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CHAPTER 1 

Introduction to the use of sterically encumbered molecules to study steric and 

electronic effects in metal complexes 

1.1 Introduction 

A longstanding focus of synthetic inorganic and organometallic chemistry has been on 

the production and improvement of catalytically active species, and on advances in advanced 

materials development, with both efforts being undergirded by fundamental mechanistic studies 

of reactions. The interconnectedness of these goals has been evident in the recent push toward 

the use of relatively inexpensive, earth-abundant, non-toxic metals, coupled with attempts to 

move toward sustainable (green) techniques in synthesis and manufacture. This advance is 

reflected in many areas of the chemical enterprise, not least in the appearance of research 

journals dedicated to sustainable chemistry, such as Green Chemistry (RSC, founded 1999),
1
 

ChemSusChem (Wiley, founded 2008),
2
 and ACS Sustainable Chemistry & Engineering (ACS, 

founded 2013).
3
 Sustainable synthesis techniques and efforts to modify product formation are 

recurring and major themes throughout the following chapters. 

The three projects that will be discussed throughout the following chapters are: 1) the 

synthesis, characterization, and applications of group 15 MN′3 (N′ = [N(SiMe3)2]) complexes; 2) 

group 4 mixed ligand species of the form CpxMXy(OR)4-(x+y); and 3) the mechanochemical 

preparation of KB[A′]3 (A′ = [1,3-(SiMe3)2C3H3]). These projects incorporate the study of: 

product formation as a function of reaction conditions, the use of bulky ligands in main-group 

chemistry, and discussions of steric and electronic effects in the resulting complexes.  
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1.2 The influence of reaction conditions on product formation 

It goes almost without saying that synthetic inorganic and organometallic chemistry can 

be conducted under a variety of conditions. Factors that are often considered in the optimization 

of these reactions include: the choice of solvent (or whether solvent use should be avoided 

entirely), reaction time and temperature, and how rigorously the reaction must be protected from 

air and moisture. As regards the latter point, many inorganic and organometallic complexes are 

sensitive to oxygen and/or water, properties that in some cases can be modified through ligand 

choice (e.g. Ni(C3H5)2 is highly pyrophoric
4
 but Ni(1,3-TMS-C3H3)2 displays moderate air 

stability).
5
 The overall sustainability and environmental impact of synthetic routes is another 

factor that is increasingly being considered in the optimization process.  

Organic solvents are employed in a vast number of synthetic reactions, and for a variety 

of undeniably good reasons: among these are promoting reagent interactions, dissipating heat in 

exothermic reactions, and allowing for kinetic control during product formation. Although many 

inorganic reactions use such solvents, there are consequences of solvent properties on the 

outcomes of reactions that are still poorly understood. The solvent effects in salt metathesis 

reactions (e.g., RM + M′X ⇄ RM′ + MX; M = typically group 1 or 2 metal) are examined in this 

dissertation; this reaction type was the primary focus in the three aforementioned projects. 

Traditionally conducted salt metathesis reactions suffer from a variety of problems, some 

of which are noted here. To begin with, solution-based reactions usually require the use of 

reagents with similar solubility, which can limit the range of suitable starting materials. 

Coordinating solvents (typically ethers such as THF or diethyl ether) may bind strongly to a 

metal, which may influence the overall reactivity of a final metal-ligand complex. In particular, 
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tightly bound ethers can prove difficult (or impossible) to remove without the decomposition of 

the complex. This phenomenon has been observed with various metal allyl complexes (e.g., with 

Mg,
6
 Be,

7
 Al,

8
 etc.). One method that has been implemented for the removal of ethereal solvents 

is a ‘toluene reflux’ method which has varying degrees of success.
9-10

 The use of nonpolar 

solvents for metathesis reactions is less common, but can provide an alternative route, given 

materials with appropriate solubility.
11

  

Metathesis reactions can generate products that do not reflect the ratio of starting 

materials, in which case require alternative conditions to obtain the desired product(s). As will be 

described later in this dissertation, the formation of metal  alkoxides,
12

 amides,
13

 and allyls
14

 can 

be complicated by non-stoichiometric metathesis reactions. The common method to form metal 

alkoxides without the use of metathesis is to treat the metal salt with the appropriate alcohol (in 

the presence of a base when necessary; i.e., MXn + nHOR → M(OR)n + HX).  Salt metathesis of 

zirconium alkoxides has reportedly led to inseparable mixtures of products; thus alcoholysis was 

used to promote cleaner reactions.
12

 Similarly the undesired tris(amido) complex 

M′M(N(SiMe3)2)3 was prepared through metathesis, but the desired bis(amido) M(N(SiMe3)2 was 

produced through transmetallation.
15

 Formations of tris(allyl) M′M[A′]3 complexes has also been 

reported, but there are few examples of allyl transfer reagents to circumvent the undesirable 

product formation.
14

  

To address the need for alternative reaction conditions that would to avoid complications 

from unwanted solvation, incompatible solubilities, and non-stoichiometric reactions, attention 

has been given to solvent-free mechanochemical reactions. Mechanochemistry was demonstrated 

as early as the 4
th

 century BCE through the grinding of cinnabar (HgS) in a copper vessel with 

small amounts of vinegar to produce elemental mercury and copper sulfide (eq 1).  
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HgS + Cu  →  Hg + CuS (1) 

This technique was expanded by the American chemist M. Carey Lee in the late 19
th

 

century through his investigation of metal salts that behave differently depending on whether 

they are subject to grinding and pressure, or simply heated. He found, for example, that silver 

salts such as AgCl undergo reduction upon grinding and under pressure, but only melt upon 

heating. This was instrumental in establishing the uniqueness of mechanochemistry as a distinct 

process, which until his work had been thought to be simply an extension of traditional heating 

methods.  

Mechanochemistry utilizes solvent-free or reduced solvent reactions and can promote 

faster reaction times than traditional solution reactions. These benefits have been recognized by 

several research groups and have led to the growth of mechanochemistry in synthetic organic, 

inorganic, and organometallic systems. Mechanochemistry has been investigated as a possible 

solution to the non-stoichiometric issues related to salt metathesis reactions, and this will be 

discussed in later chapters.  

1.3 Bulky ligands and stability 

Incorporation of sterically encumbered ligands in metal complexes to promote stability 

has been a longstanding practice in synthetic chemistry. An example of steric bulk providing 

enhanced stability to a compound is found in the synthesis of free, persistent carbenes. Carbenes 

were long thought to be unisolatable, but the use of adamantyl substituents stabilized an N-

heterocyclic carbene.
16

 Sterically bulk groups have also been used to promote low coordination 

number complexes for alkaline earth and lanthanide compounds. The formation of bulky 

homoleptic compounds will be discussed with reference to bis(trimethyl)silyl amides and the 



 5 

bulky allyl 1,3-TMS-C3H3 (A′). Heteroleptic compounds involving cyclopentadienyl, halides, 

and alkoxides will be discussed in full detail in Chapters 4 and 5. 

1.3.1 Amido Complexes of the Group 15 Elements 

The bis(trimethyl)silylamido ligand (-N(SiMe3)2, N′) binds to a wide range of metals, and 

the corresponding amides have been studied for applications in metal organic chemical vapor 

deposition (MOCVD) and atomic layer deposition (ALD).
17-18

 The promotion of low 

coordination numbers is another property which has been studied for this ligand. Typical 

coordination numbers (CN) for lanthanides are 8 or 9 for monodentate ligands, and up to 12 for 

chelating ligands,
19

 but lanthanide amides containing the bis(trimethyl)silylamido ligand can 

occur in the form of 3-coordinate pyramidal M(N[SiMe3]2)3 complexes. The amide ligand also 

forms low coordination number complexes with the alkaline earths, with typical CN of  4-12,
20

 

but the amides form BeN′2 (CN = 2) or [MN′3]
-
/M2N′4 complexes (M = Mg–Ba; CN = 3).

21-22
  

The wide range of applications, support of low coordination numbers, and ability to form 

uniform binding configurations with a range of metal radii was the primary motivation for 

investigations with this ligand. As will be discussed in Chapters 2 and 3, the group 15 MN′3 

complexes were prepared, some for the first time. Preliminary applications studies of PN′3 were 

attempted that demonstrated its ability to function as a reducing and capping agent in the 

formation of noble metal nanoparticles. 

1.3.2 Allyl complexes 

The parent allyl anion ([C3H5]
–
) is the smallest delocalized π-ligand, but it can also bind 

to metals in a σ-bonding mode (i.e., M–CH2C(H)=CH2). Numerous examples of metal allyl 

complexes have been reported, but homoleptic transition metal species (i.e., those in which allyls 
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are the only type of ligand) often possess poor thermal stability and are only persistent at low 

temperatures. The addition of trimethylsilyl groups to the parent allyl to form the bis-substituted 

allyl ([1,3-TMS-C3H3]
–
) provides sufficient bulk to shield the metal centers of complexes at 

room temperature, and in some cases, they also confer modest air stability on the compounds.  

The formation of electron-deficient complexes that have thermal stability and potential 

catalytic activity is one major benefit of using a bulky allyl ligand. Although these are thermally 

stable at room temperature and above, their air- and moisture- stability is very low, with a 

majority of these complexes quickly decomposing upon exposure to traces of oxygen. Attempts 

to prepare an unsolvated bis(allyl) beryllium complex resulted in the isolation of an unexpected 

tris(allyl)beryllate, which will be discussed in further detail in Chapter 6.  

1.4 Steric and electronic effects in metal complexes 

The two major controllers of chemical reactions are often described under the general 

rubric of “steric” and “electronic” effects. In the context of inorganic reactions, steric effects 

reflect the consequences of interligand repulsions, and the necessity to reduce such interactions 

in order to achieve minimum energy structures. Electronic effects encompass everything from 

the oxidation states of metals to metal-ligand bond strengths. Depending on how broadly one 

defines the term, “electronic effects” could also be said to incorporate steric effects as well, as 

the latter arise from non-bonded electron repulsions between ligands. It should not be surprising, 

therefore, that the differentiation of these effects can often be difficult, if not impossible, and 

many systems are stated to display a “subtle mix of steric and electronic effects.”
23

 Nevertheless, 

there are practical benefits to distinguishing these two influences on structure and reactivity, and 

studying specific complexes whose behavior can be understood as being dominated by one or the 
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other of these effects can provide useful insights into metal-ligand bonding interactions. 

Preparation of such complexes with various metal and ligand combinations was studied in the 

course of work on this dissertation. 

Group 15 metal amides, M[N(SiMe3)2]3, have been prepared and display close 

intramolecular contacts and distorted bond angles typically associated with agostic bonding 

interactions. This bonding motif for the group 15 compounds mimics those of lanthanide and 

actinide compounds, but computational investigations demonstrated that the structural 

similarities are largely the result of interligand steric congestion, and do not stem from any 

peculiar electronic parallels between the p-block and f-block elements. These results are a caveat 

not to be hasty in ascribing electronic origins to structural distortions that might ultimately be the 

result of crowding from bulky ligands. 

An example of a heavily directed electronic effect can be seen in the group 4 mixed 

ligand species CpxTiXy(OtBu)′4-(x+y)  (X = Cl, Br). The shortness of the Ti–O bonds and the near 

linearity of the Ti–O–C angles was initially believed by some to result from steric congestion, 

but this was shown not to be case through further investigation. Computational investigations 

were used to support the existence of π-bonding character in the Ti-O bonds, a result of 

appropriate orbital overlap. An in-depth analysis of this interaction will be found in Chapter 5.  

1.5 Methods Employed in this Dissertation 

Traditional air-sensitive handling techniques were employed for the syntheses outlined in 

later chapters. Unless specially mentioned, all reactions were run with rigorous exclusion of air 

and moisture. Solution-based reactions were conducted either entirely within an inert atmosphere 
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glove box or on a vacuum line with Schlenk techniques. Mechanochemical reactions involved 

sealing the reaction under nitrogen with an air-tight seal to prevent contamination.  

There exists a wide range of options for implementing the grinding associated with 

mechanochemical reactions; these include mortar and pestles, use of vortex mixing apparatus, 

tube dispersers, mixer mills, and planetary ball mills. Detailed explanations about these methods 

have been discussed in various reviews.
24-25

 Reactions in this document were performed 

primarily on a Retsch Planetary Ball Mill (PM 100). Typical reactions were conducted for 15 

minutes at a frequency of 600 revolutions per minute (RPM). Such short reaction times highlight 

a major advantage of mechanochemical methods of activation over commonly used solution-

based approaches to synthesis. 

1.6 Conclusions 

In this chapter, the broad topics of bulky ligands, steric and electronic effects, and 

reaction conditions were briefly discussed. The junction of these general areas provides a 

unifying theme for the dissertation work, even though a range of ligands with metals from widely 

different parts of the period table were studied. Subsequent chapters will describe the synthesis 

of novel complexes, an examination of their structures with X-ray crystallography and 

computational methods, and some of their potential applications. 
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CHAPTER 2  

Structural Distortions in M[E(SiMe3)2]3 Complexes  

(M = Group 15, f-Element; E = N, CH) 

2.1 Introduction 

The bis(trimethylsilyl)amido ligand, –N(SiMe3)2 (N′), is widely used in metal amide 

chemistry, owing to the solubility it confers on associated complexes, its substantial steric bulk, 

and its facile characterization with NMR spectroscopy (
1
H, 

13
C, 

29
Si).

26
 It is also compatible with 

metals from across the periodic table, from Groups 1–16 (including the lanthanides and 

actinides). Its versatility has led to its incorporation into a variety of precursors for metal-organic 

chemical vapor deposition (MOCVD) and atomic layer deposition (ALD), and its alkali metal 

salts are extensively used in synthetic chemistry.
17-18

 

Homoleptic bis(trimethylsilyl)amido group 15 complexes were of interest owing to their 

uses (or in some cases, potential uses) in materials chemistry. Bi[N′]3 is a long-known 

compound, and has been used to prepare amorphous BiOx and the ferroelectric perovskite 

SrBi2Ta2O9.
27

 Its crystal structure
27

 and some unusual associated reactions
28

 have been 

described. Sb[N′]3 has been employed in the generation of colloidal InSb nanocrystals,
29

 in the 

preparation of phase-change memory materials,
30-33

 and as a precursor to antimony selenates for 

thermal pyrolysis studies,
34

 although its solid state structure has not been reported. The arsenic 

complex As[N′]3 is unknown, but several related heteroleptic compounds have been prepared, 

including HAs[N(SiMe3)2]2,
35

 ClAs[N(SiMe3)2]2,
36

 Cl2AsN(SiMe3)2,
37

 L2AsN(SiMe3)2 (L = 

Cr(CO)5, Fe(CO)4),
38

 and Cp*AsCl[N(SiMe3)2]2.
39

 The tertiary aminophosphine analogue P[N′]3 

is also unknown, but the related hydrogen-bridged dimer {HP[N′]2}2 has been 
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crystallographically characterized,
35

 as have many LnPN′ derivatives, such as Cl2PN′,
40

 

(Me3SiN)2PN(SiMe3)2,
41

 and {P[N(SiMe3)2]2}4.
42

 

The preparation of P[N′]3 and As[N′]3, their single crystal X-ray structures, along with 

that of Sb[N(SiMe3)2]3, and a comparison of the geometry of the four Group 15 M[N′]3 

complexes are reported here. During the course of the investigation, it became apparent that 

many of their geometric features (e.g., distortions in M–N–Si bond angles, close M…C and 

M…Si contacts) are paralleled in pyramidal f-element M[N′]3 (and related M[CH(SiMe3)2]3) 

complexes. Although at one time both agostic M…(γ-H–C) and M…(β-Si–C) interactions (Figure 

1) were considered as likely contributors to the f-element structures, continued investigations 

have demonstrated that M…(γ-H–C) interactions do not contribute to their distinctive geometric 

features.
43-46

 

 

  

Figure 1. Distinction between attractive agostic (M…H—C) and M…Si—C interactions; only the latter is 

thought to be operative in M[(N,CH)(SiMe3)2]3 complexes. 

