL 

sample.  Cooling to -20 ºC for a period of days produced large red crystals of 1.  
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1H NMR (CD2Cl2): δ 8.83 (s, 6H, m-py), 7.79 (t, 3H, p-py), 7.35 (t, 6H, o-py), 

3.47 (s, 12H, Me2N-);   MS (CI+, CH4):  m/e 556 [Ti2Cl3(NNMe2)2(py)3
+, 5%], 

475 [Ti2Cl3(NNMe2)2(py)2
+, 24%], 434 [Ti2Cl3N3C2H7(py)2

+, 27%], 396 

[Ti2Cl3(NNMe2)2(py)+, 49%], 355 [Ti2Cl3N3C2H7(py)+, 100%], 317 

[Ti2Cl3(NNMe2)2
+, 23%]. 

 

Synthesis of 2, 3 and 4 

 To a solution of 1,2-diphenylhydrazine (3.0g, 16 mmol) in 80 mL toluene 

at -78 ºC was slowly added a solution of n-BuLi (16.2 mmol) in 30 mL toluene.  

The reaction mixture was allowed to come to room temperature overnight, after 

which a solution of TiCl4 (1.3 mL, 4 mmol) in 70 mL toluene was added slowly.  

After stirring overnight, the mixture was filtered through glass frit and 

diatomaceous earth, and the volatiles removed in vacuo.  The dark orange-red 

solid was redissolved in diethyl ether, and crystals of 2, 3, and 4 were grown at -

20 ºC over a period of weeks.  Typical 1NMR (CD2Cl2): δ 7.92 (d, PhN), 7.53 (m, 

PhN), 7.18 (m, toluene), 6.84 (m, PhN), 5.72 (s, NNH), ~3.6 (broad, aniline), 2.34 

(s, toluene);  MS (CI+, CH4) m/e: 183 [HN(Ph)NPh, 100%]. 

 

Synthesis of 5 and 6 

To a solution of 1,2-diphenylhydrazine (0.22g, 1.2 mmol) in 60 mL 

toluene at -78 ºC was slowly added a solution of n-BuLi (2.5 mmol) in 20 mL 

toluene.  The reaction mixture was allowed to come to room temperature, and 

stirred overnight.  A solution of TiCl4 (0.04 mL, 0.4 mmol) in 20 mL toluene was 
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added slowly to the reaction mixture.  After stirring for several hours, the mixture 

was filtered through a glass frit covered with diatomaceous earth, and the volatiles 

were removed in vacuo. The very dark red-brown solid was redissolved in diethyl 

ether, and crystals of 5 and 6 were grown at -20 ºC over a period of weeks.  

Typical 1H NMR (CD2Cl2):  δ 7.92 (d, PhN), 7.53 (d, PhN), 7.40 (s, PhN), 7.20 

(m, toluene), 2.34 (s, toluene);  MS (CI+, CH4) m/e 597 [Ti{HN(Ph)NPh}3, 7.5%], 

367 [ Ti[N(Ph)NH2]2(NNPh), 14%], 353 [TiN5H4(Ph)3, 25%], 325 [Ti(NPh)3H4, 

100%]. 

 

Synthesis of TiCl2(am)2 

 To a solution of Li[PhC{N(TMS)}2](TMEDA) (13.9 g, 36 mmol) in 100 

mL of tetrahydrofuran was added via syringe TiCl4 (2.0 mL, 18 mmol).  The 

reaction mixture was stirred overnight, after which the volatiles were removed in 

vacuo, and the orange-red solid extracted with diethyl ether (2 x 70 mL).  After 

filtration through a glass frit covered with diatomaceous earth, the red solution 

was concentrated and chilled at -20 ºC overnight.  Large red crystals of the 

product were identified by 1H NMR.  Concentration of the supernatant and 

subsequent chilling at -20 ºC over a period of days yielded a second batch of 

product.  Total yield: 5.2 g (8 mmol, 45 %).  1H NMR (CD2Cl2): δ 7.41 (m, 3H, 

o,p-Ph), 7.28 (m, 2H, m-Ph), .049 (s, 18H, Me3Si). 
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Synthesis of TiCl(am)2(MeNNMe2) (7). 

To a solution of trimethylhydrazine (0.23 g, 3 mmol) in 30 mL diethyl 

ether at -78 ºC was added 1.9 mL of a solution of n-BuLi (1.6 M in hexanes) via 

syringe.  The reaction mixture was allowed to come to room temperature and 

stirred overnight.  A solution of TiCl2(am)2 (1.0 g, 1.5 mmol) in 50 mL diethyl 

ether was added, and the reaction mixture was once again stirred overnight.  After 

filtration through a glass frit covered with diatomaceous earth, the orange solution 

was concentrated, and chilled to -78 ºC, yielding an orange oil.  On warming and 

standing at room temperature, 0.22 g (0.33 mmol, 22 %) of red-orange crystals of 

7 formed from the oil.  1H NMR (THF-d8): δ 7.44 (m, 6H, Ph), 7.31 (m, 4H, Ph), 

2.74 (s, 3H, MeN), 2.36 (s, 6H, Me2N), 0.067 (s, 18H, Me3Si); MS (CI+, CH4) 

m/e 683 [M+1, 14%], 647 [M-Cl-, 15%], 609 [TiCl(am)2, 100%]. 
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Chapter 1 Tables of Crystallographic Data 
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Figure 1.10  Molecular structure of Ti2Cl4(NNMe2)(py)3 (two methylene 
chloride solvent molecules omitted for clarity) showing the atom numbering 
scheme. 
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Table 1.1  Crystal data and structure refinement for Ti2Cl4(NNMe2)(py)3 (1) 

 
Identification code  jeff1 
Empirical formula  C10.50 H15.50 Cl4 N3.50 Ti 
Formula weight  380.46 
Temperature  213(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2 (1)/n 
Unit cell dimensions a = 16.9961(7) Å α= 90°. 
 b = 11.1852(5) Å β= 106.3430(10)°. 
 c = 18.3199(7) Å γ = 90°. 
Volume 3342.0(2) Å3 
Z 8 
Density (calculated) 1.512 Mg/m3 
Absorption coefficient 1.142 mm-1 
F(000) 1544 
Crystal size 0.2 x 0.2 x 0.2 mm3 
Theta range for data collection 1.44 to 27.73°. 
Index ranges -21<=h<=19, -13<=k<=11, -11<=l<=23 
Reflections collected 20167 
Independent reflections 7075 [R(int) = 0.0504] 
Completeness to theta = 27.73° 90.1 %  
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7075 / 0 / 379 
Goodness-of-fit on F2 1.044 
Final R indices [I>2sigma(I)] R1 = 0.0601, wR2 = 0.1537 
R indices (all data) R1 = 0.0908, wR2 = 0.1700 
Extinction coefficient 0.0001(3) 
Largest diff. peak and hole 1.050 and -0.648 e.Å-3 
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Table 1.2  Selected bond lengths for Ti2Cl4(NNMe2)(py)3 (1) 

 

Atom 1 Atom 2 Atom 3 

Ti(1) N(41) 1.941(3) 

Ti(1) N(51) 1.955(3) 

Ti(1) N(52) 2.208(4) 

Ti(1) N(42) 2.225(4) 

Ti(1) N(21) 2.272(4) 

Ti(1) Cl(1) 2.3664(13) 

Ti(1) Cl(2) 2.3749(13) 

Ti(1) Ti(2) 2.7847(10) 

Ti(2) N(41) 1.852(3) 

Ti(2) N(51) 1.858(3) 

Ti(2) N(1) 2.223(4) 

Ti(2) N(11) 2.229(4) 

Ti(2) Cl(3) 2.4607(13) 

Ti(2) Cl(4) 2.4660(13) 

N(41) N(42) 1.388(5) 

N(51) N(52) 1.396(5) 

N(42) C(41) 1.472(6) 

N(42) C(42) 1.482(6) 

N(52) C(51) 1.479(6) 

N(52) C(52) 1.482(6) 
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Table 1.3  Selected bond angles for Ti2Cl4(NNMe2)(py)3 (1) 

 

Atom 1 Atom 2 Atom 3 Angle (º) 

N(41) Ti(1) N(51) 83.29(14) 

N(41) Ti(1) N(52) 121.85(14) 

N(51) Ti(1) N(52) 38.57(14) 

N(41) Ti(1) N(42) 38.14(13) 

N(51) Ti(1) N(42) 121.43(14) 

N(52) Ti(1) N(42) 160.00(13) 

N(41) Ti(1) N(21) 137.17(14) 

N(51) Ti(1) N(21) 139.53(14) 

N(52) Ti(1) N(21) 100.97(14) 

N(42) Ti(1) N(21) 99.04(13) 

N(41) Ti(1) Cl(1) 97.09(11) 

N(51) Ti(1) Cl(1) 97.30(11) 

N(52) Ti(1) Cl(1) 91.20(11) 

N(42) Ti(1) Cl(1) 92.21(10) 

N(21) Ti(1) Cl(1) 79.97(10) 

N(41) Ti(1) Cl(2) 97.39(11) 

N(51) Ti(1) Cl(2) 96.55(11) 

N(52) Ti(1) Cl(2) 91.55(11) 

N(42) Ti(1) Cl(2) 91.61(10) 

N(21) Ti(1) Cl(2) 81.04(10) 

N(41) Ti(2) N(51) 88.49(15) 

N(41) Ti(2) N(1) 95.19(14) 

N(51) Ti(2) N(1) 93.84(14) 

N(41) Ti(2) N(11) 91.98(14) 
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Table 1.3  Selected bond angles for (1), Continued 

 

Atom 1 Atom 2 Atom 3 Angle (º) 

N(51) Ti(2) N(11) 96.54(14) 

N(41) Ti(2) Cl(3) 91.03(11) 

N(1) Ti(2) Cl(3) 83.14(10) 

N(11) Ti(2) Cl(3) 86.54(10) 

N(51) Ti(2) Cl(4) 92.82(11) 

N(1) Ti(2) Cl(4) 87.71(10) 

N(11) Ti(2) Cl(4) 84.90(10) 

Cl(3) Ti(2) Cl(4) 87.82(4) 

N(42) N(41) Ti(1) 82.1(2) 

Ti(2) N(41) Ti(1) 94.44(15) 

N(52) N(51) Ti(1) 80.6(2) 

Ti(2) N(51) Ti(1) 93.77(15) 

N(41) N(42) C(41) 113.8(3) 

N(41) N(42) C(42) 114.0(4) 

C(41) N(42) C(42) 109.9(4) 

N(41) N(42) Ti(1) 59.75(19) 

C(41) N(42) Ti(1) 124.5(3) 

C(42) N(42) Ti(1) 123.1(3) 

N(51) N(52) C(51) 113.7(4) 

N(51) N(52) C(52) 113.5(4) 

C(51) N(52) C(52) 110.2(4) 

N(51) N(52) Ti(1) 60.86(19) 

C(51) N(52) Ti(1) 124.1(3) 

C(52) N(52) Ti(1) 122.9(3) 
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Figure 1.11  Molecular structure of TiCl2[N(Ph)NH(Ph)]2(NH2Ph) (2) 
showing the atom numbering scheme.  
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Table 1.4  Crystal data and structure refinement for 
TiCl2[N(Ph)NH(Ph)]2(NH2Ph) (2) 

 
Identification code  p21c 
Empirical formula  C30 H29 Cl2 N5 Ti 
Formula weight  578.38 
Temperature  153(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2 (1)/c 
Unit cell dimensions a = 12.570(3) Å α= 90°. 
 b = 19.233(4) Å β= 100.61(3)°. 
 c = 11.758(2) Å γ = 90°. 
Volume 2794.0(10) Å3 
Z 4 
Density (calculated) 1.375 Mg/m3 
Absorption coefficient 0.526 mm-1 
F(000) 1200 
Crystal size 0.2 x 0.2 x 0.2 mm3 
Theta range for data collection 3.04 to 27.48°. 
Index ranges -16<=h<=16, -24<=k<=24, -15<=l<=15 
Reflections collected 37059 
Independent reflections 6387 [R(int) = 0.0781] 
Completeness to theta = 27.48° 99.8 %  
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6387 / 0 / 459 
Goodness-of-fit on F2 1.017 
Final R indices [I>2sigma(I)] R1 = 0.0443, wR2 = 0.0834 
R indices (all data) R1 = 0.0826, wR2 = 0.0949 
Largest diff. peak and hole 0.273 and -0.394 e.Å-3 
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Table 1.5  Selected bond lengths for TiCl2[N(Ph)NH(Ph)]2(NH2Ph) (2) 

 

Atom 1 Atom 2 Length (Å) 

Ti N(3) 1.9027(18) 

Ti N(1) 1.9092(18) 

Ti N(2) 2.1685(19) 

Ti N(4) 2.1760(19) 

Ti N(5) 2.2711(19) 

Ti Cl(2) 2.3450(9) 

Ti Cl(1) 2.4156(8) 

N(1) C(11) 1.404(3) 

N(1) N(2) 1.418(2) 

N(4) N(3) 1.416(2) 

N(4) C(41) 1.443(3) 

N(5) C(51) 1.443(3) 

N(3) C(31) 1.410(3) 

N(2) C(21) 1.444(3) 
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Table 1.6  Selected bond angles for TiCl2[N(Ph)NH(Ph)]2(NH2Ph) (2) 

 

Atom 1 Atom 2 Atom 3 Angle (º) 

N(3) Ti N(1) 96.93(8) 

N(3) Ti N(2) 136.59(7) 

N(1) Ti N(2) 40.08(7) 

N(3) Ti N(4) 39.93(7) 

N(1) Ti N(4) 136.52(7) 

N(2) Ti N(4) 176.52(7) 

N(3) Ti N(5) 125.79(8) 

N(1) Ti N(5) 137.13(7) 

N(2) Ti N(5) 97.58(7) 

N(4) Ti N(5) 85.89(7) 

N(3) Ti Cl(2) 92.97(6) 

N(1) Ti Cl(2) 100.82(6) 

N(2) Ti Cl(2) 91.02(6) 

N(4) Ti Cl(2) 89.15(6) 

N(5) Ti Cl(2) 82.27(6) 

N(3) Ti Cl(1) 100.80(6) 

N(1) Ti Cl(1) 89.08(6) 

N(2) Ti Cl(1) 86.93(6) 

N(4) Ti Cl(1) 93.97(6) 

N(5) Ti Cl(1) 80.27(6) 

Cl(2) Ti Cl(1) 161.99(3) 

C(11) N(1) N(2) 118.01(17) 

C(11) N(1) Ti 150.01(14) 

N(2) N(1) Ti 79.85(11) 
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Table 1.6  Selected bond angles for (2) continued. 

 

Atom 1 Atom 2 Atom 3 Angle (º) 

N(3) N(4) C(41) 120.71(17) 

N(3) N(4) Ti 59.58(10) 

C(41) N(4) Ti 130.25(14) 

C(51) N(5) Ti 119.50(14) 

C(31) N(3) N(4) 118.56(17) 

C(31) N(3) Ti 149.18(14) 

N(4) N(3) Ti 80.49(11) 

N(1) N(2) C(21) 119.76(17) 

N(1) N(2) Ti 60.07(10) 

C(21) N(2) Ti 129.13(14) 
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Figure 1.12  Molecular structure of one molecule of Ti2Cl4[N(Ph)NH(Ph)]4 
(3) showing the atom numbering scheme. 
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Table 1.7  Crystal Data and Structure Refinement for Ti2Cl4[N(Ph)NH(Ph)]4 
(3). 

Identification code  shelx4 
Empirical formula  C48 H44 Cl4 N8 Ti2 
Formula weight  485.26 
Temperature  153  K 
Wavelength  0.71070 Å 
Crystal system  Triclinic  
Space group  P -1 
Unit cell dimensions a = 11.7950(4) Å α= 86.381(3)°. 
 b = 13.4970(6) Å β= 88.383(3)°. 
 c = 15.8490(8) Å γ = 65.190(2)°. 
Volume 2285.67(17) Å3 
Z 4 
Density (calculated) 1.410 Mg/m3 
Absorption coefficient 0.627 mm-1 
F(000) 1000 
Crystal size 0.2 x 0.2 x 0.2 mm3 
Theta range for data collection 2.99 to 26.32°. 
Index ranges 0<=h<=14, -13<=k<=16, -18<=l<=19 
Reflections collected 7540 
Independent reflections 7540 [R(int) = 0.0000] 
Completeness to theta = 26.32° 81.0 %  
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7540 / 3 / 637 
Goodness-of-fit on F2 1.129 
Final R indices [I>2sigma(I)] R1 = 0.1491, wR2 = 0.3374 
R indices (all data) R1 = 0.1753, wR2 = 0.3586 
Absolute structure parameter 0.17(14) 
Largest diff. peak and hole 1.309 and -0.869 e.Å-3 
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Table 1.8  Selected bond lengths for Ti2Cl4[N(Ph)NH(Ph)]4 (3). 

 

Atom 1 Atom 2 Length (Å) 

C(1) N(1) 1.43(3) 

C(7) N(2) 1.31(4) 

C(13) N(3) 1.20(3) 

C(31) N(6) 1.45(3) 

C(37) N(7) 1.60(4) 

C(43) N(8) 1.46(3) 

N(1) N(2) 1.31(3) 

N(1) Ti(1) 2.06(2) 

N(2) Ti(1) 1.96(3) 

N(3) N(4) 1.53(4) 

N(3) Ti(1) 2.140(18) 

N(4) Ti(1) 2.20(4) 

N(5) N(6) 1.55(3) 

N(5) Ti(2) 2.30(2) 

N(6) Ti(2) 1.86(2) 

N(7) N(8) 1.41(3) 

N(7) Ti(2) 1.710(15) 

N(8) Ti(2) 2.171(18) 

Cl(1) Ti(1) 2.311(8) 

Cl(2) Ti(2) 2.353(8) 

Cl(3) Ti(1) 2.445(8) 

Cl(3) Ti(2) 2.459(6) 

Cl(4) Ti(2) 2.551(12) 

Cl(4) Ti(1) 2.598(11) 
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Table 1.9  Selected bond angles for Ti2Cl4[N(Ph)NH(Ph)]4 (3). 

 

Atom 1 Atom 2 Atom 3 Angle (º) 

Cl(2) Ti(2) Cl(3) 162.7(3) 

Cl(2) Ti(2) Cl(4) 85.3(3) 

Cl(3) Ti(2) Cl(4) 78.2(3) 

N(5) Ti(2) Cl(2) 87.8(6) 

N(5) Ti(2) Cl(3) 97.3(6) 

N(5) Ti(2) Cl(4) 90.5(7) 

N(6) Ti(2) N(8) 136.2(10) 

N(6) Ti(2) N(5) 42.3(10) 

N(6) Ti(2) Cl(2) 105.3(7) 

N(6) Ti(2) Cl(3) 89.3(6) 

N(6) Ti(2) Cl(4) 129.4(9) 

N(7) Ti(2) N(6) 96.1(11) 

N(7) Ti(2) N(8) 40.4(8) 

N(7) Ti(2) N(5) 135.7(9) 

N(7) Ti(2) Cl(2) 91.6(6) 

N(7) Ti(2) Cl(3) 96.1(6) 

N(7) Ti(2) Cl(4) 133.6(7) 

N(8) Ti(2) N(5) 172.3(8) 

N(8) Ti(2) Cl(2) 85.8(5) 

N(8) Ti(2) Cl(3) 90.0(5) 

N(8) Ti(2) Cl(4) 93.2(6) 

Cl(1) Ti(1) Cl(3) 89.7(3) 

Cl(1) Ti(1) Cl(4) 166.6(4) 

Cl(3) Ti(1) Cl(4) 77.5(3) 
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Table 1.9 Selected bond angles for(3) continued. 

 

Atom 1 Atom 2 Atom 3 Angle (º) 

N(1) Ti(1) N(3) 128.2(7) 

N(1) Ti(1) N(4) 166.7(11) 

N(1) Ti(1) Cl(1) 86.7(6) 

N(1) Ti(1) Cl(3) 97.6(5) 

N(1) Ti(1) Cl(4) 99.0(6) 

N(2) Ti(1) N(1) 38.0(8) 

N(2) Ti(1) N(3) 96.3(8) 

N(2) Ti(1) N(4) 136.5(11) 

N(2) Ti(1) Cl(1) 109.6(8) 

N(2) Ti(1) Cl(3) 126.1(6) 

N(2) Ti(1) Cl(4) 81.8(8) 

N(3) Ti(1) N(4) 41.3(10) 

N(3) Ti(1) Cl(1) 91.7(6) 

N(3) Ti(1) Cl(3) 134.1(6) 

N(3) Ti(1) Cl(4) 94.3(6) 

N(4) Ti(1) Cl(1) 85.6(10) 

N(4) Ti(1) Cl(3) 93.2(8) 

N(4) Ti(1) Cl(4) 90.9(10) 

C(43) N(8) Ti(2) 132.4(12) 

N(7) N(8) C(43) 123.6(16) 

N(7) N(8) Ti(2) 51.9(8) 

C(37) N(7) Ti(2) 150.1(19) 

N(8) N(7) C(37) 110.4(19) 

N(8) N(7) Ti(2) 87.7(11) 

C(31) N(6) N(5) 115(2) 
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Table 1.9  Selected bond angles for(3) continued. 