Complicating this picture is the role of steric effects in agostic and related 3-center-2-

electron intramolecular interactions.
47-48

 For example, in metal complexes containing bulky 
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ligands, a C–H bond may be near a metal because such a location minimizes steric interactions 

with other ligands; when so positioned, it may engage in an electronic interaction with the metal 

center.
49-50

 It is conversely possible for steric interactions to place a C–H bond close to a metal 

center, and yet there be no agostic interaction, owing to unfavorable orbital energetics (e.g., as 

with the titanium amide Ti2Cl6[N(t-Bu)2]2).
51

 Although interligand steric stress has been 

recognized as an influence on the geometries of f-element M[N′]3 and M[CH(SiMe3)2]3 

complexes, it is generally regarded as playing a secondary role to the M…Si–C interactions. 

A basic requirement for a metal center to engage in a delocalized 3-center-2-electron 

interaction is that it be electron-deficient; this accounts for the large number of such complexes 

among the early transition metals and f-elements. In particular, the existence of energetically 

accessible d orbitals are thought to be critical to the establishment of M…Si–C interactions.
44

 

The latter would not normally be expected in the electronically saturated ML3 complexes of the 

Group 15 elements. Consequently, it was thought that the M[N′]3 complexes described here 

might serve as a type of experimental “control” in separating the effects of steric crowding (and 

dispersion forces) from other electronic interactions on the geometries of M[(N,CH)(SiMe3)2]3 

complexes. 

2.2 Results and Discussion 

(a) Synthesis. Tris(bistrimethylsilylamido) phosphorus, P[N(SiMe
3
)

2
]

3
 (1), and –arsenic, 

As[N(SiMe
3
)

2
]

3
 (2), were synthesized in high yield from salt elimination reactions involving 

phosphorus trichloride and arsenic triiodide, respectively, and three equivalents of potassium 

hexamethyldisilazide in THF or toluene (eq 1): 
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 (1)

 

The yellow solids are soluble in polar and nonpolar organic solvents, and show no signs 

of decomposition after 6 weeks in an inert atmosphere at room temperature. The sterically 

crowded 1 can tolerate limited (ca. 2 hours) exposure to air before decomposition is noted.  

(b) Crystallographic Results. P[N(SiMe
3
)

2
]

3
 (1). Crystals of P[N′]

3
 were isolated from 

hexane solution as nearly colorless blocks. It crystallizes in the triclinic space group P1̄, and is 

monomeric with three bis(trimethylsilyl)amide ligands arranged around the phosphorus (Figure 

2a). Two crystallographically independent molecules are found in the unit cell, as was found for 

the bismuth analogue;
27

 the phosphorus atom is disordered over two sites (in one molecule, in an 

80/20 split; in the second, a 77/23 split). The apparent separation between P and P´ is 1.358(3) Å 

(1.363(2) Å in the second molecule). Owing to the similarity of the two molecules, only the one 

containing P1 will be discussed here and listed in the tables. 

The average P1–N bond length of 1.748(3) Å (1.766(5) Å for P1´–N) is somewhat shorter 

than that reported for the related compound {HP[N′]2}2 (1.815(14) Å),
35

 although the latter 

contains a four-coordinate P center, and might be expected to be slightly lengthened. The P–N 

bond in the three-coordinate Cl2PN(SiMe3)2 (1.6468(8) Å),
40

 is even shorter than in 1, but this 

has been attributed to hyperconjugative interaction of the lone pair of the amino nitrogen atom 

with the antibonding σ*(P–Cl) bond orbital, leading to partial PN double bond character. A more 

representative comparison might be with {P[µ-N(SiMe3)]PN(SiMe3)2}2, in which the terminal 
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three-coordinate PN bond is 1.712 Å in length.
52

 The sum of the angles at phosphorus (318.3° at 

P; 315.8° at P´) reflects the pyramidalization of the molecule. The inclination of the Si–N–Si´ 

planes to the N3 plane ranges from 49.6° to 66.5° (average 55.5°); the twist helps to minimize 

steric interactions. 

 

Figure 2. Thermal ellipsoid plot of non-hydrogen atoms of P[N(SiMe)3)2]3 

Thermal ellipsoids are shown at the 50% level. Of the minor conformations, only the M´ atoms 

are shown. Thin lines are drawn from M to the closest carbon contacts (see text). Selected bond 

distances (Å) and angles (deg): P1–N1, 1.7427(17); P1–N2, 1.7616(18); P1–N3, 1.7384(17); 

P1′–N1, 1.807(3); P1′–N2, 1.696(3); P1′–N3, 1.796(3); N1–P1–N2, 106.61(9); N1–P1–N3, 

105.08(9); N2–P1–N3, 108.61(9); N1–P1′–N2, 106.63(15); N1–P1′–N3, 100.15(14); N2–P1′–

N3, 108.96(15).  

C18 

 C5 
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Figure 3. Thermal Ellipsoid Plot of As[N(SiMe3)2]3 

Thermal ellipsoids are shown at the 50% level. Of the minor conformations, only the M´ atoms 

are shown. Thin lines are drawn from M to the closest carbon contacts (see text). Selected bond 

distances (Å) and angles (deg): As1–N1, 1.879(2); As1–N2, 1.896(2); As1–N3, 1.956(3); As1′–

N1, 1.917(2); As1′–N2, 1.927(3); As1′–N3, 1.903(3); N1–As1–N2, 105.33(12); N1–As1–N3, 

103.71(11); N2–As1–N3, 102.92(12); N1–As1′–N2, 102.70(11); N1–As1′–N3, 104.36(12); N2–

As1′–N3, 103.78(11). Crystals were obtained by Steven Chemly. 

 As[N(SiMe
3
)

2
]

3
 (2). Crystals of As[N′]

3
 were isolated from hexane solution as nearly 

colorless blocks. It crystallizes in the monoclinic space group P21/c, and like 1 is monomeric 

with three bis(trimethylsilyl)amide ligands arranged around the arsenic (Figure 3). As is found 

for the other Group 15 analogues,
27

 the arsenic atom is disordered over two sites (in the case of 

2, in a 55/45 split); the apparent separation between As and As´ is 1.5980(7) Å. 

The average As–N bond length of 1.910(3) Å (1.916(2) Å for As´–N) is somewhat longer 

than that reported for the related compounds HAs[N′]2 (1.878(4) Å),
35

 Cp*AsCl[N′]2 (1.874(2) 

Å),
39

 and Cl2As[N′] (1.802(3) Å).
37

 This could be partly artifactual, stemming from the disorder 
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at the As center, but in fact the distance is close to that expected from the sum of the covalent 

radii (1.90 Å).
53

 The particularly short As–N bond observed in Cl2As[N′] has been ascribed to 

hyperconjugation involving the chlorine atoms, an effect obviously not possible in 2. The sum of 

the angles at arsenic (312.0° at As; 310.8° at As´) indicates the substantial pyramidalization 

present. The Si–N–Si´ planes are inclined at an average angle of 48.1° from the N3 plane, 

evidently to minimize steric interactions. 

 

Figure 4. Thermal Ellipsoid Plot of Sb[N(SiMe3)2]3 

Thermal ellipsoids are shown at the 50% level. Of the minor conformations, only the M´ atoms 

are shown. Thin lines are drawn from M to the closest carbon contacts (see text). Selected bond 

distances (Å) and angles (deg): Sb1–N1, 2.100(5); N1–Sb1–N1´, 103.42(19); Si1–N1–Si2, 

118.0(2); Sb1-N1-Si1, 108.8(2). 

Sb[N(SiMe
3
)

2
]

3
 (3). Compound 3 was found cocrystallized with HN′ (see Experimental) 

and is isostructural with 1 and 2; 3 crystallizes in the trigonal space group P3̄, however. It has 

crystallographically imposed threefold symmetry, but like the other M[N′]
3
 complexes,

27
 is 
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disordered over two sites (Figure 4). The minor contributor could not be as satisfactorily 

modeled as in the other cases; nevertheless, the major structural features are well defined.
54

 

The Sb–N bond length of 2.100(5) Å matches that expected from the sum of the covalent 

radii (2.10 Å),
53

 and is also identical to that found in the cyclodiphosphazane [(PN-t-Bu)2(N-t-

Bu)2]SbN(SiMe3)2.
55

 Sb–N distances in several (trimethylsilyl)amido-substituted diazastiboles 

(2.049(3) and 2.040(3) Å) are only slightly shorter.
56

 The sum of the angles at antimony in 3 

(310.3°) indicates the considerable pyramidalization in the complex. It should be noted that the 

angle is substantially wider than in the tris(amino)stibine Sb[N(H)(C6H2(t-Bu)3)]3,
57

 whose N–

Sb–N´ bond angles, which sum to 287.9°, are distorted because of the bulk of the C6H2(t-Bu)3 

groups. The heteroleptic complex (C6F5)2NSb(NEt2)2 has an intramolecular Sb…F interaction 

that contributes to distortions in the N–Sb–N angles, but they also sum to a value (290.5°) that is 

considerably less than in 3.
58

 

(c) Comparison among Group 15 M[N(SiMe3)2]3 Derivatives. The ability of the –

N(SiMe3)2 ligand to support isostructural complexes across a broad range of metal sizes is well 

established (e.g., in the dinuclear series {M[N(SiMe3)2]2}2 for M = Mg–Ba
22

). The homoleptic 

Group 15 derivatives are an additional example of this ability. The complexes 1–4 are all 

monomeric pyramidal complexes, and the average M–N bond distances are within 0.03 Å of the 

sum of the appropriate covalent radii.
53

 To a first approximation, the L–M–L´ angles in sets of 

Group 15 ML3 compounds are expected to become progressively closer to 90° with the heavier 

complexes, owing to the greater amount of np character in the M–L bonding. Superimposed on 

this is a trend originating from lessened steric repulsion between the ligands; i.e., angles typically 

decrease in the order P > As > Sb > Bi, reflecting the longer M–L bonds and consequently 

reduced interligand interaction in the heavier compounds. Thus, as hydrogen exerts little steric 
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demand, the Group 15 hydrides display only small H–M–H variation (93.6° (PH3)
59

 —90.5° 

(BiH3)
60

), but a larger range is observed in the triphenyls (MPh3), whose average C–M–C angles 

decrease from 102.8° (P)
61

 to 93.9° (Bi).
62

 It is notable that the average N–M–N´ angles in 1–4 

are both comparatively large (>100°) and exhibit relatively little variation with the change in the 

central atom (106.8° (P)–103.7° (Bi)). 

The wide N–M–N values in the complexes would appear to be at least partially dictated 

by steric interactions between the ligands. That these molecules (and their f-element 

counterparts) are unquestionably crowded species can be visualized through the calculation of 

their Gcomplex values; this is a measure of the total steric shielding of the metal center by the 

coordinated ligands.
63

 Gcomplex values are listed in Table 1 and depicted in Figure 5 for the two 

complexes in this study with the shortest (M = P) and longest (M = Tb) M–N bonds; that the 

values range from 92% to 85% indicates the high percentage of the coordination sphere occupied 

by the (trimethylsilyl)amido ligands. More specifically, it can be noted that there are multiple 

interligand Me…Me´ contacts less than 4.0 Å (the sum of the van der Waals radii
64

) in the 

complexes; the closest Me…Me´ contact in 2 is at 3.56 Å, in 3 at 3.69 Å, and in 4 at 3.82 Å. 

Those in 1 are especially close, as short as 3.36 Å (C5–C18). 

 

 



 

 

Table 1 Selected bond distances (Å) and angles (deg) and Gsolid values (%) in representative M[N(SiMe3)2]3 complexes.
a
 In molecules with less than C3 

symmetry, average values are cited. M–N–Si, N–Si–C, and M–N–Si–C angles are those nearer the apex of the MN3 pyramid. 

 

Compound M–N N–M–N M…C M…Si M–N–Si N–Si–C M–N–Si–C Gsolid Ref. 

Y[N(SiMe3)2]3 2.224 114.6 2.98 3.18 107.1 108.1 3.1 86.1 
65

 

Lu[N(SiMe3)2]3 2.191 111.6 2.89 3.13 104.9 107.2 2.8 86.0 
66

 

Ce[N(SiMe3)2]3 2.319 118.2 3.11 3.32 110.4 107.4 7.0 83.6 
67

 

Nd[N(SiMe3)2]3 2.290 117.8 3.10 3.29 110.1 108.0 5.8 84.2 
68

 

 2.243 120.0 3.30 3.40 117.7 106.1 10.0 84.4 
69

 

Sm[N(SiMe3)2]3 2.284 115.5 3.00 3.24 107.6 107.6 3.9 83.5 
44

 

 2.294 115.1 2.99 3.23 106.8 108.2 3.3 83.4 
70

 

Tb[N(SiMe3)2]3 2.333 113.0 2.92 3.18 106.1 107.3 2.0 85.3 
71

 

Dy[N(SiMe3)2]3 2.212 114.6 2.97 3.18 107.4 107.8 2.5 84.9 
72

 

Er[N(SiMe3)2]3 2.211 113.4 2.94 3.15 106.1 108.8 0.6 84.9 
72

 

Yb[N(SiMe3)2]3 2.183 114.5 2.98 3.16 107.4 108.2 2.6 85.6 
73

 

U[N(SiMe3)2]3 2.320 116.2 3.04 3.29 108.2 107.7 5.6 81.6 
74

 

Pu[N(SiMe3)2]3 2.315 114.0 2.97 3.23 105.9 108.3 3.0 82.7 
75

 

P[N(SiMe3)2]3 1.748 106.8 3.14 2.83 106.7 114.2 25.4 92.2 this 

work 

As[N(SiMe3)2]3 1.910 104.0 2.95 2.88 103.3 113.7 3.1 89.0 this 

work 

Sb[N(SiMe3)2]3 2.100 103.4 3.19 3.15 108.8 112.6 9.9 81.6 this 

work 

Bi[N(SiMe3)2]3 2.218 103.7 3.14 3.19 106.6 113.0 4.4 79.1 
27

 

a
Only the M–N and N–M–N values have been reported for M = Sc and Eu complexes;

76
 they have been omitted from this compilation. 
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 (a)  (b)  

Figure 5. Solid-G visualization of P[N(SiMe3)2]3 and Tb[N(SiMe3)2]3. 

(a) Visualization of the extent of coordination sphere coverage of P[N′]3, using crystallographic 

coordinates and the program Solid-G.
63

 The view is from the bottom of the MN3 pyramid. (b) 

The same for the complex Tb[N′]3. The Gcomplex value takes into account the net coverage; 

regions of the coordination sphere where the projections of the ligands overlap are counted only 

once. 

 

There are consistently observed distortions in the –N(SiMe3)2 ligands in the Group 15 

compounds that are not present in less sterically congested species. For example, in 2, the As and 

C3, C8, and C18 atoms are at distances of 2.93, 2.99, and 2.92 Å, respectively; all other carbons 

are over 3.9 Å from the arsenic (in the related HAs[N′]2,
35

 the closest As…C contact is at 3.39 

Å). In addition, the As–N–Si angles involving these carbons are 102.8(1)°, 104.8(1)°, 102.3(1)°, 

respectively, consistent with the orientation of the carbon atoms toward the arsenic (none of the 

comparable angles in HAs[N′]2 is less than 117°). The As–N–Si–C torsion angles involving the 

close carbons in 2 are 3.9° or less. The evidence for similar orientations in 3 and 4 is almost as 

strong; the closest Sb…C and Bi…C contacts are at 3.19 Å and 3.13 Å, respectively, for 

example, and the corresponding M–N–Si angles are 108.8(2)°, and 106.1°, respectively. 

Reflecting the even larger amount of steric crowding in 1, the pattern of ligand distortions is 

modestly different from the three heavier complexes. For example, although there is a close 
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P…C contact at 3.08 Å, the P–N–Si–C torsion angle involving that carbon is 13.6°, nearly 10° 

more than in 2 (3.9°). In general, however, the pattern of ligand distortions is similar in all four 

compounds, and is comparable to that observed in the complexes of the f-elements (see below). 

(d) Bonding and structure in M[(N,CH)(SiMe3)2]3 complexes. Despite the differences 

in the regions of the periodic table from which the pyramidal M[N′]3 and related 

M[CH(SiMe3)2]3 complexes originate, they share certain structural features that can be use useful 

in discussing their bonding. 

i. Absence of M…H–C agostic bonding. There are characteristic values for M…H 

distances (1.8–2.3 Å) and M…H–C angles (90–140°) that can be expected for agostic 

interactions,
77

 but in the available crystal structures of M[N′]3 and M[CH(SiMe3)2]3 complexes, 

hydrogen atoms have been inserted in calculated positions and refined using a riding model. 

Owing to such constraints on the geometry of C–H bond, the significance that can be placed on 

the final M…H distances and M…H–C angles is limited. Nevertheless, in a study of the structure 

and bonding in Sm[N′]3,
44

 a detailed analysis of the metal-ligand geometry led the authors to 

determine that, despite the existence of short Sm…H contacts, “attractive interactions with the γ-

C–H bonds are not present. These interactions are in fact repulsive” [italics added]. A similar 

conclusion was reached for La[CH(SiMe3)2]3
43

 and the titanium amide Ti2Cl6[N(t-Bu)2]2,
51

 and 

for the complexes (C5Me5)La[CH(SiMe3)2]2
78-81

 and (C5Me5)Y(OC6H3(t-Bu)2)[CH(SiMe3)2],
81

 in 

which neutron diffraction experiments enabled the accurate location and refinement of hydrogen 

atom positions. 
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Tellingly, the same arrangements of the central element and ligand hydrogens are present 

in the Group 15 complexes; e.g., the hydrogen atoms bound to the γ-carbons of the [N(SiMe3)2]
–
 

ligands are oriented so as to maximize their distances to the metal center. The dihedral As…Si–

C–H angles in 2, for example, are in the range from 54–66°, and not near zero, which would be 

expected if there were attractive As…H interactions; comparable values are found in the other 

complexes. 

 ii. Evidence for M…Si–C interactions. There are several structural criteria that have 

been cited as evidence for M…(β-Si–C) interactions in M[N′]3 and M[CH(SiMe3)2]3 complexes, 

including distorted M–(N,CH)–Si and (N,CH)–Si–Me angles, small M–(N,CH)–Si–Me torsion 

angles (this is less notable with the nonplanar –CH(SiMe3)2 ligands), elongated Si–Me bonds for 

the carbon interacting with the metal, relatively short M…Si contacts, and the placement of one 

or more of the carbon atoms close (~3 Å) to the metal atom. The existence of these structural 

features are more reliably established than are the location of hydrogen atoms in X-ray crystal 

structures, and most are included in the tabulation in Tables 1 (for M[N′]3 complexes) and 2 (for 

M[CH(SiMe3)2]3 complexes).
82-83

 The discussion below will focus primarily on the amido 

complexes, although similar comments can be made for the alkyl species. 

These distortions and contacts are not completely independent. For example, compared to 

complexes with longer M–N bonds (Figure 6a), those with shorter M–N bonds would be 

expected to have closer contacts between the basal TMS groups, which would have the effect of 

tilting the ligands toward the more open apex side of the MN3 pyramid (Figure 6b). The “upper” 

M–N–Si angle would thereby be compressed, and the silicon atom (and an attached methyl 

group) would be pushed closer to the metal. 
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 (a)   (b)   

Figure 6. Relationship between various bond distances and intramolecular contacts in M[N(SiMe3)2]3 

complexes, using Ce and Lu complexes as examples  

(a) In Ce[N′]3, the M–N distance is 2.319 Å, the N–Ce–N is 118.2°, and the angle α is 110.4°; 

the corresponding Ce…C(H3) contact is at 3.11 Å. (b) In Lu[N′]3, the Lu–N distance is shortened 

to 2.191 Å, the N–Lu–N angle has narrowed to 111.6°, as has the angle α to 104.9°; the 

accompanying Lu…C(H3) contact is now at 2.98 Å.  
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Table 2 Selected bond distances (Å) and angles (deg) and Gsolid values (%) in representative M[CH(SiMe3)2]3 complexes. In molecules with less than C3 

symmetry, average values are cited. M–C–Si, N–Si–C(H3), and M–C–Si–C(H3) angles are those nearer the apex of the MC3 pyramid. 

 

Compound M–C C–M–C M…C(H3) M…Si M–C–Si C-Si-C(H3) M–C–Si–C(H3) Gsolid Ref. 

Y[CH(SiMe3)2]3 2.353 108.6 2.96 3.28 102.1 106.6 12.4 85.0 
84

 

 2.357 108.1 2.95 3.28 101.7 106.3 13.1 84.6 
85

 

La[CH(SiMe3)2]3 2.516 109.3 3.12 3.41 101.9 109.7 13.9 79.8 
86

 

Ce[CH(SiMe3)2]3 2.475 110.1 3.07 3.39 102.8 108.2 11.8 82.0 
84

 

Sm[CH(SiMe3)2]3 2.332 110.2 3.04 3.33 106.6 105.2 14.4 84.9 
86

 

U[CH(SiMe3)2]3 2.486 107.6 3.10 3.37 101.7 109.5 16.2 82.9 
87

 

Bi[CH(SiMe3)2]3 2.328 102.9 3.48 3.40 106.6 113.0 29.0 78.7 
88
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For the f-element M[N′]3 complexes, there is in fact a strongly linear relationship 

between the N–M–N angle and the closest M…C(H3) distance (Figure 7). Interestingly, the 

comparable angle/distance relationship for the heaviest Group 15 complexes falls on a nearly 

vertical line, owing to the much smaller spread in the N–M–N angles; the highly congested 

compound 1 falls somewhat off the line of the heavier compounds. Also notable is the lack of 

strong C(H)–M–C(H) and M–C distance correlation in the f-element M[CH(SiMe3)2]3 

complexes, perhaps a consequence of the longer M–C vs. M–N bond lengths, and an ability of 

the nonplanar [CH(SiMe3)2]
–
 anion to pack around the metal centers in a way that does not 

occur for the planar [N(SiMe3)2]
–
 ligand. Perhaps coincidentally, the value for 

Bi[CH(SiMe3)2]3 is on the line observed with the Group 15 M[N′]3 complexes. 
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Figure 7. Relationship between (N,CH)–M–(N,CH) angles and closest intramolecular M…C(H3) contacts 

in M[N(SiMe3)2]3  

Relationship between (N,CH)–M–(N,CH) angles and closest intramolecular M…C(H3) 

contacts in M[N(SiMe3)2]3 (M = f-element (blue); Group 15 (green)) and M[CH(SiMe3)2]3 

(red) complexes. The red symbols for Y and Y´ are from ref. 
85

 and 
84

, respectively; those for 

the blue Sm and Sm´ are from ref. 
70

 and 
44

, respectively. The least squares line drawn for the 

f-element M[N(SiMe3)2]3 complexes has r
2
 = 0.98; the line for (As–Bi)[N(SiMe3)2]3 has r

2
 = 

0.91. 

In general, the main-group complexes are more strongly pyramidal than the f-element 

compounds (average N–M–N of 104.5° and 114.9°, respectively), and the N–Si–C angles 

average to 113.4° for the Group 15 compounds, but to a smaller 107.5° for the f-element 

counterparts. Given the considerably different M–N bonding in the complexes (largely 

covalent in the Group 15 complexes; much more polar, even if not completely electrostatic, in 

the f-element counterparts), however, there is a substantial degree of structural similarity 

between the complexes. 

(N,CH)-M-(N,CH) (deg) 
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iii. Computational investigations and steric effects. The difference in the electronic 

nature of the central elements in the M[N′]3 complexes, especially considering the expected 

lack of energetically relevant acceptor orbitals in 1–4, suggests that intramolecular crowding 

is a likely source of some of the structural similarities. This is not a completely new proposal; 

for example, the inequality in the M–(N,CH)–Si angles in the f-element complexes has 

previously been suggested to be partially the result of steric effects, independent of explicit 

orbital interactions.
44

  

As a starting point in a computational examination of this issue, we used the molecular 

mechanics force field UFF
89

 as a tool to estimate the extent to which the structural features of 

the M[(N,CH)(SiMe3)2]3 complexes might be generated from steric (and dispersion) 

interactions. Pu[N′]3, Ce[CH(SiMe3)2]3, and Sb[N′]3 (3) were selected as representative 

examples for actinide, lanthanide, and Group 15 metal centers; Table 3 lists the results. 
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Table 3  Selected Experimental and UFF Optimized Bond Distances (Å) and Angles (deg) for 

Pu[N(SiMe3)2]3, Ce[CH(SiMe3)2]3, and Sb[N(SiMe3)2]3. 

  
Pu[N(SiMe3)2]3 Ce[CH(SiMe3)2]3 Sb[N(SiMe3)2]3 

M−(N,CH) (exp.) 2.315(10) 2.475(7) 2.100(5) 

 (calc.) 2.287 2.512 2.107 

M···Si (exp.) 3.23 3.38 3.15 

 (calc.) 3.25 3.39 3.19 

M···C (exp.) 2.968(9) 3.068(7) 3.19 

 (calc.) 3.04 2.98 3.25 

(N,CH)−M−(N,CH) (exp.) 113.97(5) 110.08(16) 103.42(19) 

 (calc.) 101.1 104.6 100.8 

M−(N,CH)−Si (exp.) 105.9(2) 102.8(3) 108.8(2) 

 (calc.) 108.4 100.5 109.4 

(N,CH)−Si−C  (exp.) 108.3(4) 108.2(4) 112.6(3) 

 (calc.) 107.9 105.6 113.4 

M−(N,CH)−Si−C  (exp.) 3.0 11.8 9.9 

 (calc.) 10.0 19.8 9.6 

 

In general, the distances between directly bonded atoms are more reliably modeled 

with MM methods than are the corresponding angles, and the M–(N,CH) bond lengths are 

calculated to be within 0.04 Å of their respective experimental values. The relatively limited 

parameterization of the heavy metal centers, their low coordination numbers, and in the case 

of the amido complexes, the failure of the UFF method to capture M–N π interactions that 

may be present
90

 is perhaps responsible for the overpyramidalization of the (N,CH)–M–

(N,CH) angles; the error, not surprisingly, is least with the Sb complex (2.6°). Nevertheless, 

although possibly benefitting from some error cancellation,
91

 the long-range contacts are 

reasonably well represented; the M…Si and M…C distances are overestimated, but by a 

maximum of 0.04 Å for M…Si (in 3) and a maximum of 0.09 Å for M…C (in the Ce 

complex). Considering the approximate nature of the modeling, the structures are represented 

surprisingly well, especially that of 3, where the shorter Sb–N bonds and consequently tighter 
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intramolecular packing limits the conformational flexibility of the ligands (note that the 

M−N−Si−C torsion angle is reproduced to within 0.3° of the experimental value in 3, whereas 

in Ce[CH(SiMe3)2]3, with the longest metal-ligand bonds of the three compounds, the 

comparable M−(CH)−Si−C angle deviates by 8.0°). 