 

Atom 1 Atom 2 Atom 3 Angle (º) 

C(31) N(6) Ti(2) 148.0(18) 

N(5) N(6) Ti(2) 84.0(14) 

C(25) N(5) Ti(2) 120.4(16) 

N(6) N(5) C(25) 108(2) 

N(6) N(5) Ti(2) 53.7(10) 

C(19) N(4) N(3) 103(2) 

C(19) N(4) Ti(1) 136(3) 

N(3) N(4) Ti(1) 67.3(15) 

C(13) N(3) N(4) 128(2) 

C(13) N(3) Ti(1) 142.0(18) 

N(4) N(3) Ti(1) 71.4(15) 

C(7) N(2) Ti(1) 151(2) 

N(1) N(2) C(7) 130(3) 

N(1) N(2) Ti(1) 74.9(16) 

C(1) N(1) Ti(1) 130.6(15) 

N(2) N(1) C(1) 120.5(19) 

N(2) N(1) Ti(1) 67.0(15) 

Ti(3) Cl(8) Ti(4) 103.2(4) 

Ti(3) Cl(7) Ti(4) 102.5(2) 

Ti(2) Cl(4) Ti(1) 98.7(4) 

Ti(1) Cl(3) Ti(2) 105.6(2) 
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Figure 1.13  Molecular structure of TiCl[N(Ph)NH(Ph)]3 (4) showing the 
atom numbering scheme. 
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Table 1.10  Crystal data and structure refinement for TiCl[N(Ph)NH(Ph)]3 
(4).  

Identification code  sxsqz 
Empirical formula  C36 H33 Cl N6 Ti 
Formula weight  633.03 
Temperature  153(2) K 
Wavelength  0.71069 Å 
Crystal system  Monoclinic 
Space group  P 2 (1)/n 
Unit cell dimensions a = 11.593(5) Å α= 90.000(5)°. 
 b = 16.931(5) Å β= 99.642(5)°. 
 c = 17.931(5) Å γ = 90.000(5)°. 
Volume 3470(2) Å3 
Z 4 
Density (calculated) 1.212 Mg/m3 
Absorption coefficient 0.356 mm-1 
F(000) 1320 
Crystal size 0.20 x 0.20 x 0.20 mm3 
Theta range for data collection 2.93 to 29.38°. 
Index ranges -15<=h<=15, -22<=k<=22, -22<=l<=22 
Reflections collected 40413 
Independent reflections 8122 [R(int) = 0.1584] 
Completeness to theta = 29.38° 85.0 %  
Absorption correction None 
Max. and min. transmission 0.9322 and 0.9322 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8122 / 0 / 410 
Goodness-of-fit on F2 1.127 
Final R indices [I>2sigma(I)] R1 = 0.1220, wR2 = 0.2117 
R indices (all data) R1 = 0.2138, wR2 = 0.2436 
Extinction coefficient 0.0000(5) 
Largest diff. peak and hole 0.545 and -0.559 e.Å-3 
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Table 1.11  Selected bond lengths for TiCl[N(Ph)NH(Ph)]3 (4). 

 

Atom 1 Atom 2 Lengths (Å) 

N(11) Ti 1.905(4) 

N(12) Ti 2.201(5) 

N(21) Ti 1.940(4) 

N(22) Ti 2.198(5) 

N(31) Ti 2.189(5) 

N(32) Ti 1.938(5) 

Ti Cl 2.3295(18) 

C(11) N(11) 1.407(7) 

C(21) N(12) 1.433(7) 

N(11) N(12) 1.416(6) 

C(31) N(21) 1.394(7) 

C(41) N(22) 1.437(7) 

N(21) N(22) 1.424(6) 

C(51) N(31) 1.425(7) 

C(61) N(32) 1.396(7) 

N(31) N(32) 1.410(6) 
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Table 1.12  Selected bond angles for TiCl[N(Ph)NH(Ph)]3 (4). 

 

Atom 1 Atom 2 Atom 3 Angle (º) 

N(11) Ti Cl 99.99(14) 

N(11) Ti N(12) 39.53(17) 

N(11) Ti N(21) 111.79(19) 

N(11) Ti N(22) 122.24(19) 

N(11) Ti N(31) 133.78(18) 

N(11) Ti N(32) 95.25(18) 

N(12) Ti Cl 90.98(14) 

N(21) Ti Cl 135.31(14) 

N(21) Ti N(12) 94.10(18) 

N(21) Ti N(22) 39.64(17) 

N(21) Ti N(31) 89.40(19) 

N(22) Ti Cl 96.84(13) 

N(22) Ti N(12) 85.72(18) 

N(31) Ti Cl 90.53(13) 

N(31) Ti N(12) 173.31(18) 

N(31) Ti N(22) 100.57(19) 

N(32) Ti Cl 108.27(14) 

N(32) Ti N(12) 134.17(17) 

N(32) Ti N(21) 99.47(19) 

N(32) Ti N(22) 130.28(19) 

N(32) Ti N(31) 39.36(17) 

C(51) N(31) Ti 126.4(4) 

N(32) N(31) C(51) 121.7(5) 

N(32) N(31) Ti 60.7(2) 

C(61) N(32) N(31) 118.0(4) 
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Table 1.12 Selected bond angles for (4) continued. 

 

Atom 1 Atom 2 Atom 3 Angle (º) 

C(61) N(32) Ti 144.7(4) 

N(31) N(32) Ti 80.0(3) 

C(11) N(11) N(12) 118.5(4) 

C(11) N(11) Ti 153.6(4) 

N(12) N(11) Ti 81.6(3) 

C(21) N(12) Ti 126.3(4) 

N(11) N(12) C(21) 120.8(4) 

N(11) N(12) Ti 58.9(2) 

C(31) N(21) N(22) 119.8(4) 

C(31) N(21) Ti 154.8(4) 

N(22) N(21) Ti 80.0(3) 

C(41) N(22) Ti 127.2(4) 

N(21) N(22) C(41) 120.7(4) 

N(21) N(22) Ti 60.4(2) 
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Figure 1.14 Molecular structure of (Li·Et2O)4[Ti2(PhNNPh)4(NPh)2] (5) (the 
diethyl ethers are omitted for clarity) showing the atom numbering scheme. 
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Table 1.13  Crystal data and structure refinement for 
(Li·Et2O)4[Ti2(PhNNPh)4(NPh)2] (5). 

 
Identification code  c2c 
Empirical formula  C38 H45 Li2 N5 O2 Ti 
Formula weight  665.57 
Temperature  153(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  C 2/c 
Unit cell dimensions a = 19.621(4) Å α= 90°. 
 b = 21.861(4) Å β= 97.52(3)°. 
 c = 17.254(4) Å γ = 90°. 
Volume 7337(3) Å3 
Z 14 
Density (calculated) 1.205 Mg/m3 
Absorption coefficient 0.272 mm-1 
F(000) 2816 
Crystal size 0.2 x 0.2 x 0.2 mm3 
Theta range for data collection 2.94 to 27.49°. 
Index ranges -23<=h<=25, -28<=k<=28, -22<=l<=21 
Reflections collected 39421 
Independent reflections 8346 [R(int) = 0.0822] 
Completeness to theta = 27.49° 99.1 %  
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8346 / 0 / 559 
Goodness-of-fit on F2 1.068 
Final R indices [I>2sigma(I)] R1 = 0.0774, wR2 = 0.1442 
R indices (all data) R1 = 0.1201, wR2 = 0.1580 
Largest diff. peak and hole 0.799 and -0.616 e.Å-3 



 81

Table 1.14  Selected bond lengths for (Li·Et2O)4[Ti2(PhNNPh)4(NPh)2] (5). 

 

Atom 1 Atom 2 Length (Å) 

Ti(1) N(3) 1.947(3) 

Ti(1) N(5) 1.958(2) 

Ti(1) N(6) 2.003(2) 

Ti(1) N(2) 2.052(2) 

Ti(1) N(1) 2.052(2) 

Ti(1) N(4) 2.117(2) 

N(1) C(11) 1.407(4) 

N(1) N(2) 1.460(3) 

N(1) Li(1) 2.059(6) 

N(5) C(51) 1.397(5) 

N(6) C(61) 1.403(5) 

N(6) Li(2) 2.313(6) 

N(3) C(31) 1.390(4) 

N(3) N(4) 1.453(3) 

N(2) C(21) 1.400(4) 

N(2) Li(2) 2.211(7) 

C(41) N(4) 1.399(4) 

N(4) Li(1) 2.024(7) 

O(1) Li(2) 1.917(6) 

O(2) C(73) 1.354(6) 

O(2) C(71) 1.724(14) 

O(2) Li(1) 1.888(6) 
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Table 1.15  Selected bond angles for (Li·Et2O)4[Ti2(PhNNPh)4(NPh)2] (5). 

 

Atom 1 Atom 2 Atom 3 Angle (º) 

N(3) Ti(1) N(5) 104.16(8) 

N(3) Ti(1) N(6) 106.90(10) 

N(5) Ti(1) N(6) 83.82(10) 

N(3) Ti(1) N(2) 135.36(10) 

N(5) Ti(1) N(2) 115.78(7) 

N(6) Ti(1) N(2) 96.79(7) 

N(3) Ti(1) N(1) 118.34(11) 

N(5) Ti(1) N(1) 95.82(9) 

N(6) Ti(1) N(1) 133.17(7) 

N(2) Ti(1) N(1) 41.67(9) 

N(3) Ti(1) N(4) 41.63(10) 

N(5) Ti(1) N(4) 141.41(8) 

N(6) Ti(1) N(4) 118.34(10) 

N(2) Ti(1) N(4) 93.83(10) 

N(1) Ti(1) N(4) 90.45(10) 

C(11) N(1) N(2) 113.3(2) 

C(11) N(1) Ti(1) 136.73(19) 

N(2) N(1) Ti(1) 69.14(13) 

C(11) N(1) Li(1) 128.7(2) 

N(2) N(1) Li(1) 105.9(2) 

Ti(1) N(1) Li(1) 87.19(19) 

C(51) N(5) Ti(1) 131.19(7) 

C(61) N(6) Ti(1) 132.63(7) 

C(61) N(6) Li(2) 94.42(16) 



 83

Table 1.15 Selected bond angles for (5) continued. 

 

Atom 1 Atom 2 Atom 3 Angle (º) 

Ti(1) N(6) Ti(1_1) 94.73(14) 

Ti(1) N(5) Ti(1_1) 97.62(14) 

Ti(1) N(6) Li(2) 83.42(16) 

C(31) N(3) N(4) 117.3(2) 

C(31) N(3) Ti(1) 148.4(2) 

N(4) N(3) Ti(1) 75.46(14) 

C(21) N(2) N(1) 112.5(2) 

C(21) N(2) Ti(1) 131.78(18) 

N(1) N(2) Ti(1) 69.19(13) 

C(21) N(2) Li(2) 122.4(2) 

N(1) N(2) Li(2) 122.9(2) 

Ti(1) N(2) Li(2) 84.97(17) 

C(41) N(4) N(3) 115.1(2) 

C(41) N(4) Li(1) 126.1(3) 

N(3) N(4) Li(1) 116.0(3) 

C(41) N(4) Ti(1) 132.7(2) 

N(3) N(4) Ti(1) 62.91(13) 

Li(1) N(4) Ti(1) 86.38(18) 

O(2) Li(1) N(4) 128.2(3) 

O(2) Li(1) N(1) 130.2(4) 

N(4) Li(1) N(1) 92.9(2) 

O(1) Li(2) N(2) 117.5(3) 

O(1) Li(2) N(6) 137.9(3) 

N(2) Li(2) N(6) 84.1(2) 
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Figure 1.15 Molecular structure of (Li·Et2O)3[Ti(PhNNPh)2(NPh)(NHPh)] (6) 
(the ethyls are omitted from ethers for clarity) showing the atom numbering 
scheme. 
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Table 1.16  Crystal data and structure refinement for 
(Li·Et2O)3[Ti(PhNNPh)2(NPh)(NHPh)] (6). 

 
Identification code  shelx 
Empirical formula  C48 H61 Li3 N6 O3 Ti 
Formula weight  838.75 
Temperature  153(2) K 
Wavelength  0.71069 Å 
Crystal system  Monoclinic  
Space group  P 2(1)/n 
Unit cell dimensions a = 14.428(5) Å α= 90.000(5)°. 
 b = 20.819(5) Å β= 99.886(5)°. 
 c = 16.941(5) Å γ = 90.000(5)°. 
Volume 5013(3) Å3 
Z 4 
Density (calculated) 1.029 Mg/m3 
Absorption coefficient 0.207 mm-1 
F(000) 1624 
Crystal size 0.2 x 0.2 x 0.2 mm3 
Theta range for data collection 3.03 to 26.37°. 
Index ranges -17<=h<=17, -24<=k<=24, -20<=l<=20 
Reflections collected 61891 
Independent reflections 10022 [R(int) = 0.1581] 
Completeness to theta = 26.37° 97.8 %  
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10022 / 0 / 550 
Goodness-of-fit on F2 1.189 
Final R indices [I>2sigma(I)] R1 = 0.1733, wR2 = 0.3800 
R indices (all data) R1 = 0.2384, wR2 = 0.4141 
Largest diff. peak and hole 1.904 and -0.602 e.Å-3 
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Table 1.17  Selected bond lengths for (Li·Et2O)3[Ti(PhNNPh)2(NPh)(NHPh)] 
(6). 
 

Atom 1 Atom 2 Length (º) 

Ti(1) N(1) 2.022(6) 

N(1) N(2) 1.466(8) 

Ti(1) N(2) 2.199(6) 

N(4) N(3) 1.470(9) 

Ti(1) N(3) 2.099(6) 

Ti(1) N(4) 2.049(7) 

Ti(1) N(5) 2.070(7) 

Ti(1) N(6) 1.791(6) 

N(1) C(11) 1.406(9) 

N(2) C(21) 1.378(9) 

N(3) C(31) 1.410(9) 

N(4) C(41) 1.398(10) 

N(5) C(51) 1.400(10) 

N(6) C(61) 1.387(10) 

N(1) Li(1) 2.133(14) 

N(2) Li(1) 2.654(13) 

N(5) Li(1) 2.087(14) 

O(1) Li(1) 1.906(13) 

N(3) Li(2) 2.705(15) 

N(4) Li(2) 2.051(16) 

N(6) Li(2) 2.084(17) 

O(2) Li(2) 1.862(16) 

N(2) Li(3) 1.997(14) 

N(3) Li(3) 1.974(14) 
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Table 1.18  Selected bond angles for (Li·Et2O)3[Ti(PhNNPh)2(NPh)(NHPh)] 
(6). 

Atom 1 Atom 2 Atom 3 Angle (º) 

N(6) Ti(1) N(1) 114.1(3) 

N(6) Ti(1) N(4) 100.0(3) 

N(1) Ti(1) N(4) 134.9(2) 

N(6) Ti(1) N(5) 103.4(3) 

N(1) Ti(1) N(5) 94.6(2) 

N(4) Ti(1) N(5) 105.5(2) 

N(6) Ti(1) N(3) 100.9(3) 

N(1) Ti(1) N(3) 101.2(2) 

N(4) Ti(1) N(3) 41.5(2) 

N(5) Ti(1) N(3) 142.3(3) 

N(6) Ti(1) N(2) 154.2(3) 

N(1) Ti(1) N(2) 40.4(2) 

N(4) Ti(1) N(2) 100.7(2) 

N(5) Ti(1) N(2) 85.5(2) 

N(3) Ti(1) N(2) 84.9(2) 

C(11) N(1) N(2) 116.4(5) 

C(11) N(1) Ti(1) 133.6(5) 

N(2) N(1) Ti(1) 76.3(3) 

C(11) N(1) Li(1) 134.4(6) 

N(2) N(1) Li(1) 93.2(5) 

Ti(1) N(1) Li(1) 84.7(4) 

C(21) N(2) N(1) 114.1(5) 

C(21) N(2) Li(3) 130.2(6) 

N(1) N(2) Li(3) 111.4(6) 

C(21) N(2) Ti(1) 129.4(4) 
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Table 1.18 Selected bond angles for (6) continued. 

 

Atom 1 Atom 2 Atom 3 Angle (º) 

N(1) N(2) Ti(1) 63.3(3) 

Li(3) N(2) Ti(1) 88.8(4) 

C(21) N(2) Li(1) 71.4(5) 

N(1) N(2) Li(1) 53.3(4) 

Li(3) N(2) Li(1) 157.5(6) 

Ti(1) N(2) Li(1) 69.7(3) 

C(41) N(4) N(3) 114.4(6) 

C(41) N(4) Li(2) 139.1(7) 

N(3) N(4) Li(2) 99.1(6) 

C(41) N(4) Ti(1) 130.3(5) 

N(3) N(4) Ti(1) 71.1(3) 

Li(2) N(4) Ti(1) 81.3(5) 

C(31) N(3) N(4) 112.7(6) 

C(31) N(3) Li(3) 130.3(6) 

N(4) N(3) Li(3) 110.9(6) 

C(31) N(3) Ti(1) 125.6(5) 

N(4) N(3) Ti(1) 67.4(3) 

Li(3) N(3) Ti(1) 92.4(4) 

C(31) N(3) Li(2) 75.7(5) 

N(4) N(3) Li(2) 48.5(5) 

Li(3) N(3) Li(2) 154.0(6) 

Ti(1) N(3) Li(2) 66.2(4) 

C(61) N(6) Ti(1) 169.7(7) 

C(61) N(6) Li(2) 101.4(7) 

Ti(1) N(6) Li(2) 86.8(5) 
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Table 1.18 Selected bond angles for (6) continued. 

 

Atom 1 Atom 2 Atom 3 Angle (º) 

C(51) N(5) Ti(1) 131.4(5) 

C(51) N(5) Li(1) 113.3(6) 

O(2) Li(2) N(4) 129.3(10) 

O(2) Li(2) N(6) 126.0(9) 

N(4) Li(2) N(6) 90.9(6) 

O(2) Li(2) N(3) 156.3(9) 

N(4) Li(2) N(3) 32.5(3) 

N(6) Li(2) N(3) 76.6(5) 

O(1) Li(1) N(5) 122.8(7) 

O(1) Li(1) N(1) 136.1(8) 

N(5) Li(1) N(1) 90.9(5) 

O(1) Li(1) N(2) 162.9(7) 

N(5) Li(1) N(2) 74.3(4) 

N(1) Li(1) N(2) 33.5(3) 

C(22) Li(1) N(2) 57.0(4) 

C(21) Li(1) N(2) 30.5(2) 

O(3) Li(3) N(3) 126.6(8) 

O(3) Li(3) N(2) 139.0(8) 

N(3) Li(3) N(2) 93.9(6) 
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Figure 1.16  Molecular structure of Li[PhC{N(TMS)}2]·(TMEDA) showing 
the atom numbering scheme. 
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Table 1.19  Crystal data and structure refinement for 
Li[PhC{N(TMS)}2]·(TMEDA). 

Identification code  shelx 
Empirical formula  C19 H39 Li N4 Si2 
Formula weight  386.66 
Temperature  153(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2 (1)/n 
Unit cell dimensions a = 10.5841(3) Å α= 90°. 
 b = 13.2324(3) Å β= 91.5350(10)°. 
 c = 18.1467(5) Å γ = 90°. 
Volume 2540.59(12) Å3 
Z 8 
Density (calculated) 1.011 Mg/m3 
Absorption coefficient 0.149 mm-1 
F(000) 848 
Crystal size 0.50 x 0.40 x 0.30 mm3 
Theta range for data collection 3.28 to 27.49°. 
Index ranges -13<=h<=13, -16<=k<=17, -23<=l<=19 
Reflections collected 33850 
Independent reflections 5816 [R(int) = 0.0713] 
Completeness to theta = 27.49° 99.8 %  
Absorption correction None 
Max. and min. transmission 0.9568 and 0.9294 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5816 / 0 / 245 
Goodness-of-fit on F2 1.019 
Final R indices [I>2sigma(I)] R1 = 0.0680, wR2 = 0.1607 
R indices (all data) R1 = 0.1134, wR2 = 0.1823 
Largest diff. peak and hole 0.509 and -0.401 e.Å-3 
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Table 1.20 Selected bond lengths for Li[PhC{N(TMS)}2]·(TMEDA). 