Although any molecular mechanics representation has substantial limitations, the fact 

that simply holding three –(N,CH)(SiMe3)2 groups together around a central metal within the 

influence of an orbital-free force field can reproduce several of the major features of the 

complexes suggests that the MM approach is capturing a critical contributor to their 

structures; i.e., steric congestion and van der Waals (dispersion) interactions.
92

 This is not 

meant to imply that attractive M…Si–C interactions do not exist in f-element M[N′]3 and 

M[CH(SiMe3)2]3 complexes. Compelling arguments have been made for their presence in 

these compounds, both from high-level computational results and from reactivity 

considerations (e.g., decomposition of Lu[N′]3 under ALD conditions, even with H2O as a 

reagent, always leads to Lu silicate films, a fact that has been attributed to the existence of 

Lu…Si interactions that help remove Si and Lu together from the compound during 

decomposition
66

). 

A detailed DFT examination of the role of valence d orbitals in the geometry of the f-

element Sm[N(SiR2Me)(SiR3)]3 (R = Me, H) complexes has been previously reported, with 

particular attention given to the effect on the Sm–N distance, N–Sm–N angle, and the 

planarity of the [N(SiMe3)2]
–
 ligand (the latter by removing the d functions from the basis set 

for the silicon atoms).
44

 We undertook a similar study with the M[N′]3 (M = P–Bi) complexes, 

with a focus on the accessibility of d acceptor orbitals on the Group 15 centers that could 

conceivably support M…Si–C interactions. Table 4 lists a selection of bond lengths, angles 
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and intramolecular contacts for the four main-group amido complexes, calculated both with 

and without valence d orbitals on the central atom (using the LANL08(d)
93-94

 and LANL08
95

 

ECP basis sets on the central atoms, respectively, and the M06-L functional
96

). By way of 

generalization, it can be said that the inclusion of d polarization functions improves the 

reproduction of the M–N distances slightly; the effect is largest for P (0.04 Å shortening) but 

is essentially negligible for Sb and Bi (< 0.01 Å change). The N–M–N angles display less 

alteration on the addition of d functions: that for P widens by 0.2°, but there is no effect in the 

Bi derivative. Non-bonded distances are consistently overestimated, by up to 0.2 Å in the case 

of the As…Si and As…C contacts; the addition of d functions does not change the As…C 

distance, and shortens the As…Si by only 0.01 Å. For P, the addition of a d function shortens 

the P…Si contact by 0.03 Å, but still leaves it 0.09 Å longer than the experimental value. In 

summary, at this level of theory the inclusion of d functions has small to negligible effects on 

the geometries of the M[N′]3 complexes. This is in contrast to their large influence on the 

calculated structure of Sm[N(SiH2Me)(SiH3)]3, for example, in which the removal of the d 

function on the metal causes the Sm–N bond length to increase by 0.074 Å, and the N–Sm–N 

angle to increase by 5.3°, leading to a nearly planar molecule (N–Sm–N = 119.4°).
44
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Table 4.  Selected experimental and DFT optimized bond distances (Å) and angles (deg) for E[N(SiMe3)2]3 (E = P–Bi). Basis set for “calc. w/o d” is 

LANL08 (E); def2SVP (C,H,N,Si); for “calc. w/d” is LANL08(d) (E); def2SVP (C,H,N,Si). 

  
P[N(SiMe3)2]3 As[N(SiMe3)2]3 Sb[N(SiMe3)2]3 Bi[N(SiMe3)2]3 

M−N (exp.) 1.748(3) 1.910(3) 2.100(5) 2.218(13) 

 (calc. w/o d) 1.821 1.926 2.099 2.183 

 (calc. w/d) 1.781 1.913 2.101 2.186 

M···Si (exp.) 2.83 2.88 3.15 3.19 

 (calc. w/o d) 2.95 3.08 3.23 3.29 

 (calc. w/d) 2.92 3.07 3.23 3.29 

M···C (exp.) 3.14 2.95 3.19 3.14 

 (calc. w/o d) 3.18 3.15 3.25 3.24 

 (calc. w/d) 3.20 3.15 3.25 3.24 

N−M−N (exp.) 106.8(2) 104.0(2) 103.42(19) 103.7(5) 

 (calc. w/o d) 105.9 103.6 102.2 103.1 

 (calc. w/d) 106.1 103.5 102.1 103.1 

M−N−Si (exp.) 106.7(2) 103.3(2) 108.8(2) 106.6(7) 

 (calc. w/o d) 109.4 112.1 112.9 112.3 

 (calc. w/d) 109.3 112.1 112.8 112.2 

N−Si−C  (exp.) 114.2(2) 113.7(3) 112.6(3) 113.0(1.1) 

 (calc. w/o d) 111.1 109.8 110.3 109.8 

 (calc. w/d) 111.8 109.9 110.2 109.6 

M−N−Si−C  (exp.) 25.4 3.1 9.9 4.4 

 (calc. w/o d) 26.1 5.9 5.6 2.3 

 (calc. w/d) 27.6 6.2 5.5 2.1 
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An analysis of the molecular orbitals in the Group 15 and f-element M[N′]3 complexes 

illustrates the difference in the involvement of d orbitals in their bonding. To a first 

approximation, all the compounds can be regarded as possessing C3 symmetry (this 

approximation is poorest for 1, as the 17° variation in the inclination of the Si–N–Si´ planes to 

the N3 plane attests). All four main group complexes, and for comparison, the f-element 

complex Lu[N(SiMe3)2]3, were optimized at the BP86-D3(BJ)/TZV2P level, and the percent 

character of various frontier orbitals, determined with a standard Mulliken analysis, is listed in 

Table 5. For 1–4, the HOMO contains significant p orbital character, reflecting the 

conventional lone pair on the central Group 15 centers. On descending the column, the energy 

gap between the N 2p orbitals and the valence np orbitals increases, and the ordering of the 

energy levels and the extent of mixing changes. For the complexes 2–4, the energy gap is 

such that both the HOMO and next two frontier orbitals form a set (a + e symmetry) that 

contain significant N lone pair character as well, and which could potentially be involved in 

π-type bonding with the metal d orbitals. There is, however, almost negligible overlap with 

the metals’ d orbitals in the main-group complexes (a maximum of 1.2% in 2). In contrast, 

somewhat more d orbital involvement is apparent in the frontier orbitals in Lu[N(SiMe3)2]3, 

which, however, largely represent the N lone pairs. The HOMO a-type orbital displays only a 

small amount of d orbital character (1.7% from the 5dz2 orbital), but the e-type orbitals have 

5.8% 5d orbital involvement. 
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Table 5  Percent Mulliken contribution of various atomic orbitals in the relevant MOs of compounds 1-4 

and Lu[N(SiMe3)2]3 
 

 

  P[N(SiMe3)2]3 As[N(SiMe3)2]3 

AO 

−E (au) 

HOMO 

0.155 

HOMO-1 

0.212 

HOMO-2 

0.217 

HOMO-3 

0.222 

a (LP) 

0.172 

e (LP) 

0.211 

a (σ) 

0.234 

e (σ) 

0.250 

M(s) 18.3 1.1 0.0 4.5 10.9 0.0 7.59 0.0 

M(p) 28.0 3.7 0.0 10.9 12.6 0.0 19.04 0.68 

M(d) 0.0 1.5 1.3 0.0 1.2 0.74 0.0 0.0 

N(tot)
a
 38.9 51.3 51.4 37.2 52.9 54.5 25.8 3.6 

Si(p)
b
 0.0 0.0 0.0 1.0 0.0 0.0 2.31 12.7 

Si(d)
b
 0.0 0.0 1.2 2.8 0.0 1.2 0.0 0.54 

 

 

  Sb[N(SiMe3)2]3 Bi[N(SiMe3)2]3 

AO 

−E (au) 

a (LP) 

0.178 

e (LP) 

0.209 

a (σ) 

0.228 

e (σ) 

0.250 

a (LP) 

0.182 

e (LP) 

0.209 

a (σ) 

0.226 

e (σ) 

0.250 

M(s) 14.9 0.0 9.6 0.0 15.8 0.0 9.2 0.0 

M(p) 12.3 0.0 20.0 1.8 11.3 0.0 20.3 2.4 

M(d) 0.0 0.7 0.0 0.0 0.0 0.6 0.0 0.0 

N(tot)
a
 49.0 54.2 26.5 6.3 47.8 54.9 33.1 9.9 

Si(p)
b
 0.0 0.0 0.0 11.9 0.0 0.0 0.0 12.1 

Si(d)
b
 0.0 0.0 0.0 1.1 0.0 1.8 0.0 0.0 

 

 

  Lu[N(SiMe3)2]3 

AO 

−E (au) 

a (LP) 

0.194 

e (LP) 

0.203 

e (σ) 

0.228 

a (σ) 

0.229 

Lu(s) 0.0 0.0 0.0 3.3 

Lu(p) 0.0 0.0 0.0 0.0 

Lu(d) 1.7 5.8 5.7 1.2 

N(tot)
a
 57.8 53.9 34.3 35.7 

Si(p)
b
 0.0 0.0 3.1 2.1 

Si(d)
b
 0.0 1.2 0.8 0.0 

a
Total for all three N atoms and for all N functions. 

b
Total for all six Si atoms (only p and d 

functions). 

 

The second set of frontier orbitals in 2-4 and Lu[N′]3 comprise M–N σ bonding 

orbitals (a + e), for which there is no measurable overlap with the d orbitals of the Group 15 
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elements. This is consistent with the negligible change in M–N bond length in the calculated 

M[N′]3 structures in the absence of the d functions on the metal. In Lu[N′]3, the second e set 

lies slightly higher in energy than the a orbital, but together, they represent 6.9% overlap with 

the 5 d orbitals. 

Attention should be given here to the orbitals in 1; owing to its functionally lower 

symmetry than the other compounds, the four highest frontier orbitals are all singly 

degenerate, and listed as HOMO-x in Table 5. The ordering is somewhat different from that in 

the heavier Group 15 species, as the HOMO has more than twice the amount of p character 

(28%) as does that in the heavier analogues. The greater extent of P/N mixing also means that 

the N lone pairs are not as distinctly identifiable, and HOMO-(1-3) represent P–N σ bonding 

orbitals. As was found for the other main group complexes, however, the general comments 

above still apply as regards d orbital participation (i.e., negligible).  

A final comment can be made about the LUMO in all the molecules. For 1-4, there is 

no metal d character in the LUMOs. That for 3 is illustrated in Figure 8a; it consists only of 

various s and p orbitals (e.g., 40.9% 5p, 11.5% 5s, plus others). In contrast, more d orbital 

involvement is apparent in the LUMO of Lu[N′]3 (Figure 8b); the primary component 

(53.0%) is the 5dz2 orbital; the second largest component (19.2%) is from the 6s orbital.  
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(a)   (b)  

Figure 8. Depiction of the LUMO of Sb[N(SiMe3)2]3 (a) and Lu[N(SiMe3)2]3 (b). The Sb LUMO has 41% 

5p character; the Lu is 53% 5dz2. 

 

An alternative investigation of the possible importance of M…Si–C interactions in the 

Group 15 complexes was conducted with Bader’s atoms in molecules (AIM) theory.
97

 Bond 

critical paths and points were calculated for 1-4 and Lu[N′]3, using the BP86-D3(BJ)/TZV2P 

optimized structures. Figure 9a illustrates the fact that three bond critical paths are clearly 

evident between the metal and the γ-C atoms in Lu[N′]3. The average electron density (in au) 

at the critical points along the paths is 0.018, 3 times the value for the points along the paths 

that represent van der Waals interactions between the methyl groups (e.g., the density of those 

in the triangle above the Lu atom average 0.0055 au); these are values appropriate for agostic-

type interactions.
98

 Ring critical points, which are indicative of electron delocalization in 

space, are associated with the Lu…C bond critical paths, and are shifted toward the silicon 

atoms. In contrast, there are no bond critical paths or points between the Group 15 elements 

and the β-Si or γ-C atoms in 1-4. The diagram for Sb[N′]3 is shown in Figure 9b; that for the 

other three complexes looks essentially the same. 
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 (a)  (b)   

Figure 9. AIM representations for Lu[N(SiMe3)2]3 and Sb[N(SiMe3)2]3 

AIM representations for Lu[N(SiMe3)2]3 (a) and Sb[N(SiMe3)2]3 (b). Bond critical points are 

in red, and ring critical points are in green. In (a), the bond critical paths from the γ-carbons to 

the metal are outlined with dashed ellipses; neighboring ring critical points are circled. The 

corresponding paths are absent in (b); the ellipses outline the area where they would be 

expected to occur, were the interactions the same as in a. 

 

 These results reinforce the supposition that the geometric distortions present in the 

Group 15 M[N′]3 complexes are not the result of M…Si–C interactions or d-orbital 

involvement, but are the consequence of severe steric crowding. It therefore seems likely that 

similar geometric distortions that have sometimes been uncritically cited as diagnostic of 

M…Si–C interactions in f-element M[(N,CH)(SiMe3)2]3 complexes are also sterically induced 

products of the crowded metal coordination environments in the complexes, and that 

consequently the role of intramolecular attractions on their geometries has been given more 

weight than is wholly warranted. 

2.3 Conclusions 

The three complexes P[N′]3, As[N′]3, and Sb[N′]3 complete the series of structurally 

authenticated Group 15 tris(bistrimethylsilyl)amides; they are all pyramidal, monomeric 
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species that exhibit disorder at the metal site. Collectively they display a notable resemblance 

to the f-element M[N′]3 (and M[CH(SiMe3)2]3) counterparts, which are also pyramidal and 

display a pattern of bond length changes and intramolecular contacts that have been attributed 

to M…Si–C interactions. 