 

Atom 1 Atom 2 Length (º) 

Si(1) N(1) 1.705(2) 

Si(2) N(2) 1.714(2) 

C(1) N(2) 1.327(3) 

C(1) N(1) 1.330(3) 

C(1) C(31) 1.503(3) 

C(1) Li 2.334(5) 

N(2) Li 2.035(5) 

N(1) Li 2.024(5) 

N(3) C(41) 1.444(4) 

N(3) C(42) 1.448(4) 

N(3) C(43) 1.455(4) 

N(3) Li 2.121(5) 

N(4) C(46) 1.443(5) 

N(4) C(44) 1.448(5) 

N(4) C(45) 1.456(5) 

N(4) Li 2.109(5) 

C(44) C(43) 1.265(5) 
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Table 1.21 Selected bond angles for Li[PhC{N(TMS)}2]·(TMEDA). 

 

Atom 1 Atom 2 Atom 3 Angle (º) 

N(1) Si(1) C(13) 111.96(16) 

N(1) Si(1) C(12) 106.48(13) 

N(1) Si(1) C(11) 116.42(12) 

N(2) Si(2) C(23) 107.24(16) 

N(2) Si(2) C(21) 114.99(15) 

N(2) Si(2) C(22) 113.58(14) 

N(2) C(1) N(1) 119.8(2) 

N(2) C(1) C(31) 120.7(2) 

N(1) C(1) C(31) 119.5(2) 

N(2) C(1) Li 60.35(16) 

N(1) C(1) Li 59.84(17) 

C(31) C(1) Li 173.2(2) 

C(1) N(2) Si(2) 130.48(17) 

C(1) N(2) Li 85.13(19) 

Si(2) N(2) Li 144.00(17) 

C(1) N(1) Si(1) 131.10(17) 

C(1) N(1) Li 85.54(19) 

Si(1) N(1) Li 141.70(17) 

C(36) C(31) C(1) 120.5(2) 

C(32) C(31) C(1) 121.8(2) 

C(41) N(3) C(42) 109.4(3) 

C(41) N(3) C(43) 109.0(3) 

C(42) N(3) C(43) 110.1(3) 

C(41) N(3) Li 114.5(2) 
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Table 1.21 Selected bond angles for Li[PhC{N(TMS)}2](TMEDA) continued. 

 

Atom 1 Atom 2 Atom 3 Angle (º) 

C(42) N(3) Li 111.8(2) 

C(43) N(3) Li 101.7(2) 

C(46) N(4) C(44) 110.8(4) 

C(46) N(4) C(45) 109.1(4) 

C(44) N(4) C(45) 111.8(4) 

C(46) N(4) Li 108.0(3) 

C(44) N(4) Li 102.5(2) 

C(45) N(4) Li 114.6(3) 

C(43) C(44) N(4) 124.2(4) 

N(1) Li N(2) 68.99(16) 

N(1) Li N(4) 119.2(2) 

N(2) Li N(4) 122.7(2) 

N(1) Li N(3) 136.3(3) 

N(2) Li N(3) 128.3(2) 

N(4) Li N(3) 86.75(18) 

N(1) Li C(1) 34.62(10) 

N(2) Li C(1) 34.51(10) 

N(4) Li C(1) 126.2(2) 

N(3) Li C(1) 146.9(2) 

C(44) C(43) N(3) 124.6(3) 
 



 95

 

Figure 1.17  Molecular structure of TiCl(am)2(MeNNMe2) (7) (one diethyl 
ether solvent molecule is omitted for clarity) showing the atom numbering 
scheme. 
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Table 1.22 Crystal data and structure refinement for TiCl(am)2(MeNNMe2) 
(7). 

Identification code  p21overc 
Empirical formula  C33 H65 Cl1 N6 O1 Si4 Ti 
Formula weight  756.35 
Temperature  153(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c 
Unit cell dimensions a = 11.664(2) Å α= 90°. 
 b = 21.175(4) Å β= 100.42(3)°. 
 c = 17.730(4) Å γ = 90°. 
Volume 4307.0(15) Å3 
Z 5 
Density (calculated) 1.344 Mg/m3 
Absorption coefficient 0.423 mm-1 
F(000) 1890 
Crystal size 0.2 x 0.2 x 0.4 mm3 
Theta range for data collection 2.99 to 27.47°. 
Index ranges -15<=h<=15, -27<=k<=26, -23<=l<=22 
Reflections collected 17915 
Independent reflections 9817 [R(int) = 0.0913] 
Completeness to theta = 27.47° 99.5 %  
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9817 / 0 / 565 
Goodness-of-fit on F2 1.017 
Final R indices [I>2sigma(I)] R1 = 0.0720, wR2 = 0.1323 
R indices (all data) R1 = 0.1807, wR2 = 0.1672 
Largest diff. peak and hole 0.903 and -0.935 e.Å-3 
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Table 1.23 Selected bond lengths for TiCl(am)2(MeNNMe2) (7). 

 

Atom 1 Atom 2 Length (º) 

N(1) Ti(1)  2.219(3) 

N(2) Ti(1)  2.122(3) 

N(3) Ti(1)  2.212(3) 

N(4) Ti(1)  2.126(3) 

N(5) Ti(1)  1.898(3) 

N(6) Ti(1)  2.200(3) 

Ti(1) Cl  2.3749(14) 

C(6) N(1)  1.326(5) 

C(6) N(2)  1.345(5) 

C(5) N(3)  1.323(5) 

C(5) N(4)  1.341(5) 

C(1) N(5)  1.455(6) 

C(2) N(6)  1.475(5) 

C(3) N(6)  1.460(6) 

N(5) N(6)  1.409(5) 

N(1) Si(1)  1.756(3) 

N(2) Si(2)  1.750(3) 

N(3) Si(3)  1.746(3) 

N(4) Si(4)  1.756(3) 
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Table 1.24 Selected bond angles for TiCl(am)2(MeNNMe2) (7). 

 

Atom 1 Atom 2 Atom 3 Angle (º) 

N(1) Ti(1) Cl 96.55(9) 

N(2) Ti(1) Cl 158.21(10) 

N(2) Ti(1) N(1) 62.87(12) 

N(2) Ti(1) N(3) 88.95(11) 

N(2) Ti(1) N(4) 96.00(12) 

N(2) Ti(1) N(6) 91.43(12) 

N(3) Ti(1) Cl 83.79(8) 

N(3) Ti(1) N(1) 90.32(12) 

N(4) Ti(1) Cl 98.76(9) 

N(4) Ti(1) N(1) 146.86(12) 

N(4) Ti(1) N(3) 62.53(12) 

N(4) Ti(1) N(6) 125.75(13) 

N(5) Ti(1) Cl 90.19(10) 

N(5) Ti(1) N(1) 121.68(13) 

N(5) Ti(1) N(2) 106.42(13) 

N(5) Ti(1) N(3) 147.94(13) 

N(5) Ti(1) N(4) 87.54(13) 

N(5) Ti(1) N(6) 39.36(13) 

N(6) Ti(1) Cl 92.84(9) 

N(6) Ti(1) N(1) 82.38(12) 

N(6) Ti(1) N(3) 171.59(13) 

C(6) N(1) Si(1) 125.5(3) 

C(6) N(1) Ti(1) 88.6(2) 

Si(1) N(1) Ti(1) 142.63(17) 
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Table 1.24 Selected bond angles for (7) continued. 
 

Atom 1 Atom 2 Atom 3 Angle (º) 

C(6) N(2) Si(2) 128.7(3) 

C(6) N(2) Ti(1) 92.3(2) 

Si(2) N(2) Ti(1) 138.97(18) 

C(5) N(3) Si(3) 129.2(3) 

C(5) N(3) Ti(1) 89.3(2) 

Si(3) N(3) Ti(1) 140.80(18) 

C(5) N(4) Si(4) 126.5(3) 

C(5) N(4) Ti(1) 92.5(2) 

Si(4) N(4) Ti(1) 140.05(18) 

C(1) N(5) Ti(1) 143.9(3) 

N(6) N(5) C(1) 117.0(4) 

N(6) N(5) Ti(1) 82.0(2) 

C(2) N(6) Ti(1) 122.1(3) 

C(3) N(6) C(2) 111.1(4) 

C(3) N(6) Ti(1) 123.9(3) 

N(5) N(6) C(2) 116.4(3) 

N(5) N(6) C(3) 112.3(4) 

N(5) N(6) Ti(1) 58.67(17) 

N(1) Si(1) C(11) 113.52(19) 

N(1) Si(1) C(12) 109.9(2) 

N(1) Si(1) C(13) 112.1(2) 

N(2) Si(2) C(21) 115.2(2) 

N(2) Si(2) C(22) 109.92(19) 

N(2) Si(2) C(23) 109.2(2) 

N(3) Si(3) C(31) 106.9(2) 
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Table 1.24 Selected bond angles for (7) continued. 

 

Atom 1 Atom 2 Atom 3 Angle (º) 

N(3) Si(3) C(32) 115.5(2) 

N(3) Si(3) C(33) 108.6(3) 

N(4) Si(4) C(41) 115.30(19) 

N(4) Si(4) C(42) 109.4(2) 

N(4) Si(4) C(43) 108.9(3) 

N(3) C(5) C(50) 121.9(4) 

N(3) C(5) N(4) 115.5(3) 

N(4) C(5) C(50) 122.6(4) 

N(1) C(6) C(60) 122.6(3) 

N(1) C(6) N(2) 116.0(3) 

N(2) C(6) C(60) 121.3(3) 



 101

References

                                                 

(1) CRC Handbook of Chemistry and Physics; Lide, D.R., Ed.; 73rd edition, 

CRC Press, Boca Raton, FL, 1992; pp 12-142 – 12-146. 

(2) “Titanium Nitride TiN Physical Properties,” 

http://www.brycoat.com/physprop.html, Copyright © 2002 BryCoat Inc., 

Last modified: July 24, 2002. 

(3) “Part 4: FAQ: Teenage of orthodontic patients™,” 

http://www.bracesinfo.com/teen4.html#stylishbraces, Copyright © 1997 

Rich Masel. 

(4) Suni, I.; Blomberg, M.; Saarilahti, J., J. Vac. Sci. Technol. A, 1985, 3 (6), 

2233 

(5) CRC Handbook of Chemistry and Physics; Lide, D.R., Ed.; 73rd edition, 

CRC Press, Boca Raton, FL, 1992; pp 12-29 – 12-33. 

(6) CRC Handbook of Chemistry and Physics; Lide, D.R., Ed.; 73rd edition, 

CRC Press, Boca Raton, FL, 1992; pp 12-78 – 12-82. 

(7) Armigliato, A.; Finetti, M.; Garulli, A.; Guerri, S.; Lotti, R.; Ostoja, P., 

Thin Solid Films, 1985, 129, 55 

(8) CRC Handbook of Chemistry and Physics; Lide, D.R., Ed.; 73rd edition, 

CRC Press, Boca Raton, FL, 1992; pp 12-34 – 12-36. 

(9) Johansson, B.O.; Sundgren, J.-E.; Greene, J.E.; Rockett, A.; Barnett, S.A., 

J. Vac. Sci. Technol. A, 1985, 3 (2), 303 



 102

                                                                                                                                     

(10) Schintlmeister, W.; Pacher, O.; Pfaffinger, K., J. Electrochem. Soc., 1976, 

123, 924 

(11) Gross, M. E.; Siegrist, T., Inorg. Chem., 1992, 31, 4898 

(12) Hoffman, D. M., Polyhedron, 1994, 13 (8), 1169 

(13) Winter, C. H.; Lewkebandara, T. S.; Proscia, J. W.; Rheingold, A. L.; 

Inorg. Chem., 1994, 33, 1227 

(14) Cowley, A. H.; Jones, R. A., Angew. Chem. Int. Ed. Engl., 1989, 28, 1208 

(15) Fix, R.M.; Gordon, R.G.; Hoffman, D.M., Chem. Mater. 1990, 2, 235 

(16) Laurent, F.; Zhao, J.S.; Valade, L.; Choukron, R.; Cassoux, P.J., J. Anal. 

Appl. Pyrolysis, 1992, 24, 39. 

(17) Winter, C.H.; Sheridan, P.H.; Lewkebandara, T.S.; Heeg, M.J.; Proscia, 

J.W., J. Am. Chem. Soc., 1992, 114, 1095. 

(18) Winter, C.H.; Lewkebandara, T.S.; Proscia, J.W.; Rheingold, A.L, Inorg. 

Chem., 1994, 33, 1227 

(19) Ikeda, K.; Maeda, M.; Arita, Y., Jpn. J. Appl. Phys., 1993, 32, 3085. 

(20) Carmalt, C.J.; Cowley, A.H.; Culp, R.D.; Jones, R.A.; Sun, Y.-M.; Fitts, 

B.; Whaley, S.; Roesky, H.W., Inorg. Chem., 1997, 36, 3108. 

(21) Carmalt, C.J.; Whaley, S.R.; Lall, P.S.; Cowley, A.H.; Jones, R.A.; 

McBurnett, B.G.; Ekerdt, J.G., J. Chem. Soc., Dalton Trans., 1998, 553 and 

references therein. 

(22) Scheper, J.T.; McKarns, P.J.; Lewkebandara, T.S.; Winter, C.H., Mater. 

Sci. Semicon. Proc. 1999, 2, 149 



 103

                                                                                                                                     

(23) CRC Handbook of Chemistry and Physics; Lide, D.R., Ed.; 73rd edition, 

CRC Press, Boca Raton, FL, 1992; pp 9-129 – 9-145. 

(24) Ohba, T.; Suzuki, T.; Yagi, H.; Furumura, Y.; Hatano, T., J. Electrochem. 

Soc., 1995, 142 (3), 934 

(25) Winter, C.H.; McKarns, P.J.; Scheper, J.T.,  Mater. Res. Soc. Symp. Proc., 

1998, 495, 95. 

(26) Duchateau, R.; van Wee, C. T.; Teuben, J.H., Organometallics, 1996, 15, 

2291. 

(27) See for example Fackler, J.P.; Kristine, F.J.; Mazany, A.M.; Moyer, T.J.; 

Shepherd, R.E., Inorg.Chem., 1985, 24, 1857. 

(28) See as examples: Thorn, D.L.; Nugent, W.A.; Harlow, R.L., J. Am. Chem. 

Soc., 1981, 103, 357; Stewart, P.J.; Blake, A.J.; Mountford, P, J. 

Organomet. Chem., 1998, 564, 209. 

(29) Gray, S.D.; Thorman, J.L.; Adamian, V.A.; Kadish, K.M.; Woo, L.K., 

Inorg.Chem., 1998, 37, 1. 

(30) Hill, J.E.; Profilet, R.D.; Fanwick, P.E.; Rothwell, I.P, Angew. Chem., Int. 

Ed. Engl., 1990, 29, 664. 

(31) Duchateau, R.; Williams, A.J.; Gambarotta, S.; Chiang, M.Y., Inorg. 

Chem., 1991, 30, 4863. 

(32) Bosold, F.; Marsch, M.; Harms, K.; Boche, G., Z. Kristallogr., New Cryst. 

Struct., 1998, 213, 623. 

(33) West, R.; Stewart, H.F., J. Am. Chem. Soc., 1969, 92, 853. 



 104

                                                                                                                                     

(34) Hughes, D.L.; Latham, I.A.; Leigh, G.J., J. Chem. Soc. Dalton Trans., 

1986, 393. 

(35) Latham, I.A.; Leigh, G.J, J. Chem. Soc. Dalton Trans., 1986, 399. 

(36) Schrock, R.R.; Glassman, T. E.; Vale, M. G.; Kol, M, I. Am. Chem. Soc., 

1993, 115, 1760. 

(37) (a) Latham, I.A.; Leigh, G.J.; Huttner, G.; Jibril, I, J. Chem. Soc. Dalton 

Trans., 1986, 377.  

(b) Latham, I.A.; Leigh, G.J.; Huttner, G.; Jibril, I, J. Chem. Soc. Dalton 

Trans., 1986, 385.  

(c) Hughes, D.L.; Jimenez-Tenorio, M.; Leigh, G.J.; Walker, D.G., J. 

Chem. Soc. Dalton Trans., 1989, 2389. 

(38) Dick, D.G.; Duchateau, R.; Edema, J.J.H.; Gambarotta, S., Inorg. Chem., 

1993, 32, 1959. 

(39) (a) Dilworth, J.R.; Latham, I.A.; Leigh, G.J.; Huttner, G.; Jibril, I., J. 

Chem. Soc., Chem. Commun., 1983, 22, 1368.  

(b) Kiremire, E.M.R.; Leigh, G.J.; Dilworth, J.R.; Henderson, R.A., Inorg. 

Chim. Acta., 1984, 83, L83. 

(c) Hemmer, R.; Thewalt, U.; Hughes, D.L.; Leigh, G.J.; Walker, D.G., J. 

Organomet. Chem., 1987, 323, C29. 

(d) Hughes, D.L.; Leigh, G.J.; Walker, D.G., J. Chem. Soc. Dalton Trans., 

1989, 7, 1413. 



 105

                                                                                                                                     

(40) Roesky, H.W.; Meller, B.; Noltemeyer, M.; Schmidt, H.-G.; Scholz, U.; 

Sheldrick, G.M., Chem. Ber., 1988, 121, 1403. 

(41) Class, J.B.; Aston, J.G.; Oakwood, T.S., J. Am. Chem. Soc., 1953, 75, 

2937. 

(42) Mitzel, N.W., Chem. Eur. J., 1998, 4, 692. 

 



 106

CHAPTER 2  

MAIN GROUP “CONSTRAINED GEOMETRY” COMPLEXES 

 

Introduction  

 

TRANSITION METAL OLEFIN POLYMERIZATION CATALYSIS 

Polymers and polymer-based materials are finding ever-increasing 

importance in industry, for applications that span nearly the whole spectrum of 

manufactured goods.  Their popularity is based on a number of key properties, 

including a relatively low cost of production and ease in handling, but it is 

difficult to narrow the range of attractive properties to a single list.  This is 

because the physical properties vary greatly from one polymer system to the next, 

and even within polymer systems depending on, among other factors, very small 

differences in how a given polymer is synthesized. 

Olefin-based polymers, or polyolefins, comprise a large part of the total 

polymer market.1  For the most part, the polymerization of olefins is a process 

dependent upon metal-based catalysts.  The first major category of polymerization 

catalyst systems is based on the work of Ziegler, who polymerized ethylene with a 

two-component catalyst comprised of titanium(IV) chloride and diethylaluminum 

chloride,2 and Natta, whose work with polypropylene noted the effect of catalyst 

conditions on the structure, and therefore the properties of the resulting polymer.3  
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The Ziegler-Natta catalysts, for which the inventors shared the 1963 Nobel Prize 

in Chemistry, are heterogeneous catalysts, meaning that they operate in a multi-

phase process, in which the exact structure of the catalyst species is subject to a 

limited amount of control.  The resulting catalyst features a range of possible 

active sites, each of which could potentially bind olefin monomers at a different 

rate and a different orientation.  The relative lack of control over the interaction 

between olefins and the catalytically active centers results in polymers with 

variable chain length and poor stereoregularity. Highly stereoregular polymers, 

such as isotactic polypropylene (Scheme 2.1), with a narrow molecular weight 

distribution can be crystalline solids with high melting points and tensile 

strengths, thus increasing their range of applications. 
 

Isotactic polypropylene

Syndiotactic polypropylene

Atactic polypropylene

Scheme 2.1 Stereoisomerism in a typical polyolefin.  
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One approach to improved stereoregularity is to limit the olefin-metal 

center interaction to formation of a single, predictable olefin complex.  In 

metallocene-based homogenous catalysis, olefins are limited to binding to only 

one type of active site at the metal.  In a typical metallocene system, an active 

catalyst is created by “activation” of bis(cyclopentadienyl)metal chloride, such as 

Cp2ZrCl2, by excess methylalumoxane (MAO).  MAO is a complex compound of 

aluminum, oxygen, and methyl groups which is synthesized by carefully 

controlled partial hydrolysis of trimethylaluminum, and is generally thought to 

consist of oligomers of aluminum atoms bridged by oxygen atoms, with exterior 

valences occupied by methyl groups.  However, the exact structure of MAO is the 

subject of continuing research. 