Nevertheless, when three –(N,CH)(SiMe3)2 ligands are arranged around a central atom 

in a pyramidal manner (either because of polarization/d-orbital effects (as with the f-element 

examples)
99

 or because of near exclusive use of np orbitals in the M-L bonding (in the Group 

15 cases)), the ligands will for steric reasons adopt conformations that distort the symmetrical 

M–(N,CH)(SiMe3)2 linkages. The consequence will be the generation of small M–(N,CH)–Si 

and N–Si–C angles, and the placement of one or more of the carbon atoms close to the central 

atom. Such distortions are not observed in cases of planar M[N′]3 complexes (e.g., the Group 

13 (Al–Tl)
100-103

 or transition metal (Ti, Mn, Fe, Co)
104-106

 compounds), as the same amount 

of crowding is not present. Similar distortions are also not present in the less crowded 

HAs[N(SiMe3)2]2,
35

 even though the structure is pyramidal. In the absence of supporting 

spectroscopic (NMR, IR), computational, or reactivity evidence, considerable caution should 

be employed when relying solely on structural criteria to posit the existence of intramolecular 

agostic or related 3-center bonding arrangements in low-coordinate, but sterically congested 

metal complexes. As noted before, mere proximity is not a guaranteed marker of attractive 

interactions.
51

 

2.4 Experimental Section 

General Considerations. All manipulations were performed with the exclusion of air 

and moisture using high vacuum, Schlenk, or glovebox techniques. Proton and carbon 
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(
13

C{
1
H}) NMR spectra were obtained on a Bruker DRX-500 or DRX-400 spectrometer at 

500 or 400 (
1
H) and 100.1 (

13
C) MHz, and were referenced to the residual proton and 

13
C 

resonances of C6D6 or THF-d8. Elemental analysis was performed by ALS, Tucson, AZ. 

Materials. AsI
3
 as purchased from Aldrich and was visibly contaminated with purple 

iodine crystals. It was subsequently rinsed with hexane and the remaining dark orange solid 

was dried under vacuum and used without further purification. K[N′] and PCl3 were 

purchased from commercial suppliers and used as received. Toluene and hexanes were 

distilled under nitrogen from potassium benzophenone ketyl.
107

 Anhydrous THF was stored 

over molecular sieves. C6D6 was vacuum distilled from Na/K (22/78) alloy and stored over 

type 4A molecular sieves prior to use. Sb[N′]
3
 was synthesized by halide metathesis following 

the literature procedure,
29

 using K[N′] in place of Li[N′].  

Synthesis of P[N(SiMe
3
)

2
]

3
 (1). K[N′] (2.31 g, 11.6 mmol) was dissolved in THF (70 

mL). To this, PCl
3
 (0.529 g, 3.85 mmol) was added dropwise over the course of 5 min at room 

temperature. After 1.5 h of stirring, the yellow suspension was filtered over a medium 

porosity frit. All volatiles were removed from the yellow filtrate to afford 1 as a waxy yellow 

solid (1.43 g, 72%). Colorless X-ray quality crystals were obtained by slow evaporation of a 

hexane solution of 1. Anal. Calcd (%) for C18H54N3PSi6: C, 42.22; H, 10.63; N, 8.20; P, 6.05. 

Found (average of two determinations): C, 37.21; H, 8.96; N, 7.48, P, 5.40. Although all the 

values are low, their molar ratios are C17.8H51.0N3.1P1.0, close to the expected values.
108-109

 
1
H 

NMR (400 MHz, C6H6, 298 K): δ 0.42. 
13

C{
1
H} NMR (100 MHz, C6D6, 298 K): δ 6.86; 

31
P 

NMR (162 MHz, C6H6, 298 K): δ 136.0. 
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Synthesis of 1 was also attempted using PI3. K[N′] (3 equiv) was dissolved in THF. A 

solution, PI3 (1 equiv) was added slowly over the course of 5 minutes. After 1.5 h of stirring, 

the yellow suspension was filtered over a medium porosity frit. All volatiles were removed 

from the yellow filtrate to afford 1 as yellow oil. This product had noticeable contamination in 

the 
31

P NMR which can be explained by purple crystals in the PI3 which is likely I2 

contamination. This process was also replicated mechanochemically which also contained 

additional peaks in the 
31

P NMR. 

Synthesis of As[N(SiMe
3
)

2
]

3
 (2). AsI

3
 (0.503 g, 1.10 mmol) was dissolved in toluene 

(70 mL). To this, a solution of K[N′] in toluene (0.661 g, 3.31 mmol) was added dropwise 

over the course of 5 min at room temperature. After 1.5 h of stirring, the yellow suspension 

was filtered over a medium porosity frit. All volatiles were removed from the yellow filtrate 

to afford 1 as a waxy yellow solid (0.507 g, 83%). Colorless X-ray quality crystals were 

obtained by slow evaporation of a hexane solution of 2. Anal. Calcd (%) for C
18

H
54

AsN
3
Si

6
: C, 

38.88; H, 9.79; As, 13.47; N, 7.56. Found: C, 38.64; H, 9.08; As, 13.4; N, 7.15. 
1
H NMR (400 

MHz, C6H6, 298 K): δ 0.36 (500 MHz, THF-d8, 298 K): δ 0.36 (δ 0.35 at 230 K). 
13

C{
1
H} 

NMR (100 MHz, C6D6, 298 K): δ 5.51. 

General Procedures for X-ray Crystallography. A suitable crystal of each sample 

was located, attached to a glass fiber, and mounted on a Bruker diffractometer for data 

collection at 173(2) K or 100(2) K. Data collection and structure solutions for all molecules 

were conducted at the University of California, San Diego by Dr. Arnold L. Rheingold (P, As) 

or at the X-ray Crystallography Facility at the University of Rochester by Dr. William W. 

Brennessel (Sb). The intensity data were corrected for absorption and decay (SADABS). All 
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calculations were performed using the current SHELXTL suite of programs.
110

 Final cell 

constants were calculated from a set of strong reflections measured during the actual data 

collection. Relevant crystal and data collection parameters for each of the compounds are 

given in Table 6.  

The space groups were determined based on systematic absences and intensity 

statistics. Compound 3 refined as a two-component twin, with a merohedral twin law of [0 -1 

0 / -1 0 0 / 0 0 -1]. For all the compounds, a direct-methods solution was calculated that 

provided most of the non-hydrogen atoms from the E-map. Several full-matrix least 

squares/difference Fourier cycles were performed that located the remainder of the non-

hydrogen atoms. Non-hydrogen atoms were refined with anisotropic displacement parameters. 

All hydrogen atoms were placed in ideal positions and refined as riding atoms with relative 

isotropic displacement parameters. In the case of 3, there are two large peaks of electron 

density that remain in the final difference map. They are located 0.80 and 1.03 Å from atoms 

Si1 and Si2, respectively. They are separated by 2.97 Å, which is similar to the distance 

between Si1 and Si2 (3.02 Å). However, no methyl groups could be placed on these potential 

silicon atoms without violating the van der Waals space of neighboring symmetry equivalent 

methyl groups. Therefore, these peaks were left unassigned. 

Note on crystal formation for 3. Compound 3 was initially isolated from hexanes 

solution as a yellow solid, but not in the form of crystallographically useful crystals. A sample 

of 3 that had been stored in a glovebox for more than a year was later found to contain 

crystals suitable for data collection. One-half of a molecule of HN′ was found per molecule of 

3 in the lattice. The HN′ molecule was found to be disordered over a crystallographic 3̄ site, 



 

40 

 

and is well separated from 3 (Me…Me´ contacts > 4.0 Å). Evidently during the long storage 

the compound was exposed to trace amounts of water that caused partial hydrolysis of the 

sample, which then aided crystallization. As a check on this, a mixture of freshly prepared 

Sb[N′]3 and HN′was allowed to slowly evaporate, and pale yellow plates formed within one 

week. The crystals were found to have the same unit cell as compound 3.  

Computational Details. Molecular mechanics calculations were performed with the 

UFF force field
89

 as implemented in Gaussian 09.
111

 In the case of Ce[CH(SiMe
3
)

2
]

3
, charges 

were assigned to all atoms using the QEq method;
112

 use of an alternative charge assignment 

method
113

 was required to achieve convergence with Sb[N′]
3
. Assigning charges did not 

improve the structure of Pu[N′]
3
 (e.g., the overpyramidalization was worse), and they were not 

included in the final optimization. The Solid-G program
63

 was used to compute ligand solid 

angles. They are converted to percentages (G-values) that reflect the shielding by each ligand 

of the central metal. 

Density functional calculations were performed both with the Gaussian 09W
111

 and 

Amsterdam Density Functional (ADF)
114

 suite of programs. With Gaussian, the meta-GGA 

functional M06-L
96

 was used; this provides an accounting for dispersion interactions. The 

effective core potential basis sets LANL08 were used for on all the metal centers when d 

functions were not desired; the corresponding LANL08(d) bases were used to incorporate 

additional polarization and diffuse functions.
115

 The split valence polarized basis sets 

def2SVP were used for all other atoms.
116

 With ADF, the functional BP86-D3(BJ) was used; 

it incorporates dispersion corrections according to Grimme’s DFT-D3 method,
117

 and uses the 

Becke-Johnson damping function as well.
118

 Full geometry optimizations were carried out 
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with all-electron valence triple-ζ Slater-type basis sets with double-polarization functions for 

all atoms (TZ2P) from the ADF basis set library; ZORA scalar relativistic corrections were 

used for the Sb, Bi and Lu complexes. The AIM analysis and Mulliken population analysis 

were conducted with the functionality built into the ADF program. 

(This work was adapted from Boyde, N. C., et al. Inorg. Chem. 2014, 53, 9703).  
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CHAPTER 3 

 Preparation of substituted P[N(SiMe3)2]3 complexes and nanoparticle 

applications 

3.1 Introduction 

The versatility of the –N(SiMe3)2 (N′) ligand has afforded multiple opportunities for 

its use in metal amide complexes. Development of applications for the newly prepared group 

15 tris(amido) complexes, particularly the phosphorus derivative, P[N′]3, was of interest, but 

the latter’s overwhelming steric bulk provided a challenge to its use in synthesis. The 

phosphorus compound has a calculated cone angle of 241°, and has 92% of its coordination 

sphere occupied.
119

 The bulk surrounding the central phosphorus was initially thought to be 

severe enough to limit the reactivity of this compound. Attempts to coordinate gold in the 

motif of Cl-Au-P[N(SiMe3)2]3 produced gold nanoparticles instead, which then stimulated an 

in-depth study of the general utility of this compound for nanoparticle formation.  

A major goal within the field of nanomaterials is to generate high quality nanoparticles 

with uniform size and shape. This control is typically garnered through temperature control, 

and the selection of appropriate metal precursors and capping ligands. Although production of 

high quality nanoparticles is the primary goal, another stress has recently been placed on the 

production of nanoparticles through more environmentally conscious, “green,” methods. One 

way to push towards green chemistry is to limit the use of harsh conditions such as high 

temperatures and reducing agents. Historically, it has been difficult to maintain control over 

the size and shape of particles without the use of such energetic conditions. Another method 
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to reduce the overall impact of nanoparticle production is to limit the solvent consumption. 

Typically syntheses require total solvent consumption on the order of liters/gram of particle 

produced.
120

 

Production of monodisperse nanoparticles typically result from the nucleation 

processes. The two primary nucleation mechanisms relevant to nanoparticle formation are 

Ostwald ripening and coalescence.
121

 Ostwald ripening occurs when the highly curved small 

particles dissolve and subsequently precipitate onto large particles. Coalescence is the 

combination of different size particles into one larger particle. These methods can be 

controlled through the use of specific temperatures, times, and quenching procedures. These 

processes have been widely used in the field and produce high quality nanoparticles.
122

  

An alternative method to producing nanoparticles is through the use of 

mechanochemistry.
123

 Reports have shown that ball milling techniques can result in 

nanoparticle formation, with some control stemming from the choice of metal, stoichiometry, 

and milling conditions. Friščić et al. have produced gold particles with a high degree of 

uniformity through use of long chain capping ligands (aliphatic amines) and high energy 

forces in a mixer mill.
124

 This method of producing nanoparticles in the solid state is used 

much less frequently than solution methods, which could be the result of the high cost barrier 

of the required mixing apparatus.  

While investigating the reactivity of P[N′]3, noble metal reduction and nanoparticle 

formation was found to be one potential application of this compound. The initial reactions 

did not have an additional capping agent suggesting that the P[N′]3 is acting both as a 

reductant and a capping ligand. Derivation of P[N′]3 to form S=P[N′]3 and O=P[N′]3 was 
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attempted to model the reactivity that can be obtained from traditional capping agents. This 

would model the difference observed between triphenylphosphate (TPP) and 

triphenylphosphate oxide (TPPO), trioctylphosphine (TOP) and triphenylphosphine oxide 

(TOPO), and related sulfur analogs. These compounds have similar uses but the derivatized 

compounds open the possibility of various applications for which the parent compound may 

not be well suited.  

TOP and TOPO are both used in nanoparticle synthesis
125

 as well as in various other 

applications. The choice of using the oxide or not is system- and target-dependent, but the 

availability of both compounds is an important asset for given reactions. TPP and TPPO are 

also commonly used reagents with various applications in both nanoparticle and conventional 

transition metal complex synthesis.
126-129

 TPP readily binds to many transition metals but is 

notable for its ability as a labile ligand, in the presence of palladium, to promote cross 

coupling reactions.
130

 TPPO is also a common reagent with uses as a crystallization aid
131

 and 

coordinating ligand.
130

  

3.2 Results/discussion 

3.2.1 Nanoparticle formation 

Metal nanoparticles were produced for gold, silver, and platinum through 

mechanochemical and solution methods. The gold particles displayed below show a wide 

range of sizes produced by the different methods.  
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Figure 10. Gold nanoparticles formed from HAuCl4 

From left to right: HAuCl4 ground without additional reagents, HAuCl4 ground with P[N(SiMe3)2]3, 

HAuCl4 solution reaction with P[N(SiMe3)2]3 from THF. 

 

The formation of gold nanoparticles in the absence of additional reagents indicates 

that mechanochemical reduction is the primary driving force. Without any capping agent 

present, gold particles agglomerated into large groups of particles. In the presence of 

P[N(SiMe3)2]3, the particles showed much higher uniformity. The average sizes are displayed 

in Table6 The phosphorus-capped gold particles produced with milling are less uniform in 

size than might be desirable (23–33% variation), but the consistency and reproducibility of 

this method was not high.  