Activation by MAO is believed to occur via a two-step process.  

Regarding our typical catalyst, Cp2ZrCl2, MAO replaces both of the chloride 

groups with methyls, making stable Al-Cl bonds in the process.  Next, the MAO, 

as a highly Lewis –acidic complex, abstracts a methanide anion from Cp2ZrMe2, 

forming [Cp2ZrCl]+ and [MeMAO-].  Other powerful Lewis acids have shown the 

ability to activate metallocene methyl complexes by partial or full methyl 

abstraction, most notably a series of perfluoroaryl boranes, the best known of 

which is (C6F5)3B.4  Overall, metallocene catalysts with suitable activators 

produce polymers with much narrower molecular weight distributions than 

traditional Ziegler-Natta catalysts, and at activities which are often orders of 

magnitude higher.1 
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However, such catalysts do not solve the problem of stereoregularity  

Activated metallocene catalysts, such as [Cp2ZrMe][MeMAO], offer a relatively 

open active site for the incoming monomers, and therefore offer little to no 

hindrance to the binding of asymmetric olefins, such as propylene, in more than 

one orientation.  The orientation of the monomer carries over as it is inserted into 

the metal-carbon bond of the growing polymer chain, hence the overall 

stereochemistry is random, and an atactic polymer results.  The development of 

bridged or ansa-metallocenes employing asymmetric cyclopentadienide 

derivatives, such as the racemic enantiomers of ethylenebis(indenyl)5 and 

ethylenebis(tetrahydroindenyl),6 was a major improvement in controlling the 

stereochemistry of the metal center.  The fact that the catalyst is asymmetrical 

creates a sterically preferred orientation for the incoming monomer, and leads to 

highly isotactic polymer.7  

 

“CONSTRAINED GEOMETRY” COMPLEXES 

Once the connection between the catalyst ligand arrangement and polymer 

properties was firmly established, scores of specialized metallocenes were 

developed for very particular types of polymers.  One of the developments was 

the synthesis of cyclopentadienyl ligands that feature a functionalized side arm 

that is capable of binding to the metal center, creating a dianionic ligand as 

illustrated in Scheme 2.2.  In the patent literature, metal complexes that utilize 

this type of tethered-cyclopentadienyl ligand system are referred to as 

“constrained geometry catalysts.”8  Commonly this term, often abbreviated 
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simply as CGC, has come to refer specifically to the ligand in Scheme 2.2, first 

used by Bercaw et al. to prepare neutral scandium catalysts with modest olefin 

polymerization activity.9,10 

 

Me2Si

N

t-Bu

Scheme 2.2  The CGC Ligand, [(Me4Cp)(t-BuN)SiMe2]-2.  

 

 Subsequently, it was found that “constrained geometry” (CGC) complexes 

of the Group 4 metals, when activated by either MAO or perfluoroarylboranes, 

are highly active olefin polymerization catalysts, and are especially useful for the 

copolymerization of ethylene and longer chain α-olefins.11,12  These catalysts are 

the subject of much current study,13 and numerous patents have been issued.8,14  

However, in stark contrast, very little research has been done on the use of the 
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constrained geometry ligand in the context of main group chemistry.  The only 

examples are used as transfer reagents in the synthesis of constrained geometry 

compounds of d- or f-block metals.10,15,16,17  Of the main group reagents, only the 

monopotassium salt has been structurally characterized.17 

 This chapter discusses the synthesis and characterization of the first 

examples of constrained geometry complexes containing Group 13 and Group 15 

elements.  Some aspects of this work have been carried out by John Gorden,18 and 

Robert Wiacek.19  These main group constrained geometry complexes differ 

strikingly from their transition metal congeners, most notably in the nature of the 

interaction between the main group element and the C5Me4 ring.  Also examined 

are some Group 13 bimetallic complexes, that feature unique (C5Me4) π→E  (E = 

Group 13 element) interaction, which shed light on the nature of the di-Grignard 

salt of the constrained geometry ligand.16  Finally, the results of attempts to effect 

ethylene polymerization with these new compounds are presented. 
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Section 2.1  

Group 13 monometallic complexes 

 

INTRODUCTION 

The first transition metal compounds to use the constrained geometry 

ligand system were, as mentioned above, scandium complexes.9,10  Therefore, a 

logical starting point for synthesis of analogous main group derivatives are the 

group 13 elements.  This is especially true in light of recent reports of cationic 

aluminum-based olefin polymerization catalysis systems (Scheme 2.3).20,21  Of 

key interest is the high activity of [Cp2Al][MeB(C6F5)3], since this compound 

closely resembles a typical transition-metal metallocene catalyst.  It was also felt 

that the generally more metallic character of the group 13 elements (other than 

boron), relative to groups further to the right in the p-block, would allow better 

direct comparison with the known d-block complexes.  Additionally, the synthetic 

methodologies that had been developed for d- and f-block complexes were likely 

to be successful for the synthesis of the desired group 13 derivatives.  Overall, it 

was believed that gaining synthetic access to p-block constrained geometry 

complexes in this fashion would allow the study to be extrapolated to include 

other main group elements, particularly those of group 15 (Sections 2.3-2.4). 
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Ref. 21

Ref. 20a
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Ref. 20c

[MeB(C6F5)3]-

Scheme 2.3 Cationic aluminum-based olefin polymerization
catalysts:  purported catalytically active species.  
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Moreover, it was felt that comparisons between the constrained geometry 

complexes of the group 13 and group 15 elements would be of considerable 

interest.  

 

RESULTS AND DISCUSSION 

(CGC)GaMe·THF 

One synthetic pathway that has proved to be highly successful for the 

preparation of transition metal constrained geometry complexes is treatment of 

the Grignard (MgCl)2CGC(THF)16 with a halide derivative.  Accordingly, it was 

found that the reaction of MeGaCl2 in THF with one equivalent of this Grignard 

reagent, followed by removal of volatiles in vacuo and extraction of the solids 

with hexane, yielded a pale yellow solution from which large, very pale yellow 

crystals of 1 were formed upon prolonged cooling at -20 ºC.   
1H NMR spectroscopy of the product in toluene-d8 was indicative of an 

η5-η1 tethered complex, as indicated by the presence of equivalent silyl methyl 

groups on the backbone, two sets of equivalent methyl groups on the C5Me4 ring, 

and sharp singlets for both the tert-butyl and gallium-methyl protons.  Also easily 

identifiable were two somewhat broader peaks corresponding to tetrahydrofuran, 

the integration of which confirmed the presence of one equivalent of this Lewis 

basic solvent.  Examination of the CI MS, in the positive ionization mode, 

revealed the partial persistence of the complexed tetrahydrofuran in the gas phase.  

The assignments of the peaks at m/e 404 and 334, [(CGC)GaMe(THF) - H]+ and 

[(CGC)GaMe + H]+, respectively, were confirmed by high-resolution MS.  A 
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complete listing of NMR chemical shift values and mass spectral data is presented 

in Synthesis of 1 in the Experimental Section at the end of this chapter 

 The incorporation of a tetrahydrofuran molecule in the molecular structure 

of 1 was also confirmed by X-ray crystallography (Figure 2.1).  Details regarding 

the data collection and structure refinement are presented in Table 2.2.  Selected 

bond lengths and angles can be found in Table 2.3 and Table 2.4, respectively. 

In the solid state, the interaction between the gallium center and the C5Me4 

ring is clearly η1.  The Ga-C(1) distance is 2.054(2) Å, while the next closest ring 

carbon is the silyl-linked carbon, C(2), at a distance of 2.626(2) Å.  Carbon atom 

C(2) is closer to the gallium than C(5), tracing in the other direction from C(1), by 

nearly 0.4 Å, as a result of the combined constraints of the flat C5Me4 ring and the 

presence of the second five-membered ring formed by the gallium atom, the 

backbone nitrogen and silicon atoms, and two ring carbon atoms.  The C5Me4 ring 

itself maintains a clearly localized diene structure.  Three of four ring methyl 

groups remain in the plane of the ring, and the methyl group on the nearly 

tetrahedral carbon center C(1) is bent ~46º above the ring plane.  As expected, the 

C5Me4 ring bond lengths alternate; the C(2)-C(3) and C(4)-C(5) bond lengths are, 

on average, 0.11 Å shorter than the other three.  Since the geometry at C(1) is 

nearly tetrahedral, it is clear that the gallium atom is σ-bonded to the C5Me4 ring, 

which is in strong contrast to the π-bonding interactions observed in the transition 
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.

 

Figure 2.1 Molecular structure of (CGC)GaMe·THF (1). 

 

metal compounds that were discussed above.  Interestingly, the structurally 

characterized monopotassium salt of the constrained geometry ligand features an 

η5-interaction between potassium and the C5Me4 ring.17  The σ-type attachment of 
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the group 13 element to the C5Me4 ring found in 1 is also observed in the 

corresponding aluminum compound, (CGC)AlMe·(THF), which was synthesized 

in an analogous manner.18  An obvious difference between group 13 elements and 

the transition metals is their full (or in the case of aluminum, a complete lack of) 

of d-orbitals, which implies group 13 metals would have to utilize a vacant p-

orbital for accepting π-donation.  However, the Lewis acidity of the group 13 

element centers in these compounds, based on the vacant p-orbital, results in a 

donor-acceptor bond with tetrahydrofuran.  This limits interaction between the 

C5Me4 ring and the group 13 element to formation of a single σ-bond, and causes 

the geometry of the metal to approach that of a strained tetrahedron.  Finally, 

there may also be some amount of π-donation from the lone pair on the nitrogen 

atom to the same p-orbital with which the tetrahydrofuran interacts.  The 

nitrogen-based formal lone pair displays almost no stereochemical activity, as the 

nitrogen center is nearly planar (sum of the bond angles = 358.73(15)º).  

 In both 1 and the analogous aluminum complex, the arrangement of the 

ligands is the same.  The fixed σ-bonding of the metal to the C(1) center creates 

two distinctly different sides to the molecule as viewed from a side-on perspective 

of the five-membered heterocycle.  The donor-bonded tetrahydrofuran molecule is 

attached to the side which falls “in the shade” of the C5Me4 ring, under carbons 

C(3)-C(4)-C(5).  The methyl group on the metal is outside of this enclosure 

created by the two fused rings, jutting out away from both the C5Me4 ring and the 

t-BuN moiety.  The Ga-C(16) bond length is 1.968(3) Å, which is reasonable for a 
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Ga-Me bond in this environment.22  The Ga-O bond length of 2.0703(18) Å, and 

the Ga-N bond length of 1.8845(18) Å are similarly unremarkable. 

 The structure of 1 in the solid state, however, is inconsistent with the 1H 

NMR spectral data discussed previously.  Through a rapid (on an NMR time 

scale) fluxional process, the silyl methyl groups, and two pairs of ring methyl 

groups [C(1)-C(3), and C(4)-C(5)] are equivalent.  Therefore, the time-averaged 

symmetry in solution is Cs, with the mirror plane containing carbon C(2), the 

silicon atom, the nitrogen atom and the gallium atom, rather than the C1 symmetry 

of the solid state.  Such an observation would be possible if the metal were π-

bonded to the C5Me4 ring, in perhaps an η3 or η5 manner, which is not likely in 

view of the tetrahydrofuran-bonded tetrahedral gallium center observed in the 

solid state.  Thus, it is more plausible that in solution, there is a rapid dissociation 

of tetrahydrofuran from the complex, followed by a type of structural inversion in 

which the metal shifts from C(1) to C(3), the gallium-bonded methyl group 

rotates to an equivalent position relative to the “shade” of the C5Me4 ring, and the 

tetrahydrofuran molecule recomplexes to the gallium center (Scheme 2.4).  In 

support of this mechanism, BP86 DFT calculations were carried out by Dr. 

Charles Macdonald on a model system of the aluminum analogue, which 

demonstrates the same NMR spectral features.  This study revealed that the global 

minimum geometry for the base-free (CGC)AlMe complex involves multihapto 

attachment of the metal, and that the overall geometry is of almost exactly Cs 

symmetry.23   
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Scheme 2.4 Fluxionality of (CGC)GaMe·THF in solution.  The *
represents the methyl group at the originally tetrahedral carbon.  

 

If he Cs symmetry observed in solution is a result of a rapid rearrangement 

between two equivalent C1 geometries, it should be possible to slow the 

decomplexation / migratory process down enough to permit the detection of the 

C1 symmetry structure in solution.  Indeed, a 1H NMR spectrum of the aluminum 

analogue, taken at 213 K instead of at ambient temperature, confirms this view.  

In addition to the detection of distinct ring and silyl methyl group resonances, 

there is an upfield shift of the tetrahydrofuran resonances, which is indicative of a 

change in the donor-acceptor interaction with the group 13 center.   

 

(CGC)GaMe·(carbene) 

In light of the conclusions drawn from the variable-temperature NMR 

experiment described above, it was proposed that a stronger Lewis base, 

coordinated to the group 13 center, would resist dissociation and preclude 

fluxional rearrangement in solution.  Accordingly the complex would be locked 
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into a geometry possessing C1 symmetry, even in solution.  Observation of such a 

structure in an ambient temperature 1H NMR spectrum would prove the 

hypothesis concerning the necessity of donor ligand dissociation.  Moreover, it 

was anticipated that displacement of the tetrahydrofuran molecule from 1 by a 

stronger donor to form the new complex should be straightforward if rapid 

dissociation does indeed occur in solution. 

The Lewis base used, the stable carbene 1,3,4,5-tetramethylimidazol-2-

ylidene, was selected for its high basicity and relatively small size.  A toluene 

solution of 1 was treated with a toluene solution of the carbene at ambient 

temperature.  After being stirred overnight, the reaction mixture was warmed to 

50 ºC, and the volatiles were slowly removed in vacuo.  The remaining white 

solid was recrystallized from toluene to give the desired product 2 that was 

unambiguously identified by X-ray crystallography (Figure 2.2).  Details 

regarding the data collection and structure refinement are presented in Table 2.5.  

Selected bond lengths and angles can be found in Table 2.6 and Table 2.7 

respectively. 
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Figure 2.2 Molecular structure of (CGC)GaMe·(carbene) (2). 

Overall, the major structural features of 1 are similar to those of 2.  Thus, 

the carbene occupies the same “shaded” side of the gallium coordination sphere as 

the tetrahydrofuran that it displaced.  The length of the donor bond from carbon 

C(41) to gallium is actually very slightly longer than was the case with 

tetrahydrofuran at 2.074(3)Å.  Additionally, the bond distances from gallium to 

the ring carbon C(12) [2.172(3) Å], to the N(t-Bu) [1.933(3) Å], and the gallium 

methyl group [2.009(3) Å] all increase, likely as a result of the increased donor 

strength of the carbene, despite the slightly increased length of the ligand → 

gallium donor-acceptor bond. 
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The strength of the carbene-gallium interaction was confirmed by 1H 

NMR spectroscopy..  Even in solution, the silyl methyl groups are no longer 

equivalent, and four separate resonances for the C5Me4 methyls are apparent.  

Interestingly, two singlets were detected for the carbene ligand, indicating two 

sets of equivalent methyl groups.  This observation implies that rotation about the 

Ga-C donor bond is not hindered by the C5Me4 “roof” over the carbene, at least 

on an NMR time scale.  A complete listing of NMR chemical shift values is 

presented in Synthesis of 2 in the Experimental Section at the end of this 

chapter. 

 

CONCLUSIONS 

Constrained geometry gallium complexes 1 and 2 have been prepared by 

metathetical reactions of the Grignard with MeGaCl2, followed by base exchange 

in the case of 2.  These complexes feature unprecedented σ-attachments of the 

C5Me4 ring to the group 13 element, and strong association with the donor ligands 

tetrahydrofuran and 1,3,4,5-tetramethylimidazol-2-ylidene.  In the solid state, the 

donor ligand locks each molecule into a structure with C1 symmetry, but in 

solution, the tetrahydrofuran undergoes rapid, reversible dissociation that allows 1 

to fluctuate between two different C1 configurations on the NMR time scale.  This 

migration is facilitated by the presence of a vacant p orbital on the group 13 

element that permits it to engage in transient multihapto bonding with the ring in a 

geometry that DFT calculations suggest is of nearly Cs symmetry.  
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The ligation of a Lewis base in each case represents a hindrance to 

possible polymerization activity, as it occupies the coordination site that is needed 

for forming the initial olefin adduct.  Attempts to synthesize a base-free 

compound have been unsuccessful, and removal of the tetrahydrofuran, without 

replacement, has proved to be challenging, as will be discussed in Section 2.4.  
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Section 2.2  

Group 13 Bimetallic Complexes 

 

INTRODUCTION 

At the beginning of Section 2.1, the impression was given that the 

reactions of the di-Grignard reagent [(MgCl)2(CGC)·(THF)] with group 13 

chloride compounds was straightforward.  While this was true for reactions 

employing MeECl2 (E = Ga or Al), this was not the case for reactions that 

employed the homoleptic chlorides, ECl3 (E = Al, Ga, In).  Gorden reported the 

synthesis and characterization of (CGC)AlCl·(Et2O) via the reaction of 

[(MgCl)2(CGC)·(THF)] with AlCl3 in diethyl ether.18  However, corresponding 

reactions in diethyl ether with GaCl3 and InCl3 were unsuccessful.  Given the ease 

of preparing cations from group 15 (CGC)ECl (E = P, As, Sb) 19 via chloride 

abstraction with AlCl3,  there was great interest in preparing the series of 

analogous group 13 chlorides.  However, the products of the reactions that were 

anticipated to give these analogues, as analyzed by X-ray crystallography, turned 

out to display yet another unprecedented and unanticipated bonding mode for the 

constrained geometry ligand. 
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RESULTS AND DISCUSSION 

The Di-Gallium Complex, [Mg2Cl3(THF)6][GaCl3(CGC)GaCl2] (3) 

Gallium trichloride was treated with one equivalent of the di-Grignard 

reagent in tetrahydrofuran solution, and the solids remaining after the volatiles 

were removed in vacuo were extracted with toluene, leaving a surprisingly small 

amount of white powder (presumably MgCl2).  The solution was filtered and 

stored at -20 ºC.  An X-ray crystallographic analysis was performed on small, 

colorless crystals of 3 grown over a period of days.  The molecular structure of 

the complex salt [Mg2Cl3(THF)6][GaCl3(CGC)GaCl2], 3, is shown in Figure 2.3.  

Details regarding the data collection and structure refinement are presented in 

Table 2.8.  Selected bond lengths and angles can be found in Table 2.9 and Table 

2.10 respectively.  The structure of 3 contains a large complex monocation 

comprised of two octahedral Mg+2 centers bridged by three shared chloride 

ligands, with the remaining six valences taken up by tetrahydrofuran molecules.  

However, it is the complex monoanion that is of more interest.  The constrained 

geometry ligand is entirely intact, and no rearrangements have taken place (such 

as those presented in Section 2.3).  However, it the constrained geometry ligand 

has reacted with two gallium chlorides, despite the initial reaction stoichiometry 

of 1:1.  Gallium atom Ga(2) is attached to the non-methylated carbon of the 

C5Me4 ring, on the opposite side from the rest of the ligand.  In addition, it is 

coordinated to three chloride ligands, and is therefore monoanionic.  The Ga(2)-

C(1) bond distance is 2.021(2) Å, slightly shorter than the Ga-C σ-bonds present 
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in 1 and 2.  The Ga(2) to chloride bond distances are almost identical and average 

2.2026(10) Å. 

 

  

Figure 2.3 Molecular structure of [Mg2Cl3(THF)6][GaCl3(CGC)GaCl2] (1). 

 

As expected, the second gallium chloride moiety is attached to the 

nitrogen atom of the constrained geometry ligand, and resides in the usual 
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location for metals in mono-metallic complexes, i.e. under the C5Me4 ring.  This 

gallium chloride moiety features only two chlorides, and so carries no charge.  

However, it is not coordinated to tetrahydrofuran as is the case of 1.  Instead, it 

receives electron donation from an isolated π bond of the C5Me4 ring.  Overall, 

the C5Me4 ring features the same localized diene structure that has been observed 

in each group 13 compound studied thus far (with the exception that the double 

bond involved in the π-donation [C(4)-C(5), 1.385(3) Å] is slightly longer than 

the other bond [C(2)-C(3), 1.357(3) Å]).  The gallium bond distances to C(4) and 

C(5), are 2.406(3) Å and 2.393(3) Å, respectively.  When compared with the bond 

distances to the other ring carbon atoms, [2.954(3) Å, 2.963(3) Å, and 3.213(3) Å 

for C(3), C(1) and C(2), respectively] the coordination is undoubtedly η2.  The 

Ga(1) center is clearly non-planar, with Ga(1) displaced 0.563(2) Å from the 

plane defined by atoms N(1), Cl(1) and Cl(2).   