Table 6. Nanoparticle size distribution from noble metal sources 

Particle Source Size Distribution 

HAuCl4 Agglomerated 

HAuCl4 + P[N(SiMe3)2]3 (Mill) 3.9 ± 0.9 nm 

HAuCl4 + P[N(SiMe3)2]3 THF 4.5 ± 1.5 nm 

PtCl2 1.9 ± 0.4 nm 

PtCl2 + P[N(SiMe3)2]3 (Mill) 2.5 ± 0.5 nm 

PtCl2 + P[N(SiMe3)2]3 THF 2.3 ± 0.4 nm 

AgCF3SO3  8 ± 5 nm 

AgCF3SO3 + P[N(SiMe3)2]3 (Mill) 3.8 ± 0.8 nm 

AgCF3SO3 + P[N(SiMe3)2]3 (tol) 9 ± 3 nm 

The platinum particles were formed easily upon grinding, and did not simply 

agglomerate, as was observed for gold. The small average size of the platinum particles in the 
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absence of P[N′]3 could result simply from a size reduction of grinding; it should however be 

noted that while the majority of particles were very small, samples also contained much larger 

particles (30 nm). The oxidation state of particles was not checked at the time of TEM 

imaging but substantial chlorine was present on the EDS mapping. With the presence of 

P[N′]3 the particles were larger on average, but the method of either grinding or solvent 

reactions did not have a significant impact on the sizes. The images of platinum particles can 

be seen below Figure 11.  

             

Figure 11. Platinum particles formed from PtCl2 

From left to right: PtCl2 grind, PtCl2 grind with P[N(SiMe3)2]3, PtCl2 with P[N(SiMe3)2]3 in 

toluene. 

 

The silver particles in the absence of P[N′]3 showed a large size distribution (>60%); 

the average size in the ground mixture containing P[N′]3 had a smaller average size and 

smaller deviation (ca. 20%), but the particles were still not uniform. The toluene reaction 

produced an average particle size similar to that of from those formed in the absence of 

P[N′]3, although the size distribution was almost twice as narrow. 
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Figure 12. Silver particles formed from AgOtf 

From left to right: AgOtf grind, AgOtf with P[N(SiMe3)2]3 from grinding, AgOtf with 

P[N(SiMe3)2]3 in toluene. 

 

Due to the overall inconsistency with the shape and size of particles formed with 

P[N′]3, a replacement for it was sought. The preparation of S=P[N′]3 and O=P[N′]3 were 

attempted in order to produce bulky sulfur- and oxygen-donor ligands that would be more 

persistent capping agents.  

3.2.2 Derivatives of P[N(SiMe3)2]3 

Halide metathesis of SPCl3 with K[N′] was the reaction method of choice, which has 

literature precedent with less bulky amides.
132

 The results of this method are far from 

conclusive, as the 
31

P NMR spectra shows a large number of peaks that have not yet been 

identified (see Appendix 3 for representative spectra). The 
1
H and 

13
C spectra also displayed 

more peaks than were expected and did not clarify the situation clarity, thus the 
31

P NMR 

spectra will be discussed in further detail. In an attempt to gain additional insight into the 

complex spectra, the reaction was performed at various temperature and ratios. The reaction 

was performed at room temperature, 0 °C and -78 °C, and in 1:1 and 2:1 ratios (K[N′]:SPCl3) 

at -78 °C. The resulting product of these reactions was an oil that did not yield crystalline 

material.  



 

48 

 

There is a wide range of possible side products for this reaction, some of which will be 

discussed, but these are possibilities that have not been confirmed at this point. It has been 

reported that S-P bonds show a larger charge separation than respective O-P bonds.
133

 This 

charge separation could lead to an equilibrium of S
–
-P

+
 which could then allow for product 

formation involving a P-S-X bond where X could be another sulfur to form a disulfide 

compound. Other possibilities for the reaction include THF coordination, potassium ion 

interference, or the formation of bridged amido complexes.  

 

Other possible side products involve the incomplete substitution reaction of the SPCl3 

and 3 K[N′], so as to form S=PCl2[N′] or S=PCl[N′]2. Attempts to identify these side products 

were carried out by running the halide metathesis reaction in 1:1 and 2:1 ratios (K[N′]:SPCl3) 

as previously mentioned. These tests were inconclusive, as a variety of peaks were still 

present in the 
31

P spectra.  

The 
31

P NMR spectra were run both in both proton coupled and decoupled modes, and 

which always contained a large number of peaks. Some of these peaks were different in the 

coupled and decoupled spectra, meaning there is evidently a side-product with a reasonable 

JPH coupling. 
4
JPH coupling is rarely seen unless the compound adopts a W-confirmation (in a 

phenomenon known as the ‘W effect’).
133

 This effect is a through-space interaction that 

occurs when the proton is close enough to directly interact with the phosphorus. In normal 

P[N′]3, there is no change between the coupled and decoupled spectra, so the parent does not 
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display the 
4
JPH coupling. This implies a side-product that whose composition is not 

intuitively obvious. 

The 3 K[N′]3:1 OPCl3 reaction yielded a solid with two notable peaks and one smaller 

peak in the 
31

P NMR (Spectra shown in Appendix 3). The two primary peaks had similar 

intensity and an apparent “splitting” of 1119 Hz, which is a reasonable coupling constant for 

31
P NMR; however; further experiments showed that this is likely not a doublet. The reaction 

of K[N′] and OPCl3 was run at a 2:1 and 1:1 ratio to determine if the peaks found in the 3:1 

reaction could be easily identified as an incomplete substitution product. The shifts of the 

peaks and their respective integration can be seen in Table 2.  

Table 7.  Ratio of major peaks in 
31

P NMR for the reaction 3K[N(SiMe3)2]3 + OPCl3 

Ratio Chemical shift (ppm) 

3:1 -11.06 ppm 

100.0 relative intensity 

-17.97 

83.04 

-19.70 

11.65 

2:1 -11.08 

0.78 

-17.99 

100.0 

-19.70 

4.078 

1:1 -11.08 

1.13 

-17.98 

100.0 

-19.68 

13.49 

 

The peaks listed in Table 7 reflect the only peaks present for the 3:1 reaction, but it 

should be noted additional peaks are apparent in the 2:1 and 1:1 that are not listed. This test 

showed that the peaks at -11 ppm and -18 ppm do not comprise a doublet, as the ratio of 

peaks shifts drastically and they likely represent a major side-product. This side-product has 

not yet been identified. It should be noted that there were also differences in the proton and 

carbon spectra of the 3:1, 2:1, and 1:1 reactions. In addition, when the 3:1 reaction ratio is 

replicated under the same conditions (time, temperature, and scale), the number of peaks and 

their integrated intensity are not the same.  
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Calculations on these compounds were performed to study the bond lengths of the 

E=P bond, and the charges related to the E and P (E = O, S) moieties. Charges were 

calculated using NBO population analysis with Gaussian 09. The charges are reported below 

and show that, as expected, the oxygen has a greater negative charge than the sulfur. This 

implies a stronger O-P than S-P bond. The weaker interaction of sulfur to phosphorus shown 

in these calculations supports the supposition that the greater number of side-products formed 

by the sulfur compound may result from a weaker S-P bond. 

 Charge on E Charge on P Average Charge N 

S=P[N(SiMe3)2]3 -0.613 2.045 -1.69 

O=P[N(SiMe3)2]3 -1.155 2.534 -1.68 

 

3.3 Conclusion 

Nanoparticles can be formed through mechanochemical processing of silver or noble 

metal salts, but the particle morphology is not well controlled. The routes do not appear at this 

time to produce high quality particles, and conditions would need to be greatly optimized for 

them to be of practical utility. In the case of the solution and mechanochemical approach to 

gold nanoparticles, it is clear that not all of the gold reacts, which is apparent from the yellow 

gold chloride-containing filtrates that are left. The synthesis of platinum particles showed the 

highest level of size and shape control, but this synthesis was not fully optimized. It is 

possible through further optimization of synthesis and work-up procedures these particles 

could be produced in a high enough quality for further applications. 

Although halide metathesis has been used a method to produce other S=PNR3 

complexes, it would appear as though this is not a viable method to produce S=P[N′]3 and 
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O=P[N′]3. The preliminary results from this study show a product that contains a variety of 

non-reproducible side products that have not yet been identified.  

A possible explanation for this involves the large amount of steric bulk in the 

tris(amide) compound. Previous studies on the parent P[N′]3 compound showed a calculated 

cone angel of 241°; a Solid-G calculation suggested that 92% of the coordination sphere was 

occupied, and the space-filling model indicates a buried phosphorus. Despite these bulky 

attributes, reactivity has been observed with the P[N′]3 parent compound.  

3.4 Future directions of this project 

To generate optimally sized particles, extensive screenings would be needed to test the 

particles under different times of reaction, different solvents (when used), and possibly varied 

temperatures. Typical nanoparticle and quantum dot syntheses use high temperatures to 

control the nucleation of particles, and thus they have a greater control over the sizes. The 

goal of this project was to produce particles under mild conditions, but this resulted in 

particles of low quality. More traditional reducing agents could be tested, and P[N′]3 could be 

screened as just a capping agent for various particles, rather than attempt to exploit its 

reducing abilities as well. 

This system has proven to be complicated and the identification of the side products 

has not been successful. Attempts could be made to produce these products in higher yield or 

to develop an approachable method of separation, but at this time the project is being curtailed 

due to the possibility that the product mixtures will be intractable. If this project is revisited in 

the future, attempts could be made to identify and separate the products. Halide metathesis 

has been shown to not be a viable route for this method, and mechanochemical approaches 
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would not be feasible since OPCl3 and SPCl3 are liquids; in addition, the reaction is likely to 

be strongly exothermic, which would be difficult to manage under mechanochemical 

conditions. Routes to directly sulfonate or oxygenate the P[N′]3 would theoretically be 

possible, but these are not being investigated at this time. 

3.5 Experimental 

General Considerations:  

All manipulations were performed with the exclusion of air and moisture using high 

vacuum, Schlenk, or glovebox techniques. Proton, carbon (
13

C{
1
H}), and phosphorus 

(
31

P{
1
H}) (

31
P) NMR spectra were obtained on a Bruker DRX-500 or DRX-400 spectrometer 

at 500 or 400 (
1
H), 100.1 (

13
C) 169.9 (

31
P) MHz, and were referenced to the residual proton 

and 
13

C resonances of C6D6 or THF-d8. Typical grinding conditions involve loading the 

grinding jar with solid samples (typically 500 mg or less), 6 mm stainless steel ball bearings 

(50 count), and sealing under inert atmosphere. The reaction then was then ground for 15 

minutes at 600 RPM using a PM100 planetary ball mill.  

The general procedure for the solution based reactions was to dissolve the metal salt in 

THF and add a solution of P[N(SiMe3)2]3 in THF to the metal. This reaction was filtered and 

the filtrate was collected; the THF was removed through vacuum filtration and any remaining 

solid was collected and analyzed.  

Synthesis of gold nanoparticles 

Solvent reaction: HAuCl4 was dried under vacuum to remove ambient water in the 

system. The HAuCl4 (1 equiv) was then dissolved in THF to produce a yellow solution. To 
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this solution, a separate solution of P[N′]3 (1 equiv) in THF was added. The solution rapidly 

turned from yellow to brown/black. The reaction was allowed to stir for 2 h, then the solution 

was filtered to afford a yellow filtrate and a brown precipitate, which dried to a purple solid. 

The volume of the yellow filtrate was reduced, and the precipitate was collected and 

subsequently analyzed. The precipitate was analyzed with UV-vis spectroscopy and TEM 

analysis.  

Solid state reaction: Equimolar amounts of HAuCl4 and P[N′]3 solids were added to a 

grinding jar. These were allowed to grind together for 15 min at 600 RPM, which afforded a 

brown solid. After suspending the solid in THF and filtering, the solid became purple on 

drying; as in the case with the solution synthesis, the filtrate was yellow. The resulting 

particles were also analyzed with UV-Vis and TEM.  

Synthesis of platinum nanoparticles 

Solvent reaction: PtCl2 (1 equiv) was dissolved in THF to produce a brown solution. 

To this solution, a separate solution of P[N′]3 (1 equiv) in THF was added. The solution did 

not immediately change color but darkened over the course of the reaction. The reaction was 

allowed to stir for 2 h. The brown solution was filtered to afford a colorless filtrate and a 

brown/black precipitate. The precipitate was analyzed with TEM methods.  

Solid state reaction: Equimolar amounts of solid PtCl2 and P[N′]3 were added to a 

grinding jar. These were allowed to grind together for 15 min at 600 RPM, which afforded a 

brown solid. After suspending the solid in THF and filtering, the solid became purple on 

drying; as in the case with the solution synthesis, the filtrate was yellow. The resulting 

particles were also analyzed with TEM.  
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Synthesis of silver nanoparticles 

Solvent reaction: AgOTf (1 equiv) was dissolved in THF to produce a brown solution. 

To this solution, a separate solution of P[N′]3 (1 equiv) in THF was added. The solution did 

not immediately change color but darkened over the course of the reaction. The reaction was 

allowed to stir for 2 h. The brown solution was filtered to afford a colorless filtrate and a 

brown/black precipitate. The precipitate was analyzed with TEM methods.  

Solid state reaction: Equimolar amounts of AgOTf and P[N′]3 solids were added to a 

grinding jar. These were allowed to grind together for 15 min at 600 RPM, which afforded a 

brown solid. After suspending the solid in THF and filtering, the solid became purple on 

drying; as in the case with the solution synthesis, the filtrate was yellow. The resulting 

particles were also analyzed with TEM.  

Attempted preparation of S=P[N(SiMe3)2]3 

A solution of K[N′] (1, 2, or 3 equiv) was prepared in 50 mL of THF and was cooled 

to -78 °C in a dry ice/acetone bath. To this solution, SPCl3 (1 equiv), which was previously 

cooled in ice water, was injected. This mixture was allowed to stir for 16 h while slowly 

warming to room temperature. The THF was removed by vacuum and the remaining product 

was dissolved in hexane and filtered through a medium porosity glass frit. The hexane was 

then removed through vacuum until dry, and the product was then analyzed with NMR 

spectroscopy.  
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Attempted preparation of O=P[N(SiMe3)2]3 

A solution of K[N′] (1, 2, or 3 equiv) was dissolved in 50 mL of THF and was cooled 

to -78 °C in a dry ice/acetone bath. To this solution, OPCl3 (1 equiv), which was previously 

cooled in ice water, was injected. This mixture was allowed to stir for 16 h while slowly 

warming to room temperature. The THF was removed by vacuum and the remaining product 

was dissolved in hexane and filtered through a medium porosity glass frit. The hexane was 

then removed through vacuum until dry, and the product was then analyzed with NMR 

spectroscopy.  
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CHAPTER 4  

Reaction environment and ligand lability in group 4 Cp2MXY  

(X,Y = Cl, OtBu) complexes 

4.1 Introduction 

As one of the fundamental methods of organometallic synthesis, salt metathesis  

(RM + M´X  RM´ + MX; M = typically group 1 or 2 metal) is broadly employed in both 

main-group and transition metal chemistry.
134

 The outcome of the reaction depends on many 

factors, including solvent polarity, the electropositivity of the metals, and if isolated by 

crystallization, the solubility of the intended product. In some cases, kinetically and/or 

thermodynamically favored products are obtained regardless of the reaction stoichiometry.
135-

136
 In addition, mechanochemical synthesis, which employs mechanical forces to promote the 

breaking and formation of chemical bonds, has the potential to direct salt metathesis in ways 

different from those typically found in solution-based routes.
137-138

 We report here the 

influence of solvent polarity and mechanochemical activation in the formation of group 4 

metal CpxMCly(OtBu)4-(x+y) complexes, whose formation via halide metathesis is unusually 

dependent on reaction environment.  