The chloride to Ga(1) bond lengths are, on average, the same as those to 

Ga(2), but they are not perfectly symmetrical at 2.2072(10) Å for Cl(1) and 

2.1962(9) Å for Cl(2).  The distance from Ga(1) to the midpoint of the C(4)-C(5) 

bond is 2.297(3) Å.  This distance compares with that of 2.081 Å reported for Ga-

ring centroid distance of [(C5Me5)Ga]6,24 a gallium(I) compound in which the π 

interaction involves a formally cationic gallium and anionic C5Me5 ring.  There 

are no conclusive examples of similar gallium(III) π-interactions with which to 

make bond distance comparisons.  A possible example is a slightly canted phenyl 

ring, and a very slightly pyramidalized gallium center in (t-Bu)2Ga(OCPh3), 

which results in a contact distance of 2.894 Å between the gallium and an ortho- 
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carbon of one of the phenyl rings.  While pointing out that this is over 0.5 Å 

shorter than the best estimates of the sum of half of the thickness of a benzene 

ring plus the van der Waals radius of gallium, the authors also admit that similar 

contacts have also been ascribed to C-H···M agostic interactions.25  Furthermore, 

Gorden has reported two compounds, namely (C5Me5)2GaMe and 

(C5Me5)Ga(C6F5), both of which feature an η2 interaction of a gallium with one of 

the two C5Me5 rings.18  However, these interactions involve formally cationic 

gallium centers, and anionic C5Me5 rings.  In these compounds, a localized diene 

structure is not observed, and in each case the bond between the two η2 carbons is, 

in fact, the longest in the ring.  It seems evident that these compounds are more 

ionic in nature, and that the hapticity is dictated by other forces, such as steric 

interactions and solid state packing, rather than by simple electronic effects.  Such 

a view is supported by DFT calculations that demonstrate a very shallow potential 

well for changing the hapticity of the rings in the model cation (C5H5)2Ga+.18 

Compound 3 differs fundamentally from the above cited examples in that 

the gallium center is (1) formally neutral, already engaged in three single bond 

interactions, and (2) strikingly pyramidal, and nearly centered with respect to the 

midpoint of the π-cloud with which it is interacting.  Given the quite clear 

evidence of the nature of the gallium-ring interaction in this compound, it may be 

the first unequivocal example of an η2 π→Ga(III) bond. 
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The Di-indium Complex, [Mg2Cl3(THF)6][InBr3(CGC)InBr2] (4) 

 In a similar manner to that described for the synthesis of 3, treatment of 

InBr3 with one equivalent of the di-Grignard [(MgCl)2(CGC)·(THF)] in 

tetrahydrofuran solution, followed by removal of the volatiles, extraction into 

toluene, and cooling to -20 ºC results in a crop of small, colorless crystals of 4.  

X-ray crystallographic analysis revealed that the molecular structure of 

[InBr3(CGC)InBr2][Mg2Cl3(THF)6],4, is remarkably similar to that of 3.  In 4, as 

depicted in Figure 2.4, the same complex cation and anion pair are apparent, but 

with notable differences in the exact bond lengths due to the increase sizes of the 

metal and halide ligands.  Also, in the case of 4, disorder among the bridging 

chloride ligands of the cation is present.  This disorder has only been partially 

modeled due to its apparent complexity.  It is possible that, in addition to 

rotational disorder, each bridged position potentially features a partial occupancy 

by bromide rather than chloride ligand.  Details of the data collection and 

structure refinement are presented in Table 2.11.  Selected bond lengths and 

angles can be found in Table 2.12 and Table 2.13, respectively. 

 In the cation of 4, the two In centers feature nearly equivalent bromide 

bond lengths, with an overall average of 2.5221(14) Å.  The In(2)-C(1) bond 

distance of 2.214(8) Å is only slightly longer than that of a similar In-C bond 

(2.176 Å), found in (η1:η1-[(Me2NCH2CH2)C5Me4])InCl2.26  The closest contacts 

between indium atom In(1) and the C5Me4 ring are to C(4), at 2.547(9) Å, and 

C(5) at 2.564(8) Å, with a distance to the center of the C(4)-C(5) bond of 2.457(9) 
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Å.  This compares to an indium-ring centroid distance of 2.302 Å for 

[(C5Me5)In]6,27 with the same caveats as those discussed above for [(C5Me5)Ga]6. 

 

 

Figure 2.4 Molecular structure of [InBr3(CGC)InBr2][Mg2Cl3(THF)6] (4). 
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Once again, there are no truly similar examples of this type of η2 π-

interaction.  Even the crystal structure of Cp3In, which features four total Cp-In 

interactions per metal center, has all σ-interactions.28  Indium(I)-neutral arene 

interactions have been found in the structure of the triple-decker cation [{(η6-

C6H5Me)In}2(µ-η5-C5Me5)], in which the indium to toluene-ring centroid 

distances are 3.325 Å and 3.490 Å.29  These are very weak interactions, however, 

and crystallization of the same [In-C5Me5]+ core cation with a smaller anion 

produces a structure without the toluene caps, and an even weaker η6 interaction 

with a C6F5 group of the anion (indium to ring centroid distance of 3.588 Å).30  In 

light of the striking differences between these compounds and 4, it is believed that 

the latter represents the first example of an η2 π→In(III) interaction. 
 

Attempted Preparation of an Aluminum Analogue of (3) and (4) 

 The same reaction as those described for the syntheses of 3 and 4 was 

attempted with AlCl3.  Unfortunately, however, a crystalline product was never 

produced, and only oily products were isolated.  Nevertheless, a 1H NMR 

spectroscopic assay indicated that the solution structure features inequivalent silyl 

methyl groups, and four separate resonances were apparent for the C5Me4 ring 

methyl groups.  These spectroscopic indications are distinctly different than those 

for (CGC)AlMe·(THF), which undergoes fluxionality (as discussed in Section 

2.1).  The ring methyl resonances of the potential aluminum analogue of 3 and 4 

are slightly more difficult to discern, as broad tetrahydrofuran resonances 

interfere.  There appear to be at least two types of tetrahydrofuran in CD2Cl2 

solution.   
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Formation of the Bimetallic Complexes 

The biggest difference between the syntheses in Section 2.1 and Section 

2.2 is the nature of the remaining substituent on the metal center.  For “normal” 

1:1 complexes, it was a methyl group, and for the 2:1 complexes, it was a 

chloride.  However, it should be reiterated that the synthesis of (CGC)AlCl·(Et2O) 

was achieved by using a less polar solvent,18 thus indicating the importance of 

solvent effects.  The observed disparity in reactivity is probably best ascribed to 

the increase of Lewis acidity at the group 13 element center in the case of the 

trihalide as compared to that of the methyl dihalide.  This difference of Lewis 

acidity leads to slightly different autoionization behavior in a polar solvent, such 

as tetrahydrofuran, especially in the case of aluminum.31 

In considering the mechanism of the formation of these complexes, it is perhaps 

best to speculate on the formation of the more “normal” 1:1 complexes.  The 

starting di-Grignard reagent, [(MgCl)2(CGC)·(THF)], possesses two distinct 

reactive MgCl units at different ends of the molecule: one at the nitrogen, and the 

other at the C5Me4 ring.  It is likely that the MgCl unit associated with the ring is 

simply σ-bonded to a single carbon.  The logical place for its location is at the 

non-methylated carbon, since this was the position of the proton in the parent 

compound.  Additionally, this is where the attachment occurs in the bimetallic 

compounds, in which there is no energetic incentive to undergo a shift.32 The 

backbone between the two Grignard groups then consists of four bonds, (MgCl)-

C-Si-N-(MgCl).  At this distance, a metal halide bond that undergoes reaction 
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with one Grignard unit would be fairly close to the other through random 

molecular motion and free rotation about the σ-bonds (Scheme 2.5).  With the 

added bonus of the chelate effect, it is likely that a metal compound with two 

halide bonds, in the correct stoichiometry, should react with both of the Grignard 

functionalities on one ligand.  That is, unless the normal molecular motion and 

bond rotation is hindered somehow.  In one possible pathway, a group 13 

dichloride fragment attached to unmethylated carbon atom of the ring would still 

have a large amount of Lewis acidity.  It may have enough, in fact, to coordinate 

an extra chloride ligand, taken from either another ECl3 (E = group 13 element) 

unit, or more likely, from any MgCl2 units that remain fairly soluble in the polar 

medium of tetrahydrofuran.  The large, solvated anion end would be prevented 

from rotating, if only for the sheer size increase of an (ECl3)- substituent 

compared with that of an ECl2 moiety.  If a second equivalent of ECl3 then reacts 

with the other MgCl group, the ring is in an excellent position to donate from the 

π-bond cloud of a localized double bond, thus preventing the addition of chloride 

ion to this metal center, and completing the anionic structure observed by X-ray 

analysis.  Alternatively, if autoionization occurred prior to reaction with the di-

Grignard reagent, it could be a tetrahalide anion that undergoes reaction with the 

first MgCl group, resulting in the extra chloride ligand and the corresponding 

reduction in free rotation about the backbone σ-bonds. 
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CONCLUSIONS 

A simple change in the substituent on the group 13 metal reagent from a 

methyl to a chloride ligand results in a radically different reaction product.  The 

Lewis acidity increase at the metal center brought about by the extra halide 

substituents leads to a preference for anion formation.  As a result, an unexpected 

2:1 reaction occurs, producing a large anion consisting of group 13 trihalide and 

dihalide metal centers bridged by a single constrained geometry ligand.  An 

unprecedented η2 π-donor bond probably prevents the formation of a dianion by 
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tying up the final coordination site of the strongly Lewis acidic group 13 dihalide 

center that is attached to the nitrogen atom of the constrained geometry ligand.  

These η2 π-interactions are probably the first of their type for gallium and indium.  

In addition, a new, bimetallic, bridging bonding mode for the much studied 

constrained geometry ligand system has been observed.    
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Section 2.3  

Isomerization in Group 15 Constrained Geometry Complexes 

 

INTRODUCTION 

The same synthetic approaches that proved successful for the preparation 

of group 13 constrained geometry complexes were easily adapted for the isolation 

of analogous group 15 complexes.  Thus, the treatment of the group 15 trihalides 

(PCl3, AsI3, SbCl3) with the di-Grignard of CGC in THF afforded the 

corresponding constrained geometry complexes in similar yields.  One 

noteworthy feature differentiating the group 15 complexes from those of the 

group 13 elements is the relative ease of preparation and stability of cationic 

complexes, [(CGC)P][AlCl4] and [(CGC)Sb][AlCl4], that were prepared by 

chloride abstraction with aluminum trichloride in methylene chloride.19 

This section examines the structures of these neutral and cationic group 15 

complexes,33 and compares them with the previously discussed group 13 

analogues.  Furthermore, the mechanisms of the unexpected isomerizations that 

were found for both the monohalide and the cationic complexes are explored.  

The relative stabilities of both the expected and the observed isomers of these 

complexes are estimated on the basis of DFT calculations.  In addition, the 

syntheses and characterizations of the new complexes (CGC)AsCl and 

[(CGC)As][AlCl4], as synthesized by Dr. Robert Wiacek, are discussed. 
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RESULTS AND DISCUSSION 

 

Phosphorus complexes 

X-ray analysis of crystals of (CGC)PCl (5) revealed a molecular structure 

that looked at first glance much like those of 1 and 2, i.e. the phosphorus atom is 

attached in a σ-fashion to the C5Me4 ring, which is canted away from the lone 

chloride substituent at the phosphorus center.  However, closer examination of the 

structure revealed a subtle, yet substantial change in the very backbone of the 

constrained geometry ligand itself, a variation unprecedented in the literature of 

this well documented ligand.  Figure 2.5 shows the molecular structure of 5.  The 

particular perspective is intended to show how similar the structure is to that of 

group 13 analogues, except for the switched positions of silyl and phosphorus 

fragments relative to theC5Me4  ring.  In the original ligand, the dimethylsilyl 

fragment is attached to the non-methylated carbon atom of the C5Me4 ring, a 

structural feature observed in all previously reported constrained geometry 

compounds.  In 5, it is phosphorus that is σ-bonded to the non-methylated carbon 

atom, while the dimethylsilyl fragment is attached to the lone tetrahedral carbon 

of the C5Me4 ring.   

By means of 1H NMR spectroscopy, it was established that this isomeric 

structure persists in solution, as evidenced by the fact that silyl and ring methyl 

groups do not form equivalent pairs.  Additionally, the chemical shift difference 

between the silyl methyl groups was appreciable larger than in all other 

compounds examined previously. 
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Figure 2.5 Molecular structure of (CGC)PCl (5). 

 

 Chloride abstraction from 5 by treatment AlCl3 in methylene chloride 

solution yields the corresponding phosphenium salt [(CGC)P][AlCl4].  

Structurally, the cation maintains all of the features of 5, save for the missing 

chloride, with slight changes in the remaining bond lengths.19  Once again, 1H 

NMR spectroscopy indicated that the solution structure is the same as that 
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established for the solid state by X-ray crystallography.  This includes the 

backbone rearrangement of the silyl and phosphoryl fragments.  

 DFT calculations on this phosphenium cation indicate that the “observed” 

isomeric form, is actually lower in energy (BP86/DZP + ZPVE) by 11.055 

Kcal·mol-1 than that of the “expected” isomer typically exhibited by the group 13 

compounds (Scheme 2.6).  Therefore, there is a thermodynamic driving force for 

the observed “isomerization;” however, the isomerization pathway is by no means 

obvious.  If it is assumed that 5 is the product of an isomerization from the 

expected form, then the simplest path from one to the other is by means of a 1,2-

methyl shift.  Such a process seems unlikely, however, because the energy 

required to shift a carbon-carbon bond, even in an allylic system, could hardly be 

compensated by the small gain in energy entailed by conversion to the observed 
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form.  The other pathway involves a stepwise double 1,2-shift of both the 

phosphorus and silyl fragments.  Silatropic shifts are well precedented for a 

variety of cyclopentadienyl-type systems,34,35 and the fluxionality of the 

compound (C5H5)PF2 was observed several years ago.36  However, a stepwise 

motion of this type seems unlikely.  Both the silyl and phosphorus fragments are 

σ-bonded to the C5Me4 ring; hence, if either of them interacts with a methylated 

position on the ring, a tetrahedral carbon center is created.  If the silyl fragment 

undergoes a 1,2-shift, it either creates a second tetrahedral center (phosphorus 

already occupies one), or it joins the phosphorus at its attached carbon atom to 

create a five-coordinate carbon center.  If the phosphorus shifts first, it would 

most likely move to share the non-methylated position with the silyl fragment.  

Alternatively, the phosphorus atom could engage in η3 or η5 bonding, which 

would then allow the silyl group to move more freely.  However, these options are 

problematic as well.  Sharing by the phosphorus fragment of the non-methylated 

position with the silyl fragment creates a very strained four-membered C-Si-N-P 

heterocycle.  On the other hand, the route involving multihapto bonding by the 

phosphorus fragment would be unlikely without the availability of vacant p-

orbitals at this center, which it could achieve by autoionization of the chloride 

ligand.  However, the P-Cl bond length of 2.1863(9) Å is only slightly longer than 

that found in many similar compounds, and such autoionization has not been 

observed in any of them.37 

A more plausible explanation would be that there is, in fact, no 

isomerization, and that the “observed” and “expected” isomeric forms come from 
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a single, intermediate configuration during initial formation.  In Section 2.2, it 

was noted that the structures of 3 and 4 imply that at the C5Me4 ring of the di-

Grignard reagent [(MgCl)2(CGC)·(THF)], it is the non-methylated carbon that 

attaches to the metal, and that it is likely that one of two (MgCl) moieties resides 

on this carbon in the as of yet undetermined molecular structure of this Grignard 

reagent.  It is proposed that this is a general phenomenon, and that all constrained 

geometry compounds synthesized from the di-Grignard proceed through an 

intermediate structure wherein the metal is attached to the nonmethylated 

position.  This creates a strained, four-membered heterocycle, one leg of which 

either shifts to a π-interaction with the C5Me4 ring, or undergoes a 1,2-shift along 

the C5Me4 ring to create a larger, more stable cycle (Scheme 2.7). 

In the case of traditional constrained geometry complexes, such as those of 

the transition metals, the metal fragment simply engages in a π-interaction with 

the C5Me4 ring, which relieves the strain of the four-membered heterocycle, and 

satisfies the metal electronically.  In each of the group 13 complexes, the metal 

resists π-bonding with the C5Me4 ring, and instead, the metal fragment shifts to an 

α carbon, forming a less strained five-membered heterocycle.  Finally, in the case 

of 5, instead of the phosphorus fragment moving, a 1,2-shift of the silyl fragment 

accomplishes the same relief of ring strain.  The choice of which fragment to shift 

may be a simple matter of bond energy.  In each case, it is found that the bond 

that is proposed to have shifted is, in fact, the longer and presumably weaker of 

the two bonds in the final structure.  In the case of transition metal and group 13 

constrained geometry complexes, the weaker bond is the metal-carbon bond. 
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However in 5, the situation is more competitive, and it is actually the Si-C(1) 

bond (1.904(2) Å) that is longer than the P-C(5) bond (1.7900(19) Å).  This 

implies that the phosphorus forms a stronger bond to the initial shared ring carbon 

than does silicon (Scheme 2.7), so it is the silyl fragment that undergoes a 1,2-

shift to create the larger, less strained heterocycle.  In addition, thermodynamics 

favors the silyl shift, because it results in an overall geometry that is lower in 

energy.  In this regard, the group 13 structures may be considered to be kinetically 

favored isomers,38 and the phosphorus structure the thermodynamically favored 

isomer. 

 

Arsenic Complexes 

An X-ray crystallographic analysis of (CGC)AsCl, 6, shows a return to 

familiar structural territory, as the backbone rearrangement that was discussed in 

the structure of 5 is not observed in that of 6.  However, it is interesting to note 

that unlike every structure determined thus far, the chloride ligand is situated on 

the same side of the arsenic center as the C5Me4 ring carbons, C(2)-C(3)-C(4).  

There is no obvious reason why either geometry should be preferred for any of 

these compounds.  The pathway for formation of either geometry is similar, and 

differs only in the direction in which the ECl fragment shifts after formation of 

the initial four-membered heterocycle that was discussed above (Scheme 2.7).  

Details of the data collection and structure refinement for 6 are presented in Table 

2.14.  Selected bond lengths and angles can be found in Table 2.15 and Table 

2.16, respectively. 
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 Once again, a localized diene C5Me4 ring structure is observed, with 

arsenic σ-bonded to a nearly tetrahedral carbon atom C(5).  The As-C(5) bond 

length is 1.9903(18) Å, which is significantly longer than that of the 

corresponding phosphorus bond, but shorter than the corresponding group 13 

metal-carbon bonds (likely due to the increased coordination number, four, 

exhibited by group 13 complexes relative to group 15 complexes, due to the extra 

donor-acceptor bond found in the former).  The As-Cl bond is also longer, 

2.2558(16) Å, which compares to a van der Waals radii sum of 3.8 Å, and a 

homonuclear covalent radii sum of 2.21 Å, suggesting that the interaction is 

slightly weak, but not to the point of autoionization.39  The As-N bond distance of 

1.8292(14) Å is also longer than the P-N bond of 5, nearly on a par with the group 

13 examples.  The structure of 6 persists in solution, as evidenced by the 1H NMR 

spectrum, which exhibits both inequivalent silyl methyl groups, and C5Me4 

methyl groups.  The chemical shift difference between the inequivalent silyl 

methyl groups, however, is not as dramatic as the separation of the corresponding 

methyl resonances in the 1H NMR spectrum of 5.  A complete listing of NMR 

chemical shift values is presented in Synthesis of 6 in the Experimental Section 

at the end of this chapter. 
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Figure 2.6 Molecular structure of (CGC)AsCl (6). 

 

It is not surprising that 6 adopts a similar structure to those of the group 13 

analogues.  Arsenic shares the same propensity toward σ-bonding, and the As-C 

bond is almost definitely weaker than the Si-C bond [1.8502(19) Å].  However, 

the same DFT calculations that were discussed earlier indicate that for the 

[(CGC)As]+ cation, the inverted, 5-like structure is lower in energy(by only 6.3 

Kcal·mol-1).  This energy difference is not enough to overcome the kinetic barrier 

of forcing silatropy over arsenatropy.  However, when an X-ray crystallographic  
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Figure 2.7 Molecular structure of [(CGC)As][AlCl4] (7). 

 

study was performed on the salt. [(CGC)As][AlCl4], 7, it was found that the 

cation does adopt the thermodynamically favored geometry.  In this case, what is 

observed is best described as an isomerization, in which an actual conversion 

between the two isomeric forms occurs in the process of cation formation.  

Compound 7 crystallizes with two independent formula units (a total of four ions) 

in each unit cell.  The structures of the cations are very similar, hence the 

discussion will focus on just one molecule.  Details of the data collection and 
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structure refinement are presented in Table 2.17.  Selected bond lengths and 

angles can be found in Table 2.18 and Table 2.19 respectively. 

In reviewing the earlier discussion regarding the possible routes for such 

an isomerization, it will be recalled that all were dismissed in the case of the 

phosphorus compound 5.  In the case of 7, however, one of the discussed routes 

does hold merit, namely the one that proceeds via a multihapto As-C5Me4 ring 

interaction (Scheme 2.8).  Once the arsenium cation 6 is formed, there is a vacant 

p-orbital available on the arsenic center to engage in interaction with a delocalized 

π-system on the C5Me4 ring.  Immediately after ionization, the arsenic atom is 

attached to the end carbon of a potential allylic system, and is therefore easily 

able to slip into a transient η3 bonding mode.  DFT calculations show that, while 

the σ-bonded structure observed in the solid state is the absolute lowest energy 

geometry, a nearly perfectly Cs geometry, featuring an η3-interaction between the 

C5Me4 ring and arsenic, also represents a local minimum.  At this point, the silyl 

fragment is attached to the central carbon of the same allylic system, and can shift 

in either direction to form a σ-bond to the tetrahedral carbon that appears in the 

thermodynamically favored isomer.  This regenerates a localized diene structure, 

and the arsenic slips back into a σ-type interaction with the non-methylated 

C5Me4 ring carbon atom. 
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Perhaps the best evidence for the intermediacy of the η3 structure proposed 

for the isomerization can be found in the 1H NMR spectrum.  In solution, two 

pairs of equivalent methyl groups are apparent on the C5Me4 ring, and the silyl 

methyl groups are equivalent, thus suggesting a structure with Cs symmetry.  It is 

not necessary to invoke a complicated scheme of fluctuation between two 

different carbon positions, as was described for the group 13 tetrahydrofuran 

complex 1 (Scheme 2.4).  The arsenium cation already has a vacant p-orbital to 

facilitate the acceptance of  electron density from the π-orbitals of the C5Me4 ring.  

It seems plausible, even likely, that the solution structure features a cationic 
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arsenic center that is engaged in multihapto bonding, which settles back into a 

localized σ-bond with a single C5Me4 ring carbon when in the crystalline state.  A 

complete listing of NMR chemical shift values is presented in Synthesis of 6 in 

the Experimental Section at the end of this chapter. 

 

Antimony Complexes 

 Despite the even larger size of antimony, electronic effects still favor σ-

bonding of this heteroatom to the C5Me4 ring, and indeed this is what is observed 

in molecular structure of (CGC)SbCl.  The overall geometry is exactly that 

observed for the group 13 compounds, even down to the opposing placement of 

the ring carbons and the chloride ligand relative to the antimony center.  Clearly, 

the carbon-silicon [1.869(3) Å] interaction is stronger than the antimony-carbon 

interaction [2.233(3) Å], so from the standpoint of the initial four-membered ring 

structure, it is the antimony fragment that undergoes a 1,2-shift.  As in the case of 

6, the antimony-chloride bond length of 2.4396(12) Å is very close to the sum of 

covalent radii of the two elements (2.42 Å), but much shorter than the sum of the 

van der Waals radii (4.0 Å), hence the bond is probably weak, but not prone to 

autoionization.39  The persistence of the structure of (CGC)SbCl in solution was 

evident from the 1H NMR data. 

 The structures of the phosphenium and arsenium cations discussed above 

both possess the same σ-bonded geometry, which was in accordance with the 

DFT calculated optimal geometry.  This is also the predicted optimal geometry 

for the stibenium cation, 8.  However, it is only 1.8 Kcal·mol-1 lower than an 
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almost perfectly Cs structure in which the antimony center is η3 bonded to the 

C5Me4 ring.  The 1H NMR spectrum of [(CGC)Sb][AlCl4], 8, confirms the 

existence of the Cs symmetric cation structure in solution.  The spectral features 

are very similar to those of 7.  Moreover, the solid state structure of 8 (Figure 

2.8), as determined by X-ray crystallography, also possesses a Cs symmetry 

structure in which there is an  η3 interaction between antimony and the C5Me4 

ring. 

 

 

Figure 2.8 Molecular structure of [(CGC)Sb][AlCl4] (8). 

 The perspective shown in Figure 2.8 was chosen to demonstrate the 

symmetry of the molecule.  The coordination between the C5Me4 ring and the 
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antimony is decidedly η3, with a distance from antimony to C(1) of 2.230(2) Å; 

the Sb-C(5) and Sb-C(2) distances average 2.491(2) Å in length.  For comparison, 

the average distance from Sb to C(3) and C(4) is 2.926(2) Å.  The antimony atom 

forms a plane with the C-Si-N backbone of the ligand, and the sum of the angles 

of the quadrilateral thus formed adds up to exactly 360.0º.  

 

CONCLUSIONS 

Unlike group 13 complexes, in which the examples examined possessed 

similar structures and bonding arrangements regardless of the period, the bonding 

characteristics of the group 15 constrained geometry complexes vary significantly 

moving down the group.  In the phosphorus constrained geometry complex (5), it 

is clear that the strength of the P-C bond allows the formation of the 

thermodynamically favored isomer.  In the case of the arsenic analogue (6), the 

As-C bond is sufficiently weak to permit the initial formation of the slightly 

higher energy isomer, but upon ionization, the resulting arsenium cation 

undergoes a rearrangement to create the same favored isomer, probably via the η3 

intermediate that was detected by 1H NMR spectroscopy in solution.  Finally, in 

the case of the antimony complex, (CGC)SbCl, the Sb-C interaction is also 

sufficiently weak to permit the formation of the higher energy isomer in the 

neutral chloride species.  Formation of the stibenium cation in 8 produces 

geometric effects similar to those that occurred in the case of the arsenic 

compound 7, but this time the difference between the ground state possessing C1 
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symmetry and the Cs structure is very small, and the complex maintains the η3 

coordination of antimony to the C5Me4 even in the solid state. 

DFT calculations were carried out to determine the nature of the 

stabilization provided by the backbone-breaking “isomerization.”  In terms of the 

phosphorus cation, which exhibits by far the largest energy difference between the 

two isomeric forms, the DFT calculations reveal that the HOMO and HOMO-3 

molecular orbitals involve delocalization of both the vinylic ring π-system, and 

the nitrogen lone pair over an extended system which includes the formally vacant 

p-orbital on the phosphorus center.  This interaction accounts not only for the 

lower energy of this configuration, but also for the trend of decreasing energy 

gain for isomerization as one proceeds down the column.  The larger valence p-

orbitals of arsenic and antimony are very likely less able to participate as 

effectively in this type of delocalization.  However, these do not explain why 

phosphorus forms the new isomer even in the neutral chloride complex, which has 

no formally vacant p-orbital.  This formation must be ascribed mostly to the 

kinetic barrier of shifting a stronger C-P bond compared with a C-Si bond.40   
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Section 2.4 

Ethylene Polymerization Studies 

 

INTRODUCTION 

The investigations of the constrained geometry complexes of main group 

metals were initiated because of the high activities of transition metal derivatives 

for the polymerization of olefins.  What was found, however, was that these main 

group complexes were strikingly different from the corresponding d- and f-block 

complexes.  The scope of possible bonding interactions, and even of possible 

rearrangements of the ligand system itself, has been greatly broadened by this 

work.  In light of these sometimes startling discoveries, the possible catalytic 

activities of these new complexes had been relegated to a lower priority.  

Nonetheless, the potential creation of olefin polymerization catalyst systems 

without transition metals, and perhaps even without true metals at all, is too great 

a challenge to ignore.  In summary, this section outlines the issues surrounding 

the generation of active species utilizing many of these new complexes, and the 

methods that were attempted to produce both neutral and cationic catalytically 

active species.  At the conclusion of this section, the results of the various 

polymerization trials are summarized. 
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RESULTS AND DISCUSSION 

 

Neutral, Base-Free Group 13 Complexes 

The principal issue surrounding the initial, monometallic group 13 

complexes is the persistence of a coordinating donor ligand.  No attempt to 

synthesize such a compound without a base in the extra metal coordination site 

has been successful.  Therefore, the first studies were related to removal of the 

base by physical or chemical means.  The resulting complexes are expected to 

have properties similar to the original scandium complexes, which were bridged, 

dinuclear species with measurable, if low, polymerization activity as neutral, 

“unactivated” species.9,10   

The first method to be attempted was the treatment of 1 with one 

equivalent of the more powerful Lewis acid, B(C6F5)3, in an effort to compete 

with the gallium center for the tetrahydrofuran molecule.  Perfluoroarylboranes 

form such strong complexes with tetrahydrofuran that a thermolytic method of 

separating the two is patented.41  In a 1H NMR experiment, a 1:1 mixture of 1 and 

B(C6F5)3 were allowed to react in methylene chloride-d2 solution.  A substantial 

shifting of many of the major spectral features was observed, most notably the –

CH2-O resonance, which shifts downfield from δ 3.30 to 4.19.  This shift is 

believed to be indicative of the coordination of the tetrahydrofuran to B(C6F5)3 

rather than to gallium.  The symmetry of the solution-phase structure is apparently 

unchanged, because the pairs of methyl groups remain equivalent, although the 
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spectrum shows signs of incomplete reaction, as evidenced by the presence of low 

intensity peaks near almost all of the recognizable resonances.   

An alternative approach involved the use of thermolytic evaporation, a 

very common method applied to many other metal complexes.  A small sample of 

1 was dissolved in a large amount of toluene, and the solution was heated to 120 

ºC under argon pressure for a period of six hours.  Periodically, the container was 

opened very slightly to vacuum, and some of the solvent vapor was drawn off.  1H 

NMR spectroscopy of a sample drawn from the flask showed no resonances 

attributable to tetrahydrofuran.  No structural information was gained, however, 

as the solution was dilute, and exposed to air in the process of sample preparation 

and analysis.   

 

Cationic Group 13 Complexes 

The successful aluminum-based catalysts shown in Scheme 2.3 are all 

cationic, and so generation of the cations of 1, 2, and (CGC)AlMe·(THF) was 

attempted using two different Lewis acidic cocatalysts.  The first study was 

undertaken in an effort to isolate and characterize the ion pair formed by 

simultaneous tetrahydrofuran and methanide abstraction from 1 and the 

corresponding aluminum analogue, (CGC)AlMe·(THF), by treatment with 

B(C6F5)3.  Attempts to grow crystals of the products formed in either of these 

reactions in methylene chloride or toluene were unsuccessful, and the solutions of 

the products eventually degraded.  While the 11B NMR spectra show the 

formation of B(C6F5)3·(THF) and [MeB(C6F5)3]-,18 the 1H NMR spectra show that 
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either substantial decomposition of the remaining [(CGC)M]+ cation occurs, or 

that a complex mixture of unidentified products is formed. 

The other method of group 13 cation formation was the more standard 

approach of activation by means of MAO.  MAO is an almost universally 

effective activator, but its shortcoming in comparison with other, more discrete 

Lewis acid activators lies in the characterization of the products of reaction.  

Since the structure of MAO itself is a matter of current study, most active catalyst 

systems that employ MAO as an activator are not thoroughly characterized.  

Therefore, with no attempt to isolate or identify the products, 1, 2, and 

(CGC)AlMe·(THF) were treated with large excesses of MMAO-3A42 in toluene.  

The products of these reactions were used in situ in subsequent polymerization 

studies. 

 

Group 15 Cations 

 The advantage of the group 15 constrained geometry complexes is the 

cations have been structurally authenticated.  Accordingly, the salts 

[(CGC)P][AlCl4], 7 and 8 were generated by treatment of each group 15 halide 

complex with 1 equivalent of AlCl3 in methylene chloride solution, and then used 

in situ for subsequent polymerization studies. 

 

Summary of Polymerization Studies 

Standard Fisher-Porter bottle techniques were used (Scheme 2.9).  All 

compounds were handled under argon or in vacuum prior to the end of the trial, at 
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which time the catalyst was killed and dissolved with an aqueous hydrochloric 

acid / ethanol solution.  For each trial, the volume of solvent was approximately 

40 mL, and the initial ethylene pressure was 40 psi.  Ambient temperatures were 

employed initially for a period of 30 minutes, then the reaction mixture was 

heated to the indicated final temperature for the duration of the experiment.  

Details of specific trials that exemplify the procedure followed for each run can 

be found in the Experimental Section at the end of this chapter.  
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Table 2.1 Summary of results of polymerization studies. 

 
Run# Compound Activator Solvent Time Temp Result 
1 1 B(C6F5)3 CH2Cl2 3.0 h 45 ºC no 

reaction 
2 1 therm. toluene 2.5 h 65 ºC no 

reaction 
3 1 2 B(C6F5)3 CH2Cl2 16.0 

h 
45 ºC bright 

yellow 
4 1 MMAO toluene 3.5 h 80 ºC no 

reaction 
5 2 MMAO toluene 3.5 h 75 ºC no 

reaction 
6 (CGC)AlMe·THF B(C6F5)3 CH2Cl2 4.0 h 60 ºC no 

reaction 
7 (CGC)AlMe·THF therm. toluene 3.0 h 75 ºC no 

reaction 
8 (CGC)AlMe·THF 2 B(C6F5)3 CH2Cl2 5.0 h 50 ºC yellow to 

purple 
9 (CGC)AlMe·THF 2 B(C6F5)3 toluene 3.5 h 75 ºC pink-

purple 
10 (CGC)AlMe·THF MMAO toluene 5.0 h 70 ºC no 

reaction 
11 5 AlCl3 CH2Cl2 3.5 h 45 ºC orange to 

yellow 
12 6 AlCl3 CH2Cl2 1.0 h 45 ºC turned 

green. 
13 (CGC)SbCl AlCl3 toluene 2.0 h 60 ºC solubility 

problem 
therm. = thermolysis w/o activation 
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CONCLUSIONS 

Table 2.1 summarizes the results of the polymerization studies.  

Unfortunately, none of the tested compounds proved to be active for the 

polymerization of ethylene.  No other olefins were tested, as CGC catalysts based 

on transition metals are used chiefly for copolymerization of longer olefins with 

ethylene, so an effective system should have at least some activity toward pure 

ethylene.  There is room for more study, however.  There is no conclusive 

evidence that the methods that were successful for removing tetrahydrofuran from 

1 were equally successful for the aluminum analogue, (CGC)AlMe(THF), so it 

may be that the presence of this Lewis base is still inhibiting the reaction.  In 

addition, a limited variety of conditions, including temperature, pressure, and 

solvent, were employed in each experiment, and other methods of generating 

cations, such as protonolysis, were not attempted.   

While there are no positive results to point to at this time, it is believed 

that it is worthwhile to conduct additional studies on these and similar main group 

systems.  Specifically, no attempts were made at polymerizing other α olefins, 

such as propylene or iso-butylene.  Since there are many catalyst systems in use 

that work well with ethylene already, it may be that more interesting results could 

be obtained with less simple monomers. 
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Chapter 2 

Experimental Section 

 

GENERAL PROCEDURES 

CH2Cl2 was purified by distillation under N2 from calcium hydride, and all 

other solvents were distilled under N2 from sodium/benzophenone.  Additional 

degassing of solvents was performed using either vigorous Ar bubbling, or 

freeze/pump/thaw cycling.  All manipulations and reactions were performed 

under catalyst scrubbed Ar, using a combination of glove box and standard 

Schlenk techniques using oven-dried and vacuum- or Ar flow-degassed 

glassware. 

group 13 and 15 metal halides, B(C6F5)3, and MMAO-3A in heptane 

solution were all purchased from commercial sources, and used without further 

purification.  MeGaCl2,43 [(MgCl)2(CGC)·(THF)],16 and 1,3,4,5-

tetramethylimidazol-2-ylidene44 were prepared by literature methods. 

PHYSICAL MEASUREMENTS 

Low-resolution CI mass spectra were obtained from a Finnigan MAT 

TSQ-700, and high-resolution spectra were measured on a VG Analytical ZAB-

VE sector instrument.  All MS analyses were performed on samples sealed in 

glass capillaries under Ar in a glove box.  NMR spectra were recorded at 295 K 

on a GE QE-300 instrument.  The CD2Cl2 used in these measurements was 
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purchased in sealed vials, pure or with 1% (v/v) tetramethylsilane, from a 

commercial source and used without further purification.  Toluene-d8 was 

purchased from a commercial source and vacuum distilled under Ar prior to use.  

The 1H NMR chemical shifts are reported relative to tetramethylsilane, referenced 

either directly or to solvent.   

 

X-RAY CRYSTALLOGRAPHY 

Crystals of suitable quality were collected directly from Schlenk-type 

flasks under Ar pressure, and immediately covered with degassed perfluorinated 

polyether oil.  X-ray data were collected on a Nonius Kappa CCD diffractometer,  

or a Siemens P4 diffractometer.  Structural determinations and refinements were 

performed by Dr. Charles Macdonald or Ms. Jamie Jones at The University of 

Texas at Austin.  All structures were solved by direct methods, and refined by 

full-matrix least squares on F2 using the Siemens SHELX PLUS 5.0 (PC) 

software package.  All non-hydrogen atoms were allowed anisotropic thermal 

motion and hydrogen atoms, when not found, were included at calculated 

positions (C-H 0.96 Å), and refined using a riding model and a general isotropic 

thermal parameter.  The total number of reflections, collection ranges, and final R 

values are listed in the appropriate tables for each molecule. 

Data from the Nonius-Kappa CCD diffractometer were collected at 153 K 

using an Oxford Cryostream low-temperature device and graphite 

monochromated Mo Kα radiation (λ = 0.71073 Å).  A correction was applied for 
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Lorentz-polarization.  The data were collected using ω-scans to complete the 

asymmetric unit. 

 Data from the Siemens P4 diffractometer were collected at 213 K using 

graphite-monochromated Mo Kα radiation (λ = 0.71073 Å).  A correction was 

applied for Lorentz-polarization.  Three standard reflections were measured every 

1800 seconds during each data collection, and no decreased in intensities were 

observed. 

 

Synthesis of (CGC)GaMe·(THF) (1) 

A solution of MeGaCl2 (0.50 g, 3.2 mmol) in 15 mL tetrahydrofuran is 

treated with 35 mL of a tetrahydrofuran solution of [(MgCl)2(CGC)·(THF)] (1.4g, 

3.2 mmol) at 0 ºC.  After stirring overnight, the reaction mixture was heated to 50 

ºC for 2 hours.  Upon cooling to room temperature, the volatiles are removed in 

vacuo, and the solids extracted in 50 mL hexane.  The pale yellow solution was 

filtered through a glass frit covered with diatomaceous earth, concentrated, and 

stored overnight at -20 ºC to produce very pale yellow crystals (0.72 g, 55% 

yield) of 1 (mp 70-72 ºC). 1H NMR (300 MHz, toluene-d8): δ -0.01 (s, 3H, 

GaMe), 0.58 (s, 6H, SiMe2),1.21 (m, 4H, THF), 1.34 (s, 9H, NCMe2), 1.93 (s, 6H, 

C5Me2), 1.95 (s, 6H,C5Me2), 3.30 (m, 4H, THF).  13C{1H} NMR (75.48 MHz, 

Methylene chloride-d2) δ 137.45 (s, Cp) 135.86 (s, Cp) 133.45 (s, Cp) 69.00 (s, 

THF), 52.84 (s, NCMe3), 25.19, (s, THF), 15.53 (s, C5Me2), 11.99 (s, C5Me2), 

6.42 (s, SiMe2), -6.17 (s, GaMe).  HRMS (CI+, CH4) calculated for (M - H)+, 
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C20H37GaNOSi, 404.190024; found, 404.190972; calculated for (M + H - THF)+ 

C16H31GaNSi, 334.148160; found, 334.146901. 