The Cp´/OR complexes of the group 4 metals, Cp´2-xM(OR)2+x, are of interest for their 

ability to serve as initiators of syndiotactic polymerization of styrene (M = Ti);
139

 in 

combination with MAO, they are highly active initiators of α-olefin polymerization.
140-141

 

Both chiral
142

 and non-chiral
143-144

 versions of the complexes have been investigated in the 

polymerization of lactide monomers and ε-caprolactone.
142

 For M = Zr and Hf, the 

Cp´2M(OR)2 species are effective CVD precursors of thin-film zirconia and hafnia.
12, 145
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Despite their applications in catalytic and materials chemistry, there are few reliable 

synthetic routes available for the Cp´2M(OR)2 complexes. Typical approaches start either 

from a cyclopentadienyl precursor or a metal tetraalkoxide, but they do not always yield 

stoichiometrically precise results. In the case with OR = OtBu, for example, the formation of 

Cp2Ti(OtBu)2 has been reported from the reaction of Li[OtBu] and Cp2TiCl2 in THF,
146

 

although as described below, Cp2Ti(OtBu)2 is only one of several products generated by this 

route. The Zr analogue has been prepared similarly (Cp2ZrCl2 + (Li or Na)[OtBu]),
147

 but this 

yields an inseparable mixture of Cp2ZrCl(OtBu) and Cp2Zr(OtBu)2, even with the use of more 

than 2 equiv of the alkoxide.
12

 A cleaner route to Cp2Zr(OtBu)2, but with unspecified yield, 

has been reported through alcoholysis (Cp2ZrCl2 + excess HOtBu/Et3N).
12

 In contrast, more 

predictable synthesis exist for mono(cyclopentadienyl) complexes; CpTi(OtBu)3 is produced 

from the reaction of CpTiCl3 with HOtBu,
148

 for example, and for all three metals, the 

metathetical exchange between M(OtBu)4 and Cp2Mg in benzene produces the CpM(OtBu)3 

complexes.
140

 Notably, however, salt metathesis is not used as a standard route to the mono-

Cp compounds. 

4.2 Results and discussion 

Titanium complexes. In what was intended to be a straightforward reproduction of 

the preparation of Cp2Ti(OtBu)2,
146

 the reaction of Cp2TiCl2 (TDC) with Li[OtBu] in THF 

was conducted at the specified concentrations of 0.5 and 1.0 M, respectively. It yielded 

Cp2Ti(OtBu)2 (δ 5.98 (Cp); 1.16 (OtBu)) as the major product (61%), but there were also 

substantial amounts (26%) of the mono(cyclopentadienyl) species CpTi(OtBu)3 (δ6.24 (Cp); 

1.26 (OtBu)),
148-149

 and a smaller but easily detectable (13%) amount of the tetraalkoxide, 
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Ti(OtBu)4 (δ1.36) (Table 8, #1). This result is at variance with the literature report,
146

 for 

which Cp2Ti(OtBu)2 was the only stated product (obtained in >90% purity); apart from 

possible instrumental limitations (e.g., the use of 90 MHz 
1
H NMR), we are unsure of the 

reason for this discrepancy. As part of the investigation into Cp2Ti(OtBu)2 formation, other 

reactions were conducted with K[OtBu], to remove potential complications from the solvated 

Li
+
 ion.

150
 With a K[OtBu]:TDC ratio of 2:1 in THF (#2), the product distribution again 

contained the three previously observed alkoxide species (although Ti(OtBu)4 is in trace 

amounts), but there was also evidence for a new, previously unreported species, Cp3Ti(OtBu) 

(1) (δ5.74, w1/2 = 22 Hz (Cp); δ1.01 (OtBu)). When the amount of K[OtBu] relative to TDC 

was increased to 4:1, Cp2Ti(OtBu)2 and Cp3Ti(OtBu) were no longer among the observable 

compounds (#3); only CpTi(OtBu)3 and Ti(OtBu)4 were detected. 
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Table 8. Summary of Cp2MX2 and M′[OtBu] reactions 

To determine whether such extensive ring/alkoxide scrambling was a consequence of 

using THF, the solvent was changed to a nonpolar alkane. In hexanes, an 18 hr reaction of 

K[OtBu]:TDC in a 2:1 ratio generated Cp2Ti(OtBu)2 and CpTi(OtBu)3 in nearly equal 

amounts; only traces (≤2%) of Ti(OtBu)4 were detectable in NMR spectra (#4). The amount 

of 1 was somewhat greater than that found from the reaction in THF, and it could be 

crystallized from the reaction mixture. It should be noted that the reaction of the unmilled 

reagents in hexanes is slow; the red solution of TDC and the accompanying slurry of K[OtBu] 

displayed no immediate color change, and workup of a reaction after 1 hr revealed that over 

half (57%) of the TDC remained unreacted; there was no evidence at this point for formation 

of 1. At higher ratios of K[OtBu]:TDC in hexanes, the reaction outcomes were similar to 

    

No. Cp2MCl2 M´[OtBu] Medium Cp2MCl(OtBu) Cp2M(OtBu)2 CpTi(OtBu)3 Ti(OtBu)4 Cp3Ti(OtBu) 

(1) 

         

1 M = Ti 2, M = Li THF  0.61 0.26 0.13  

2 M = Ti 2, M = K THF  0.70 0.13 0.02 0.15 

3 M = Ti 4, M = K THF   0.60 0.40  

4 M = Ti 2, M = K hexanes  0.37 0.40 0.02 0.21 

5 M = Ti 3, M = K hexanes   0.93 0.07  

6 M = Ti 2, M = K 
 

 0.32 0.47 0.18 0.03 

7 M = Ti 3 or 4, M 

= K 
   0.88 0.12  

8 M = Zr 2, M = K 
 

0.81 0.19    

9 M = Zr 3 or 4, M 

= K 
 

 1.00    

10 M = Hf 1, M = K hexanes 1.00     

11 M = Hf 1, M = K 
 

1.00     

12 M = Hf 2, M = K hexanes 0.14 0.86    

13 M = Hf 2, M = K 
 

0.59 0.41    

14 M = Hf 3 or 4, M 

= K 
 

 1.00    

a
 = ball milling at 600 rpm for 15 min. The symbol for mechanical milling has been proposed in ref. 3a. 

Solution reactions were run for 18 hr. 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those found in THF; i.e., CpTi(OtBu)3 and Ti(OtBu)4 are the only observed complexes, 

although CpTi(OtBu)3 is by far the major product (93%, with a 3:1 K[OtBu]:TDC ratio) (#5). 

In order to remove the influence of solvent entirely, a mixture of white K[OtBu] and 

red Cp2TiCl2 (TDC) was ground in a ball mill in a 2:1 ratio (600 rpm, 15 min); the resulting 

orange powder was extracted with hexanes, filtered and evaporated to dryness (#6). Once 

again, all four alkoxide products were formed, but Cp2Ti(OtBu)2 constituted only about a 

third of the total product. CpTi(OtBu)3 comprised almost half; Ti(OtBu)4 represented 18% of 

the product, and 1 was present in near trace amounts (3%). When the amount of K[OtBu] 

relative to TDC was increased to 3:1, Cp2Ti(OtBu)2 and 1 were no longer among the 

observable compounds (#7); the amount of CpTi(OtBu)3 (88%) is closer to that of the reaction 

in hexanes (93%) than to that in THF (60%). A further increase in the K[OtBu]:TDC ratio to 

4:1 did not change the product distribution. The reactions by ball milling occur much more 

quickly than those in solution; after 15 min of milling, no TDC is observed among the 

products; this behavior distinguishes the hexanes reactions from the ball milled cases, even 

though hexanes are used during extraction of the latter.
151

 

The formation of 1 is of special note, as it has not previously been reported as a 

member of the CpxTi(OtBu)4-x family. This product is only observed from 2:1 K[OtBu]:TDC 

reaction mixtures, but is produced both in solution (THF, hexanes) and ball milling reactions. 

The absence of 1 at higher ratios (≥ 3:1) of K[OtBu]:TDC could be the result of its formation 

being the result of cyclopentadienyl/alkoxide scrambling such as that in eq. 1.  

2 Cp2Ti(OtBu)2  Cp3Ti(OtBu) + CpTi(OtBu)3 (1) 
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Specifically, if 1 is formed rapidly under elevated alkoxide concentrations directly from 

Cp2Ti(OtBu)2, and if the reaction in eq. 1 is relatively slow, little of the bis(alkoxide) complex 

will be available to generate 1 through redistribution. 

An alternative, perhaps sterically preferable route to 1 could be through the action of a 

Cp2TiCl(OtBu) intermediate. Although it was not observed under the reaction conditions used 

here, the monochloro complex is certainly a likely species (it would form from the reaction of 

one equivalent of K[OtBu] with TDC). Once Cp2Ti(OtBu)2 reacts with [OtBu]
–
 to release Cp

–
 

(eq 2), the latter could add to Cp2TiCl(OtBu) to form 1 (eq. 3). 
152

 

Cp2Ti(OtBu)2 + [OtBu]
–
  CpTi(OtBu)3 + Cp

–
 (2) 

Cp2TiCl(OtBu) + Cp
–
  Cp3Ti(OtBu) + Cl

–
 (3) 

Both of these possibilities (which are not mutually exclusive) are discussed further below.  

Zirconium and hafnium complexes. With Zr and Hf, less ligand scrambling occurs 

during the formation of cyclopentadienyl alkoxide complexes. An equiv of Li[OtBu] is 

reported to react with Cp2ZrCl2 in THF to form only Cp2ZrCl(OtBu).
12

 The use of 2 equiv (or 

more) of the alkoxide in THF, however, generates an inseparable mixture of Cp2ZrCl(OtBu) 

and Cp2Zr(OtBu)2 (2). We find that the use of diethyl ether produces 2 in a cleaner form from 

a 2:1 ratio of K[OtBu] : Cp2ZrCl2, and that material can be sublimed under vacuum for 

additional purification (see Experimental section). As in THF, ball milling K[OtBu] and 

Cp2ZrCl2 in a 2:1 ratio also produces a Cp2ZrCl(OtBu) : 2 mixture, in a 0.81:0.19 ratio (#8). 

Increasing the K[OtBu] : Cp2ZrCl2 ratio to 3:1 or 4:1, however, yields only 2 (#9). 

Interestingly, there is no evidence for ring displacement, i.e., no CpZr(OtBu)3 or Zr(OtBu)4 

formation, as was observed in the titanium chemistry.  
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Reactions with the hafnium system follow a similar pattern. The reaction of K[OtBu] 

and Cp2HfCl2 in a 1:1 ratio in hexanes produces exclusively Cp2HfCl(OtBu) (3) (#10). When 

the same mixture is again milled without solvent (#11), 3 is again the only product. 

Interestingly, when repeated with THF, the reaction does not proceed detectably within 18 hr, 

and only starting materials are recovered.  

Allowing K[OtBu] and Cp2HfCl2 to react in hexanes in a 2:1 ratio produces a 3 : 

Cp2Hf(OtBu)2 (4) mixture in a 0.14:0.86 ratio (#12), but grinding the same ratio still leaves 3 

as the majority product (#13). Only 4 is found when the K[OtBu] : Cp2HfCl2 ratios are 

boosted to 3:1 or 4:1 under ball milling conditions (#14).  

Structures. Crystals of 1 were grown from hexanes, and its structure was determined 

with X-ray crystallography (Figure 13). A distorted tetrahedral environment around the 

titanium center is defined by the centroids of two η
5
-Cp rings, one η

1
-Cp ring, and the oxygen 

atom of the (OtBu) group. This is the arrangement predicted for a Cp3TiX species in order to 

avoid an excessively electron-rich 20 e
–
 environment.

153-154
 The Ti-ring centroid distance of 

2.11 Å (ave) is slightly longer than the 2.06 Å found in Cp2TiCl2, possibly the result of steric 

crowding.
155

 There are few structurally authenticated Ti-(η
1
-Cp) bonds that can be compared 

to that in 1, but its length (2.304(1) Å) is shorter than the 2.366(4) Å found in the sterically 

comparable (η
5
-Cp)2(η

1
-Cp)Ti(N=P(tBu)3),

156
 presumably because of the electron richness of 

the latter. The Ti-O distance is slightly shorter than normal, but is similar to the 1.792(3) Å 

length in Cp2Ti(OtBu)C(Ph)=CH(Ph).
157

 The Ti–O–C angle is very wide (ca. 171°), which is 

consistent with partial multiple bonding, electrostatic repulsion
158

 or steric crowding
159

 

involving the Ti–O interaction. 
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Neither Cp2HfCl(OtBu) nor Cp2Hf(OtBu)2 has been previously described, nor has the 

crystal structure of Cp2Zr(OtBu)2 (2) been reported, and hence the crystal structures of 2–4 

were obtained. The zirconium and hafnium Cp2M(OtBu)2 molecules are isostructural, and 

crystallize as monomers with the metals coordinated by two η
5
-Cp rings and two terminal 

OtBu ligands in a distorted tetrahedral environment. The Cp ligands and OtBu groups are 

disordered over crystallographic mirror planes (50:50). A drawing of 2 is provided in Figure 

14; a depiction of the hafnium analogue 4 is in the ESI.† 

 

Figure 13. Thermal ellipsoid of Cp3Ti(OtBu) 

Thermal ellipsoid plot of 1 (50% level); hydrogens are drawn with arbitrary radii. Selected 

bond distances (Å) and angles (deg): Ti1–O, 1.794(1); O1–C16, 1.416(2); Ti1–Cp1(ring 

centroid/C6-C10), 2.115; Ti1–Cp2 (ring centroid/C11-C15), 2.108; Ti1–C1, 2.304(1); O1–

Ti1–C1, 90.06(5); Ti1–O1–C16, 170.88(9); Cp1–Ti1–Cp2, 129.2. 
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Figure 14. Thermal ellipsoid plot of Cp2Zr(OtBu)2 

Thermal ellipsoid plot of 2 (40% level); hydrogens are drawn with arbitrary radii. Selected 

bond distances (Å) and angles (deg) for 2 (listed first) and for 4: M–O, 1.925(2), 1.915(7); 

O1–C6, 1.421(4), 1.441(13); M–Cp´(ring centroid), 2.274, 2.252; O1–M–O1´, 99.3(5), 

100.1(1); M–O1–C6, 169.7(1), 166.6(4); Cp´–M–Cp´, 123.3, 123.5. 