 

Synthesis of (CGC)GaMe·(carbene) (2) 

A solution of 1 (0.425 g, 1.0 mmol) in 40 mL of toluene was treated with 

20 mL of a toluene solution of 1,3,4,5-tetramethylimidazol-2-ylidene (0.14 g, 1.1 

mmol).  After stirring overnight, the reaction mixture was heated to 50 ºC, and 

slowly evaporated to dryness under intermittent vacuum.  The solids were 

extracted, and the solution was concentrated and stored at 10 ºC.  Large crystals 

of 2 (0.34,75 % yield) were grown over a period of days (mp 90 ºC dec.).  1H 

NMR (300 MHz, toluene-d8): δ 0.13 (s, 3H, GaMe), 0.61 (s, 3H, SiMe), 0.67 (s, 

3H, SiMe), 1.25 (s, 6H, carbene C-Me), 1.49 (s, 9H, NCMe3), 1.69 (s, 3H, C5Me), 

1.80 (s, 3H, C5Me), 2.17 (s, 3H, C5Me), 2.38 (s, 3H, C5Me), 3.12 (br s, 6H, 

carbene N-Me);  13C{1H}(75.48 MHz, CD2Cl2) δ 130.965 (s, Cp), 128.960 (s, 

Cp), 126.682 (s, Cp), 126.369 (s, Cp), 125.985 (s, NCCN), 125.538 (s, Cp), 

52.614 (s, NCMe3), 35.663 (s, NCMe3), 34.671 (s, NMe), 15.913 (s, C5Me), 

14.475 (s, C5Me), 12.356 (s, C5Me), 11.337 (s, C5Me), 8.889 (s, NCMe), 7.392 (s, 

SiMe), 6.629 (s, SiMe), not observed (s, GaMe);  HRMS (CI+, CH4) calculated 

for M+, C23H42GaN3Si, 457.240383; found, 457.240669. 

 

Synthesis of [Mg2Cl3(THF)6][GaCl3(CGC)GaCl2] (3) 

A solution of GaCl3 (0.64 g, 3.6 mmol) in 40 mL tetrahydrofuran was 

treated with 30 mL of a tetrahydrofuran solution of [(MgCl)2(CGC)·(THF)] (1.6 
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g, 3.6 mmol) at -78 ºC.  The reaction mixture was allowed to come to room 

temperature, and stirred overnight.  After the volatiles were removed in vacuo, the 

toluene extract (50 mL) of the solids was filtered through a glass frit covered in 

diatomaceous earth.  Storage at -20 ºC for a period of days results in small 

amounts of colorless crystals of 3. 1H NMR (300 MHz, toluene-d8) δ 0.28 (s, 3H, 

SiMe), 0.51 (s, 3H, SiMe), 1.13 (s, 9H, t-BuN), 1.41 (s, 6H, C5Me2), 1.88 (s, 3H, 

C5Me), 1.9 (broad, s, THF), 2.1 (s, 3H, C5Me), 3.4-3.8 (broad, s, THF). 

 

Synthesis of [Mg2Cl3(THF)][InBr3(CGC)InBr2] (4) 

A solution of InBr3 (1.0g, 2.8 mmol) in 25 mL tetrahydrofuran was treated 

with 35 mL of a tetrahydrofuran solution of [(MgCl)2(CGC)·(THF)] (1.24 g, 2.8 

mmol) at -78 ºC.  The reaction mixture was allowed to come to room temperature, 

and stirred overnight.  After heating to 60 ºC for 5 hours, the volatiles were 

removed in vacuo, and the solids extracted in toluene.  After the solution was 

filtered through a glass frit covered with diatomaceous earth, crystals were grown 

over a period of days at -20 ºC.  1H NMR (300 MHz, toluene-d8) δ 0.42 (s, 3H, 

SiMe), 0.68 (s, 6H, SiMe), 1.22 (s, 9H, t-BuN), 1.421 (s, broad, THF), 1.82 (s, 

C5Me2), 2.302 (s, C5Me2), 3.582 (s, broad, THF). 

 

Synthesis of (CGC)AsCl (6) 

A solution of [(MgCl)2(CGC)·(THF)] (2.1 g, 4.6 mmol) in 40 mL 

tetrahydrofuran is treated with 5 mL of a tetrahydrofuran solution of AsCl3 (0.84 

g, 4.6 mmol), accompanied by generation of a small amount of heat.  The reaction 
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mixture is stirred overnight, then the volatiles are removed in vacuo.  The pentane 

(40 mL) extract of the solids is filtered through a glass frit covered in 

diatomaceous earth.  The solution is concentrated, and yellow crystals (1.37 g, 83 

% yield) are grown over a period of hours at -78 ºC.  1H NMR (300 MHz, 

CD2Cl2) δ 0.40 (s, 3H, SiMe), 0.46 (s, 3H, SiMe), 1.41 (s, 12 H, t-BuN + C5Me), 

1.85 (s, 6H, C5Me2), 2.06 (s, 3H, C5Me). HRMS (CI+, CH4) calculated for M+, 

C15H27NAsClSi, 359.081727; found, 359.080303. 

 

Synthesis of [(CGC)As][AlCl4] (7) 

A solution of (CGC)AsCl (2.0 g, 4.5 mmol) in 30 mL of methylene 

chloride was added to a suspension of AlCl3 (0.60 g, 4.5 mmol) in 20 mL of 

methylene chloride.  The resultant red solution was filtered through a glass frit 

covered with diatomaceous earth, and layered with an equal volume of pentane to 

give a small amount of red-orange crystals.  1H NMR (300 MHz, CD2Cl2) δ 0.85 

(s, 6H, SiMe2), 1.35 (s, 9H, t-BuN), 2.05 (s, 6H, C5Me2), 2.48 (s, 6H, C5Me2). 

 

Polymerization studies using solid activators [B(C6F5)3, AlCl3] 

The procedure applied in polymerization trials involving the use of an 

activator handled in its solid form (Run # 1,3,6,8,9,11-13, Table 2.1) are typified 

by that of Run #1.  In a glove box, (CGC)GaMe·(THF) (95 mg, 230 µmol) was 

dissolved in 30 mL methylene chloride in a Fisher-Porter bottle.  Solid B(C6F5)3 

(125 mg, 240 µmol) was added, and the valve assembly was screw-clamped into 

place.  The seal and valve assembly was attached to a T-valve, connected to a 
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Schlenk line and an ethylene tank with an inline solid-catalyst purifier.  After the 

lines were purged, the bottle was partially evacuated, and then filled to 40 psi with 

ethylene.  After stirring 30 minutes, the reaction mixture was heated to 45 ºC.  

After 3 hours, the ethylene was purged, and 50 mL 1 M HCl / ethanol (50:50) is 

added.  The organic layer is separated, and evaporated to dryness.  No solid 

product was obtained. 

 

Polymerization studies using activator solution (MMAO-3A) 

The procedure applied in polymerization trials involving the use of 

MMAO-3A (Run # 4, 5, and 10, Table 2.1) are typified by that of Run #4.  In a 

glove box, (CGC)GaMe·(THF) (151 mg, 370 µmol) was placed in a Fisher-Porter 

bottle, and the seal and valve assembly screw-clamped in place.  Also in a glove 

box, a Schlenk flask was charged with 2.1 mL of MMAO-3A (7 % Al by weight).  

The Fisher-Porter valve assembly was attached to a T-valve, connected to a 

Schlenk line and an ethylene tank with an inline solid-catalyst purifier.  After the 

system was purged, the MMAO-3A was diluted with 50 mL toluene, and the 

resultant solution was added via cannula through the valve assembly septum to 

the Fisher-Porter bottle.  The bottle was partially evacuated, and then pressurized 

with ethylene to 40 psi.  After stirring 30 minutes, the reaction mixture was heated 

to 80 ºC.  After 3.5 hours, the ethylene was purged, and 50 mL 1 M HCl / ethanol 

(50:50) is added.  The organic layer is separated, and evaporated to dryness.  No 

solid product was obtained. 
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Polymerization studies using no activator (thermolytic evaporation) 

The procedure applied in polymerization trials involving no activator (Run 

# 2 and 7, Table 2.1) is typified by that of Run #2.  In a glove-box, 

(CGC)GaMe·(THF) (195 mg, 480 µmol) was dissolved in 180 mL of toluene in a 

Fisher-Porter bottle, and the seal and valve assembly was screw-clamped into 

place.  The Fisher-Porter valve assembly was attached to a T-valve, connected to 

a Schlenk line and an ethylene tank with an inline solid-catalyst purifier.  After 

the system was purged, the closed reaction mixture was heated to 130 ºC.  Over a 

5.5 hour period, the system was periodically slightly opened to vacuum, and some 

of the solvent vapor removed.  The reaction mixture was then cooled to room 

temperature, and the bottle was partially evacuated and pressurized with ethylene 

to 40 psi.  After stirring 30 minutes, the reaction mixture was heated to 60 ºC.  

After 1.5 hours, the ethylene was purged, and the reaction mixture was evaporated 

to dryness.  No polymer was obtained. 

 

 

 

 



 168

Chapter 2 

Tables of Crystallographic Data 
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Figure 2.9 Molecular structure of (CGC)GaMe·(THF) (1) showing the atom 
numbering scheme. 
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Table 2.2 Crystal data and structure refinement for (CGC)GaMe·THF 

Identification code  a 
Empirical formula  C20 H38 Ga N O Si 
Formula weight  406.32 
Temperature  293(2) K 
Wavelength  0.71069 Å 
Crystal system  Triclinic 
Space group  P1 
Unit cell dimensions a = 8.234(5) Å �= 99.503(5)°. 
 b = 8.537(5) Å �= 90.309(5)°. 
 c = 16.350(5) Å � = 99.151(5)°. 
Volume 1118.5(10) Å3 
Z 2 
Density (calculated) 1.206 Mg/m3 
Absorption coefficient 1.290 mm-1 
F(000) 436 
Crystal size 0.20 x 0.20 x 0.20 mm3 
Theta range for data collection 1.26 to 28.28°. 
Index ranges -9<=h<=10, -11<=k<=6, -21<=l<=21 
Reflections collected 7468 
Independent reflections 5177 [R(int) = 0.0337] 
Completeness to theta = 28.28° 93.3 %  
Absorption correction None 
Max. and min. transmission 0.7824 and 0.7824 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5177 / 0 / 370 
Goodness-of-fit on F2 0.975 
Final R indices [I>2sigma(I)] R1 = 0.0370, wR2 = 0.0840 
R indices (all data) R1 = 0.0539, wR2 = 0.0905 
Extinction coefficient 0.0021(10) 
Largest diff. peak and hole 0.534 and -0.372 e.Å-3 
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Table 2.3 Selected Bond Lengths for (CGC)GaMe·(THF) (1). 

 

Atom 1 Atom 2 Length (Å) 

C(1) Ga 2.054(2) 

C(16) Ga 1.968(3) 

N Ga 1.8845(18) 

O Ga 2.0703(18) 

C(5) C(9) 1.499(4) 

C(4) C(8) 1.514(4) 

C(3) C(7) 1.497(4) 

C(1) C(6) 1.530(4) 

C(1) C(5) 1.470(3) 

C(4) C(5) 1.354(4) 

C(3) C(4) 1.449(4) 

C(2) C(3) 1.377(3) 

C(1) C(2) 1.496(3) 

C(10) Si 1.880(3) 

C(11) Si 1.887(3) 

C(2) Si 1.871(2) 

N Si 1.723(2) 

C(12) N 1.489(3) 
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Table 2.4 Selected Bond Angles for (CGC)GaMe·(THF) (1). 

 

Atom 1 Atom 2 Atom 3 Angle (º) 

C(1) Ga O 105.73(9) 

C(16) Ga C(1) 119.92(13) 

C(16) Ga O 98.14(12) 

N Ga C(1) 98.75(9) 

N Ga C(16) 128.17(12) 

N Ga O 103.26(8) 

C(4) C(5) C(1) 108.9(2) 

C(5) C(4) C(3) 109.2(2) 

C(2) C(3) C(4) 109.6(2) 

C(1) C(2) Si 116.24(16) 

C(3) C(2) C(1) 106.9(2) 

C(3) C(2) Si 134.32(19) 

C(2) C(1) C(6) 119.0(2) 

C(2) C(1) Ga 94.14(13) 

C(5) C(1) C(2) 105.3(2) 

C(5) C(1) C(6) 117.1(2) 

C(5) C(1) Ga 115.29(17) 

C(6) C(1) Ga 104.09(17) 

C(10) Si C(11) 105.51(15) 

C(2) Si C(10) 112.70(13) 

C(2) Si C(11) 111.23(12) 

N Si C(10) 114.33(13) 

N Si C(11) 114.49(13) 

N Si C(2) 98.76(9) 
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Table 2.4 Selected Bond Angles for (CGC)GaMe·(THF) (1). 

 

Atom 1 Atom 2 Atom 3 Angle (º) 

C(17) O Ga 120.72(16) 

C(20) O Ga 126.97(15) 

C(12) N Ga 121.25(15) 

C(12) N Si 128.39(15) 

Si N Ga 109.09(9) 
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Figure 2.10 Molecular structure of (CGC)GaMe·(carbene) (2) showing the 

atom numbering scheme. 
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Table 2.5  Crystal data and structure refinement for (CGC)GaMe(Carbene). 

 
Identification code  shelx 
Empirical formula  C23 H42 Ga N3 Si 
Formula weight  458.41 
Temperature  153(2) K 
Wavelength  0.71069 Å 
Crystal system  Orthorhombic 
Space group  Pc2(1)b 
Unit cell dimensions a = 8.991(5) Å α= 90.000(5)°. 
 b = 14.370(5) Å β= 90.000(5)°. 
 c = 19.607(5) Å γ = 90.000(5)°. 
Volume 2533.2(18) Å3 
Z 4 
Density (calculated) 1.202 Mg/m3 
Absorption coefficient 1.146 mm-1 
F(000) 984 
Crystal size 0.3 x 0.3 x 0.3 mm3 
Theta range for data collection 3.07 to 27.40°. 
Index ranges -11<=h<=11, -16<=k<=18, -18<=l<=25 
Reflections collected 19149 
Independent reflections 5364 [R(int) = 0.0695] 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5363 / 1 / 267 
Goodness-of-fit on F2 1.052 
Final R indices [I>2sigma(I)] R1 = 0.0360, wR2 = 0.0780 
R indices (all data) R1 = 0.0519, wR2 = 0.0855 
Absolute structure parameter -0.017(11) 
Largest diff. peak and hole 0.216 and -0.323 e.Å-3 
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Table 2.6 Selected Bond Lengths for (CGC)GaMe·(carbene) (2). 

 

Atom 1 Atom 2 Length (Å) 

C(1) Ga 2.009(3) 

C(12) Ga 2.172(3) 

C(41) Ga 2.074(3) 

N(1) Ga 1.933(3) 

Si Ga 2.9183(14) 

C(11) C(12) 1.466(5) 

C(12) C(121) 1.533(4) 

C(12) C(13) 1.456(5) 

C(13) C(131) 1.496(5) 

C(13) C(14) 1.366(5) 

C(14) C(141) 1.515(5) 

C(11) C(15) 1.402(5) 

C(14) C(15) 1.427(5) 

C(15) C(151) 1.507(5) 

C(11) Si 1.862(3) 

C(21) Si 1.895(4) 

C(22) Si 1.882(4) 

N(1) Si 1.725(3) 

C(31) N(1) 1.476(4) 

C(43) C(44) 1.345(5) 

C(41) N(42) 1.350(4) 

C(43) N(42) 1.383(4) 

C(41) N(45) 1.349(4) 

C(44) N(45) 1.385(5) 



 177

Table 2.7 Selected bond angles for (CGC)GaMe·(carbene) (2). 

 

Atom 1 Atom 2 Atom 3 Angle (º) 

C(1) Ga C(11) 142.70(12) 

C(1) Ga C(12) 108.38(13) 

C(1) Ga C(41) 109.89(14) 

C(1) Ga Si 138.41(11) 

C(11) Ga Si 39.21(8) 

C(12) Ga C(11) 35.53(11) 

C(12) Ga Si 66.61(9) 

C(41) Ga C(11) 95.73(11) 

C(41) Ga C(12) 108.82(12) 

C(41) Ga Si 110.57(9) 

N(1) Ga C(1) 118.43(13) 

N(1) Ga C(11) 73.61(11) 

N(1) Ga C(12) 99.50(12) 

N(1) Ga C(41) 111.02(11) 

N(1) Ga Si 34.69(8) 

C(12) C(11) Ga 59.4(2) 

C(12) C(11) Si 118.3(2) 

C(15) C(11) C(12) 106.7(3) 

C(15) C(11) Ga 110.6(2) 

C(15) C(11) Si 132.7(3) 

Si C(11) Ga 82.22(12) 

C(11) C(12) Ga 85.0(2) 

C(121) C(12) Ga 103.7(2) 

C(13) C(12) C(11) 106.5(3) 
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Table 2.7 Selected bond angles for 2 continued. 

 

Atom 1 Atom 2 Atom 3 Angle (º) 

C(13) C(12) Ga 109.7(2) 

C(14) C(13) C(12) 108.0(3) 

C(13) C(14) C(15) 109.8(3) 

C(11) C(15) C(14) 108.8(3) 

C(11) Si C(21) 112.8(2) 

C(11) Si C(22) 113.0(2) 

C(22) Si C(21) 103.4(2) 

N(1) Si C(11) 97.77(13) 

N(1) Si C(21) 114.6(2) 

N(1) Si C(22) 115.7(2) 

N(1) Si Ga 39.62(8) 

C(31) N(1) Ga 124.5(2) 

C(31) N(1) Si 128.3(2) 

Si N(1) Ga 105.69(13) 

C(41) N(42) C(43) 112.3(2) 

C(41) N(45) C(44) 111.7(3) 

N(42) C(41) Ga 130.6(2) 

N(42) C(41) N(45) 103.5(3) 

N(45) C(41) Ga 125.9(2) 

C(44) C(43) N(42) 105.8(3) 

C(43) C(44) N(45) 106.7(3) 
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Figure 2.11.a  Molecular structure of [GaCl3(CGC)GaCl2,]-, anion of (3) 
showing the atom numbering scheme. 
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Figure 2.11.b  Molecular structure of [Mg2Cl3(THF)6]+, cation of (3) showing 
the atom numbering scheme. 
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Table 2.8 Crystal data and structure refinement for 
[Mg2Cl3(THF)6][GaCl3(CGC)GaCl2]. 

 
Identification code  p21overn 
Empirical formula  C39 H75 Cl8 Ga2 Mg2 N O6 Si 
Formula weight  1153.75 
Temperature  153(2) K 
Wavelength  0.71069 Å 
Crystal system  Monoclinic 
Space group  P2 (1)/n 
Unit cell dimensions a = 12.464(5) Å a= 90.000(5)°. 
 b = 19.300(5) Å b= 100.558(5)°. 
 c = 23.142(5) Å g = 90.000(5)°. 
Volume 5473(3) Å3 
Z 4 
Density (calculated) 1.400 Mg/m3 
Absorption coefficient 1.460 mm-1 
F(000) 2400 
Crystal size 0.2 x 0.2 x 0.2 mm3 
Theta range for data collection 3.06 to 27.48°. 
Index ranges -16<=h<=16, -21<=k<=24, -29<=l<=29 
Reflections collected 20426 
Independent reflections 12394 [R(int) = 0.0138] 
Completeness to theta = 27.48° 98.9 %  
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 12394 / 150 / 689 
Goodness-of-fit on F2 1.017 
Final R indices [I>2sigma(I)] R1 = 0.0364, wR2 = 0.0865 
R indices (all data) R1 = 0.0478, wR2 = 0.0930 
Extinction coefficient 0.00052(16) 
Largest diff. peak and hole 0.959 and -0.472 e.Å-3 
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Table 2.9 Selected bond lengths for [Mg2Cl3(THF)6][GaCl3(CGC)GaCl2] (3). 

 

Atom 1 Atom 2 Length (Å) 

C(4) Ga(1) 2.406(3) 

C(5) Ga(1) 2.393(3) 

Cl(1) Ga(1) 2.2072(10) 

Cl(2) Ga(1) 2.1962(9) 

N(1) Ga(1) 1.864(2) 

C(1) Ga(2) 2.021(2) 

Cl(20) Ga(2) 2.2030(10) 

Cl(21) Ga(2) 2.2012(9) 

Cl(22) Ga(2) 2.2037(10) 

C(2) C(1) 1.495(3) 

C(5) C(1) 1.490(3) 

C(2) C(12) 1.499(3) 

C(3) C(13) 1.497(4) 

C(4) C(14) 1.509(4) 

C(5) C(15) 1.504(4) 

C(2) C(3) 1.357(3) 

C(4) C(3) 1.450(3) 

C(4) C(5) 1.385(3) 

C(1) Si(1) 1.913(2) 

C(6) Si(1) 1.873(3) 

C(7) Si(1) 1.870(3) 

N(1) Si(1) 1.725(2) 

C(8) N(1) 1.499(3) 
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Table 2.9 Selected bond lengths for (3) continued. 

 

 

 

 

 

 

 

 

 

 

 

 

Atom 1 Atom 2 Length (Å) 

Cl(11) Mg(1) 2.5250(12) 

Mg(2) O(50) 2.073(2) 

Mg(2) O(60) 2.069(2) 

Mg(2) O(70) 2.101(2) 

O(20) Mg(1) 2.0525(18) 

O(30) Mg(1) 2.0856(18) 

O(40) Mg(1) 2.0936(18) 

Mg(1) Cl(10) 2.5087(11) 

Mg(2) Cl(10) 2.5247(12) 

Mg(2) Cl(11) 2.5018(11) 

Mg(1) Cl(12) 2.4856(10) 

Mg(2) Cl(12) 2.4870(14) 
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Table 2.10 Selected bond angles for [Mg2Cl3(THF)6][GaCl3(CGC)GaCl2] (3). 

 

Atom 1 Atom 2 Atom 3 Atom 4 

C(5) Ga(1) C(4) 33.55(8) 

Cl(1) Ga(1) C(4) 93.61(7) 

Cl(1) Ga(1) C(5) 126.53(7) 

Cl(2) Ga(1) C(4) 105.09(7) 

Cl(2) Ga(1) C(5) 100.14(6) 

Cl(2) Ga(1) Cl(1) 103.14(4) 

N(1) Ga(1) C(4) 116.27(8) 

N(1) Ga(1) C(5) 92.08(8) 

N(1) Ga(1) Cl(1) 116.42(7) 

N(1) Ga(1) Cl(2) 118.70(7) 

C(1) Ga(2) Cl(20) 107.92(7) 

C(1) Ga(2) Cl(21) 113.91(7) 

C(1) Ga(2) Cl(22) 116.28(7) 

Cl(20) Ga(2) Cl(22) 106.11(4) 

Cl(21) Ga(2) Cl(20) 107.97(4) 

Cl(21) Ga(2) Cl(22) 104.13(4) 

C(2) C(1) Ga(2) 105.56(15) 

C(2) C(1) Si(1) 113.63(15) 

C(5) C(1) C(2) 103.31(19) 

C(5) C(1) Ga(2) 105.43(15) 

C(5) C(1) Si(1) 111.02(16) 

Si(1) C(1) Ga(2) 116.73(11) 

C(3) C(2) C(1) 110.2(2) 
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Table 2.10 Selected bond angles for (3) continued. 
 

Atom 1 Atom 2 Atom 3 Angle (º) 

C(2) C(3) C(4) 108.5(2) 

C(14) C(4) Ga(1) 107.5(2) 

C(3) C(4) Ga(1) 96.89(15) 

C(5) C(4) C(3) 109.4(2) 

C(5) C(4) Ga(1) 72.70(14) 

C(1) C(5) Ga(1) 96.71(14) 

C(15) C(5) Ga(1) 108.97(19) 

C(4) C(5) C(1) 108.6(2) 

C(4) C(5) Ga(1) 73.75(15) 

C(6) Si(1) C(1) 109.71(12) 

C(7) Si(1) C(1) 111.86(14) 

C(7) Si(1) C(6) 105.13(19) 

N(1) Si(1) C(1) 100.76(10) 

C(8) N(1) Ga(1) 118.42(16) 

C(8) N(1) Si(1) 126.27(17) 

Si(1) N(1) Ga(1) 115.32(11) 

Cl(10) Mg(1) Cl(11) 83.49(4) 

Cl(12) Mg(1) Cl(10) 85.25(3) 

Cl(12) Mg(1) Cl(11) 85.81(3) 

O(20) Mg(1) Cl(10) 97.25(6) 

O(20) Mg(1) Cl(11) 90.72(6) 

O(30) Mg(1) Cl(10) 90.84(6) 

O(30) Mg(1) Cl(12) 94.69(6) 

O(40) Mg(1) Cl(11) 94.42(6) 

O(40) Mg(1) Cl(12) 87.37(6) 
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Table 2.10 Selected bond angles for (3) continued. 

 

Atom 1 Atom 2 Atom 3 Angle (º) 

Cl(11) Mg(2) Cl(10) 83.64(3) 

Cl(12) Mg(2) Cl(10) 84.88(4) 

Cl(12) Mg(2) Cl(11) 86.28(3) 

O(50) Mg(2) Cl(10) 98.43(7) 

O(50) Mg(2) Cl(11) 88.13(7) 

O(50) Mg(2) O(70) 90.14(9) 

O(60) Mg(2) Cl(10) 89.34(7) 

O(60) Mg(2) Cl(12) 95.60(7) 

O(70) Mg(2) Cl(11) 96.90(7) 

O(70) Mg(2) Cl(12) 86.62(7) 

Mg(1) Cl(10) Mg(2) 77.17(4) 

Mg(2) Cl(11) Mg(1) 77.29(3) 

Mg(1) Cl(12) Mg(2) 78.29(3) 
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Figure 2.12.a  Molecular structure of [InBr3(CGC)InBr2]-, anion of (4) 
showing the atom numbering scheme. 
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Figure 2.12.b  Molecular structure of [Mg2Cl2(THF)6]+, cation of (4) showing 
the atom numbering scheme. 
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Table 2.11 Crystal data and structure refinement for 
[Mg2Cl3(THF)6][InBr3(CGC)InBr2] (4). 

 
Identification code  p21overc 
Empirical formula  C15.60 H30 Br2 Cl1.20 In0.80 Mg0.80 N0.40 O2.40 
Si0.40 
Formula weight  586.50 
Temperature  153(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2 (1)/c 
Unit cell dimensions a = 20.235(4) Å a= 90°. 
 b = 19.009(4) Å b= 102.65(3)°. 
 c = 15.175(3) Å g = 90°. 
Volume 5695(2) Å3 
Z 10 
Density (calculated) 1.710 Mg/m3 
Absorption coefficient 4.540 mm-1 
F(000) 2904 
Crystal size 0.2 x 0.2 x 0.2 mm3 
Theta range for data collection 3.46 to 27.52°. 
Index ranges -26<=h<=26, -24<=k<=24, -19<=l<=19 
Reflections collected 24514 
Independent reflections 12981 [R(int) = 0.0425] 
Completeness to theta = 27.52° 99.0 %  
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 12981 / 45 / 540 
Goodness-of-fit on F2 1.022 
Final R indices [I>2sigma(I)] R1 = 0.0733, wR2 = 0.2025 
R indices (all data) R1 = 0.1033, wR2 = 0.2227 
Largest diff. peak and hole 6.988 and -1.297 e.Å-3 
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Table 2.12 Selected bond lengths for [Mg2Cl3(THF)6][InBr3(CGC)InBr2] (4). 

 

Atom 1 Atom 2 Length (Å) 

Br(1) In(1) 2.5347(14) 

Br(2) In(1) 2.5096(14) 

C(4) In(1) 2.547(9) 

C(5) In(1) 2.564(8) 

N(1) In(1) 2.062(7) 

Br(20) In(2) 2.5150(13) 

Br(21) In(2) 2.5156(13) 

Br(22) In(2) 2.5176(12) 

C(1) In(2) 2.214(8) 

C(1) C(2) 1.484(10) 

C(2) C(3) 1.369(12) 

C(3) C(4) 1.441(13) 

C(1) C(5) 1.471(11) 

C(4) C(5) 1.402(12) 

C(1) Si(1) 1.910(8) 

C(6) Si(1) 1.876(10) 

C(7) Si(1) 1.872(9) 

N(1) Si(1) 1.713(8) 

C(8) N(1) 1.483(11) 

Mg(1) Cl(1) 2.540(4) 

Mg(2) Cl(1) 2.593(5) 

Mg(1) Cl(1B) 2.584(6) 

Mg(2) Cl(1B) 2.679(8) 

Mg(1) Cl(2) 2.585(4) 
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Table 2.12 Selected bond lengths of (4) continued. 

 

Atom 1 Atom 2 Length (Å) 

Mg(2) Cl(2) 2.588(5) 

Mg(1) Cl(2B) 2.578(6) 

Mg(2) Cl(2B) 2.468(8) 

Mg(1) Cl(3) 2.696(4) 

Mg(2) Cl(3) 2.647(4) 

Mg(1) Cl(3B) 2.650(5) 

Mg(2) Cl(3B) 2.624(6) 

O(20) Mg(1) 2.039(7) 

O(30) Mg(1) 2.075(7) 

O(40) Mg(1) 2.125(7) 

O(50) Mg(2) 2.093(7) 

O(6) Mg(2) 2.094(7) 

O(60) Mg(2) 2.071(7) 
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Table 2.13 Selected bond angles for [Mg2Cl3(THF)6][InBr3(CGC)InBr2] (4). 

 

Atom 1 Atom 2 Atom 3 Angle (º) 

Br(1) In(1) C(4) 105.9(2) 

Br(1) In(1) C(5) 97.71(18) 

Br(2) In(1) Br(1) 103.71(5) 

Br(2) In(1) C(4) 97.4(2) 

Br(2) In(1) C(5) 129.11(18) 

C(4) In(1) C(5) 31.8(3) 

N(1) In(1) Br(1) 114.6(2) 

N(1) In(1) Br(2) 121.4(2) 

N(1) In(1) C(4) 111.6(3) 

N(1) In(1) C(5) 88.6(3) 

Br(20) In(2) Br(21) 103.90(6) 

Br(20) In(2) Br(22) 107.89(5) 

Br(21) In(2) Br(22) 107.25(5) 

C(1) In(2) Br(20) 116.39(19) 

C(1) In(2) Br(21) 114.1(2) 

C(1) In(2) Br(22) 106.9(2) 

C(2) C(1) In(2) 104.2(5) 

C(2) C(1) Si(1) 114.9(5) 

C(5) C(1) C(2) 103.9(7) 

C(5) C(1) In(2) 103.0(5) 

C(5) C(1) Si(1) 114.6(5) 

Si(1) C(1) In(2) 114.9(4) 

C(3) C(2) C(1) 109.8(7) 

C(2) C(3) C(4) 108.9(7) 
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Table 2.13 Selected bond angles of (4) continued. 

 

Atom 1 Atom 2 Atom 3 Angle 

C(14) C(4) In(1) 108.7(7) 

C(3) C(4) In(1) 92.5(5) 

C(5) C(4) C(3) 108.4(8) 

C(5) C(4) In(1) 74.7(5) 

C(1) C(5) In(1) 93.1(5) 

C(15) C(5) In(1) 111.5(6) 

C(4) C(5) C(1) 109.0(7) 

C(4) C(5) In(1) 73.4(5) 

C(6) Si(1) C(1) 109.7(4) 

C(7) Si(1) C(1) 111.3(4) 

C(7) Si(1) C(6) 106.3(5) 

N(1) Si(1) C(1) 100.9(3) 

N(1) Si(1) C(6) 117.6(4) 

N(1) Si(1) C(7) 111.0(4) 

C(8) N(1) In(1) 120.5(6) 

C(8) N(1) Si(1) 126.1(6) 

Si(1) N(1) In(1) 113.2(4) 

Cl(1) Mg(1) Cl(2) 87.73(16) 

Cl(1) Mg(1) Cl(3) 84.61(15) 

Cl(2) Mg(1) Cl(3) 85.01(15) 

O(20) Mg(1) Cl(1) 174.5(3) 

O(20) Mg(1) Cl(2) 94.5(2) 

O(20) Mg(1) Cl(3) 90.6(2) 

O(30) Mg(1) Cl(1) 89.6(2) 

O(30) Mg(1) Cl(2) 176.0(3) 
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Table 2.13 Selected bond angles of (4) continued. 

 

Atom 1 Atom 2 Atom 3 Angle (º) 

O(30) Mg(1) Cl(3) 97.7(2) 

O(40) Mg(1) Cl(1) 96.8(2) 

O(40) Mg(1) Cl(2) 85.7(2) 

O(40) Mg(1) Cl(3) 170.5(2) 

Cl(1) Mg(2) Cl(3) 84.59(15) 

Cl(2) Mg(2) Cl(1) 86.56(15) 

Cl(2) Mg(2) Cl(3) 85.97(15) 

O(50) Mg(2) Cl(1) 177.3(3) 

O(50) Mg(2) Cl(2) 90.9(2) 

O(50) Mg(2) Cl(3) 94.3(2) 

O(50) Mg(2) O(6) 91.0(3) 

O(6) Mg(2) Cl(1) 90.1(2) 

O(6) Mg(2) Cl(2) 93.5(2) 

O(6) Mg(2) Cl(3) 174.7(2) 

O(60) Mg(2) Cl(1) 92.4(2) 

O(60) Mg(2) Cl(2) 177.7(3) 

O(60) Mg(2) Cl(3) 91.9(2) 
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Figure 2.13 Molecular structure of (CGC)AsCl (6) showing the atom 
numbering scheme. 
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Table 2.14 Crystal data and structure refinement for (CGC)AsCl (6). 

 
Identification code  p21overn 
Empirical formula  C15 H27 As Cl N Si 
Formula weight  359.84 
Temperature  153(2) K 
Wavelength  0.71069 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a = 6.953(5) Å a= 90.000(5)°. 
 b = 17.258(5) Å b= 91.669(5)°. 
 c = 14.991(5) Å g = 90.000(5)°. 
Volume 1798.1(15) Å3 
Z 4 
Density (calculated) 1.329 Mg/m3 
Absorption coefficient 2.095 mm-1 
F(000) 752 
Crystal size 0.20 x 0.20 x 0.20 mm3 
Theta range for data collection 3.60 to 27.46°. 
Index ranges -8<=h<=9, -22<=k<=19, -18<=l<=19 
Reflections collected 11122 
Independent reflections 4068 [R(int) = 0.0560] 
Completeness to theta = 27.46° 99.1 %  
Absorption correction None 
Max. and min. transmission 0.6794 and 0.6794 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4068 / 0 / 281 
Goodness-of-fit on F2 1.045 
Final R indices [I>2sigma(I)] R1 = 0.0274, wR2 = 0.0549 
R indices (all data) R1 = 0.0350, wR2 = 0.0572 
Extinction coefficient 0.0024(4) 
Largest diff. peak and hole 0.326 and -0.317 e.Å-3 
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Table 2.15 Selected bond lengths for (CGC)AsCl (6). 

 

Atom 1 Atom 2 Length (Å) 

C(5) As 1.9903(18) 

Cl As 2.2568(16) 

N As 1.8292(14) 

C(1) C(2) 1.357(2) 

C(2) C(3) 1.473(3) 

C(3) C(4) 1.347(3) 

C(1) C(5) 1.512(2) 

C(4) C(5) 1.500(2) 

C(2) C(6) 1.498(3) 

C(3) C(7) 1.502(3) 

C(4) C(8) 1.497(3) 

C(5) C(9) 1.538(3) 

C(1) Si 1.8502(19) 

C(10) Si 1.865(2) 

C(11) Si 1.870(2) 

N Si 1.7676(15) 

C(12) N 1.504(2) 
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Table 2.16 Selected bond angles for (CGC)AsCl (6). 

 

Atom 1 Atom 2 Atom 3 Angle (º) 

C(5) As Cl 97.31(5) 

N As C(5) 93.11(7) 

N As Cl 104.00(5) 

C(2) C(1) C(5) 107.47(15) 

C(2) C(1) Si 134.71(14) 

C(5) C(1) Si 114.89(12) 

C(1) C(2) C(3) 109.97(15) 

C(4) C(3) C(2) 109.22(16) 

C(3) C(4) C(5) 108.68(15) 

C(8) C(4) C(5) 122.46(16) 

C(1) C(5) C(9) 113.97(14) 

C(1) C(5) As 105.07(11) 

C(4) C(5) C(1) 104.43(14) 

C(4) C(5) C(9) 112.49(15) 

C(4) C(5) As 115.82(12) 

C(1) Si C(10) 112.20(9) 

C(1) Si C(11) 112.21(10) 

C(10) Si C(11) 109.07(11) 

N Si C(1) 96.72(7) 

N Si C(10) 113.79(9) 

N Si C(11) 112.49(9) 

C(12) N Si 126.43(11) 

C(12) N As 116.17(10) 

Si N As 115.70(8) 
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Figure 2.14 Molecular structure of one molecule of [(CGC)As][AlCl4] (7), 
showing the atom numbering scheme. 
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Table 2.17 Crystal data and structure refinement for [(CGC)As][AlCl4] (7). 
 
Identification code  pca21new 
Empirical formula  C30 H54 Al2 As2 Cl8 N2 Si2 
Formula weight  986.33 
Temperature  153(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  Pca2(1) 
Unit cell dimensions a = 18.184(4) Å a= 90°. 
 b = 8.2774(17) Å b= 90°. 
 c = 30.284(6) Å g = 90°. 
Volume 4558.2(16) Å3 
Z 4 
Density (calculated) 1.437 Mg/m3 
Absorption coefficient 2.050 mm-1 
F(000) 2016 
Crystal size 0.20 x 0.20 x 0.20 mm3 
Theta range for data collection 3.02 to 30.49°. 
Index ranges -24<=h<=24, -11<=k<=11, -42<=l<=42 
Reflections collected 9823 
Independent reflections 9823 [R(int) = 0.0000] 
Completeness to theta = 30.49° 84.6 %  
Absorption correction None 
Max. and min. transmission 0.6846 and 0.6846 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9823 / 1 / 434 
Goodness-of-fit on F2 1.060 
Final R indices [I>2sigma(I)] R1 = 0.0677, wR2 = 0.1541 
R indices (all data) R1 = 0.0918, wR2 = 0.1718 
Absolute structure parameter 0.487(13) 
Largest diff. peak and hole 5.010 and -0.988 e.Å-3 



 201

Table 2.18 Selected bond lengths for [(CGC)As][AlCl4] (7). 

 

Atom 1 Atom 2 Length (º) 

C(5) As(1) 1.868(8) 

N(1) As(1) 1.831(6) 

Cl(2) As(1) 3.284 

C(1) C(2) 1.496(10) 

C(1) C(2) 1.496(10) 

C(3) C(4) 1.473(14) 

C(1) C(5) 1.502(10) 

C(4) C(5) 1.385(11) 

C(1) C(6) 1.560(10) 

C(2) C(7) 1.510(11) 

C(3) C(8) 1.461(14) 

C(4) C(9) 1.476(13) 

C(1) Si(1) 1.888(7) 

C(10) Si(1) 1.859(8) 

C(11) Si(1) 1.913(9) 

N(1) Si(1) 1.814(7) 

C(12) N(1) 1.419(12) 

Al(1) Cl(1) 2.120(4) 

Al(1) Cl(2) 2.145(3) 

Al(1) Cl(3) 2.147(3) 

Al(1) Cl(4) 2.113(3) 

 



 202

Table 2.19 Selected bond angles for [(CGC)As][AlCl4] (7). 

 

Atom 1 Atom 2 Atom 3 Angle (º) 

N(1) As(1) C(5) 93.6(3) 

C(2) C(1) C(5) 101.8(6) 

C(2) C(1) C(6) 111.6(6) 

C(2) C(1) Si(1) 118.4(5) 

C(5) C(1) C(6) 114.8(6) 

C(5) C(1) Si(1) 100.3(5) 

C(6) C(1) Si(1) 109.4(5) 

C(3) C(2) C(1) 111.8(7) 

C(2) C(3) C(4) 108.1(9) 

C(5) C(4) C(3) 108.2(7) 

C(1) C(5) As(1) 118.9(5) 

C(4) C(5) C(1) 110.1(7) 

C(4) C(5) As(1) 127.0(6) 

C(1) Si(1) C(11) 112.1(4) 

C(10) Si(1) C(1) 112.2(3) 

C(10) Si(1) C(11) 112.3(4) 

N(1) Si(1) C(10) 109.1(3) 

N(1) Si(1) C(1) 98.8(3) 

N(1) Si(1) C(11) 111.5(4) 

C(12) N(1) Si(1) 128.2(6) 

C(12) N(1) As(1) 121.2(6) 

Si(1) N(1) As(1) 110.6(4) 

Cl(1) Al(1) Cl(2) 109.15(14) 

Cl(4) Al(1) Cl(3) 107.91(14) 
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