 

Despite the bulk of the –OCMe3 groups, the Zr–O distance of 1.925(2) Å is slightly 

shorter than in related molecules (cf. 1.973(3) Å in Cp2Zr(OCHPh2)2,
24

 2.01(1) Å in 

Cp2Zr(OPh)2)
25

). This is accompanied by a wide Zr–O–C angle (169.7(1)°) (cf. 144.2(2)° and 

153.7(2)° in Cp2Zr(OCHPh2)2,
160

 147.1(1)° in Cp2Zr(OPh)2)
159, 161

). 

The hafnium complex 3 is isostructural with its zirconium analogue.
12

 Both are 

monomers with the metals coordinated by two η
5
-Cp rings, a chloride and a terminal OtBu 

ligand in a distorted tetrahedral manner (Figure 15). The Hf-O distance is 0.022 Å longer than 

in the Zr complex, in line with the small difference in covalent radii between the two metals.
53

 

The only other structurally authenticated complex that offers a direct comparison with 3 is 

Cp2HfCl(O-2-methyladamantoxy); notwithstanding the bulk of the substituted adamantoxy 
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group, the Hf–O distance of 1.900(2) Å is slightly shorter than in 3, but the Hf-O-C angles are 

within 1.0° of each other.
141

 As with the related molecules 1, 2, and 4, the wide angles (>170°) 

are consistent with the existence of dπ–pπ interactions. 

 

 

Figure 15. Thermal ellipsoid plot of Cp2HfCl(OtBu) 

Thermal ellipsoid plot of 3 (50% level); hydrogens have arbitrary radii. Selected bond 

distances (Å) and angles (deg): Hf1–O1, 1.917(2); Hf1–Cl1 = 2.4633(8); O1–C11, 1.423(4); 

M–Cp´(ring centroid), 2.085 (ave); O1–Hf1–Cl1, 96.53(7); Hf1–O1–C11, 171.1(2); Cp´–M–

Cp´, 130.6. 

 

Calculation results. DFT calculations of the relative energies of some of the 

transformations observed here were completed with the M06 functional;
116, 162

 in addition, 

reaction energies were also studied in THF with a solvation model (PCM).
163

 All the 

conformations were found to be minima on their respective potential energy surfaces. A 

summary of energy changes is given in Figure 16. 
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Figure 16. Energy interrelationships between various Cp2-xTi(OtBu)2+x molecules. 

Free energies are in kcal mol
–1

; values in parenthesis include a solvent correction in THF, 

using the PCM approach. Cp2TiCl(OtBu) was not observed among the products of the 

reactions in this work, but it is a likely intermediate, and could be involved in the formation of 

Cp3Ti(OtBu). 

 

The conversion of TDC into Cp2Ti(OtBu)2 is a thermodynamically favored reaction, 

reflecting the greater strength of Ti–O relative to Ti–Cl bonds. The subsequent conversion of 

Cp2Ti(OtBu)2 into CpTi(OtBu)3 is also strongly favored, as is the formation of Ti(OtBu)4 

from CpTi(OtBu)3. In a reaction with a 2:1 ratio of K[OtBu] to TDC, however, there would be 
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little [OtBu]
–
 available to react with CpTi(OtBu)3, accounting for the limited formation of 

Ti(OtBu)4 (Table 1; #2,4,6). 

The two potential routes to 1 discussed above (eq. 1 and 3) are thermodynamically 

reasonable, especially when a solvent correction is applied. The driving force (∆G°) for two 

Cp2Ti(OtBu)2 molecules to produce Cp3Ti(OtBu) (eq. 1) is -5.1 kcal mol
-1

 (increasing to -6.8 

kcal mol
-1

 with the THF correction). The gas-phase value for the conversion of the proposed 

Cp2TiCl(OtBu) into Cp3Ti(OtBu) (eq. 3) is +7.7 kcal mol
–1

 (∆G°), but this drops to -2.6 kcal 

mol
–1

 with the THF correction. Other potential routes are unlikely either for steric and/or 

thermodynamic reasons (e.g., Cp2Ti(OtBu)2 + CpTi(OtBu)3  Cp3Ti(OtBu) + Ti(OtBu)4, 

∆G° = +10.5 kcal mol
-1

; +4.7 kcal mol
-1

 with the THF correction). 

4.3 Conclusions 

In summary, the production of group 4 Cp2-xM(OtBu)2+x complexes by halide 

metathesis is a sensitive function of the reaction conditions employed, and in particular, 

whether a polar solvent is used or not. Cp ring displacement occurs readily in titanium 

systems but not at all with the heavier members of group 4; this probably reflects the stronger 

M–Cp bonding found in Zr and Hf complexes as compared to Ti.
164

  

Several differences mark the use of mechanochemical activation in these systems. The 

most obvious is the speed of the reactions, completed in minutes, instead of the hours required 

by solution synthesis. Also of note is that the product distributions obtained with ball milling 

and from reactions run in hexanes correspond more closely to each other than to those from 

reactions conducted in THF (e.g., the 2:1 reactions of K[OtBu] and Cp2TiCl2 in hexanes (#4) 

and by milling (#6) produce roughly half the amount of Cp2Ti(OtBu)2 as does the same 
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reaction in THF (#2); the major product from hexanes/milling is also the same, CpTi(OtBu)3). 

This may basically reflect that fact that in both hexanes/milling a polar reaction medium is 

absent. Unless there are unusual issues of stereochemistry involved,
3
 solid-state activations 

may be more broadly useful in recreating the products of organometallic halide metatheses 

conducted in alkanes, but at much higher speed, a possibility we are exploring.  

4.4 Experimental 

General Considerations. All syntheses were conducted under rigorous exclusion of 

air and moisture using Schlenk line and glovebox techniques. Proton (
1
H) and carbon (

13
C) 

NMR spectra were obtained at ambient temperature on a Bruker AV-400 MHz spectrometer. 

Proton and carbon spectra were referenced to the residual resonances of C6D6. Variable 

temperature 
1
H NMR was obtained on a Bruker DRX-500 instrument and referenced to 

residual resonances of tol-d8. Metal and combustion analyses were performed by ALS 

Environmental, Tucson, AZ.  

Bis(cyclopentadienyl)metal dichlorides were obtained from Strem Chemicals and used 

as received. Anhydrous inhibitor-free tetrahydrofuran (THF) was stored over molecular sieves 

prior to use. Hexanes and diethyl ether were distilled under nitrogen in the presence of 

potassium metal prior to use. Deuterated benzene and deuterated toluene (tol-d8) were 

purchased from Cambridge Isotopes and were distilled from Na/K (22/78) alloy prior to use.  

Synthesis of Complexes 

Mechanochemical protocol. Ball milling reactions used 50 stainless steel (440 grade) 

ball bearings (6 mm) that were thoroughly cleaned with hexanes and acetone prior to use. 
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Planetary milling was performed with a Retsch PM100 mill, 50 mL stainless steel grinding jar 

type C, and a safety clamp for air-sensitive grinding. A typical reaction involved 300 mg total 

sample weight, sealed under an inert atmosphere. The ground mixture was extracted with 

minimal hexanes (<100 mL) and filtered through a medium porosity ground glass frit. The 

filtrate was then dried under vacuum prior to NMR analysis. For the preparation of larger 

quantities of compounds, solution-based synthesis, detailed below, were employed. 

Cp3Ti(OtBu) (1). A 125 mL Erlenmeyer flask was equipped with a magnetic stirrer 

bar and charged with Cp2TiCl2 (1.24 g, 5.0 mmol) in 25 mL THF. A solution containing 

K[OtBu] (1.12 g, 10.0 mmol) in 25 mL THF was added to the flask. Upon addition of 

K[OtBu], the red Cp2TiCl2 solution in the flask turned yellow-brown and maintained this 

color. After 18 h, the reaction mixture was dried to remove THF. The resulting material was 

then extracted with hexanes and filtered through a fritted filter to remove precipitated KCl; 

the precipitate was washed twice with 10 mL aliquots of hexanes. The solvent was removed 

from the red solution to leave a red solid and yellow oil. The product was then washed with 

hexanes, and hexanes was removed by pipet to leave red solid with no observable yellow oil 

(0.36 g, 23%). 
1
H NMR (400 MHz, C6D6, 298 K): δ 1.01 (s, 9H, OC(CH3)3), 5.74 (br s, w  = 

22 Hz, 10H, C5H5). The single broad resonance for the Cp ligands in Cp3Ti(OtBu) is 

evidently the result of fluxional behavior. Cooling a sample to 225 K results in the Cp peak 

shifting upfield to δ5.32 ppm and broadening further to w1/2 = 53 Hz; there is no sign of 

splitting. Conversely, raising the temperature to 325 K causes it to narrow to w1/2 = 11 Hz. 
13

C 

NMR (100 MHz, C6D6, 298 K): δ 31.61 (s, CH3), 84.93 (s, OC(CH3)3), 112.40 (s, C5H5). 

Anal. Calcd for C19H24OTi: C, 72.2; H, 7.6. Found: C, 71.6; H, 7.5.  
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Solution synthesis of Cp2Zr(OtBu)2 (2). A 125 mL Erlenmeyer flask was equipped 

with a magnetic stirrer bar and charged with Cp2ZrCl2 (0.294 g, 1.01 mmol). A solution 

containing K[OtBu] (0.224 g, 2.00 mmol) in 70 mL diethyl ether was added to the flask. 

Upon dissolution, the material in the flask turned canary yellow, but became peach-colored 

after 5 min of additional stirring. After 8 h, the reaction mixture was filtered through a fritted 

filter to remove precipitated KCl; the precipitate was washed twice with 10 mL aliquots of 

diethyl ether. The solvent was removed from the yellow filtrate under vacuum to leave a 

yellow-brown solid. The product was recrystallized by slow evaporation of hexanes (0.32 g, 

87% yield). The white crystals could be sublimed under 500 mTorr of vacuum at 150 °C. The 

compound was identified by its characteristic NMR spectrum:
12

 
1
H NMR (400 MHz, C6D6, 

298 K): δ 1.16 (s, 18H, OC(CH3)3), 5.99 (s, 10H, C5H5). 
13

C NMR (100 MHz, C6D6, 298 K): 

δ 32.58 (s, CH3), 76.23 (s, OC(CH3)3), 113.30 (s, C5H5). Anal. Calcd for C18H28O2Zr: Zr, 

24.8. Found: Zr, 24.9. 

Cp2HfCl(OtBu) (3). A 125 mL Erlenmeyer flask was equipped with a magnetic 

stirrer bar and charged with Cp2HfCl2 (0.2514 g, 0.66 mmol) in 40 mL hexanes. A solution 

containing K[OtBu] (0.0747 g, 0.66 mmol) in 10 mL hexanes was added to the flask. Upon 

mixing, the material in the flask became cloudy-white. After 18 h, the reaction mixture was 

filtered through a fritted filter to remove precipitated KCl; the precipitate was washed twice 

with 10 mL aliquots of hexanes. The solvent was removed from the colorless filtrate under 

vacuum to leave a white solid. The product was recrystallized by slow evaporation of hexanes 

(0.233 g, 84% yield). 
1
H NMR (400 MHz, C6D6, 298 K): δ 1.08 (s, 18H, OC(CH3)3), 5.91 (s, 

10H, C5H5). 
13

C NMR (100 MHz, C6D6, 298 K): δ 31.18 (s, CH3), 78.35 (s, OC(CH3)3), 

111.94 (s, C5H5). Anal. Calcd for C14H19ClHfO: C, 40.3; H, 4.6; Hf, 42.8. Found: C, 39.8; H, 



 

71 

 

4.5; Hf, 43.4.  

Cp2Hf(OtBu)2 (4). A 125 mL Erlenmeyer flask was equipped with a magnetic stir bar 

and charged with Cp2HfCl2 (0.306 g, 0.81 mmol) in 40 mL hexanes. A solution containing 

K[OtBu] (0.181 g, 1.61 mmol) in 10 mL hexanes was added to the flask. Upon mixing, the 

material in the flask became turbid. After 18 h, the reaction mixture was filtered through a 

fritted filter to remove precipitated KCl; the precipitate was washed twice with 10 mL 

aliquots of hexanes. The solvent was removed from the colorless filtrate under vacuum to 

leave a white solid (0.31 g, 85% crude yield). The solid can be sublimed under 300 mTorr of 

vacuum at 120 °C. 
1
H NMR analysis indicated that the sublimed product contained ca. 14% 

of 3. 
1
H NMR for 4 (400 MHz, C6D6, 298 K): δ 1.16 (s, 18H, OC(CH3)3), 5.99 (s, 10H, 

C5H5). 
13

C NMR (100 MHz, C6D6, 298 K): δ 32.00 (s, CH3), 75.49 (s, OC(CH3)3), 110.31 (s, 

C5H5). Anal. Calcd for (C18H28HfO2)0.86(C14H19ClHfO)0.14: C, 46.6; H, 6.0. Found: C, 45.5; H, 

6.4. 

General Procedures for X-ray Crystallography 

Compounds 1 and 3. A suitable crystal of each sample was located, mounted in a 

polyimide loop, and mounted on an Agilent SuperNova (Dual, Cu at zero, EosS2) 

diffractometer. The crystals were kept at 100 K during data collection. Using Olex2,
165

 the 

structure was solved with the SHELXT
166

 structure solution program using direct methods 

and refined with the SHELXL
167

 refinement package using least squares minimization. All 

non-hydrogen atoms were refined with anisotropic displacement parameters. Except for the 

unique hydrogen H1 on C1 in 1, all hydrogen atoms were placed in ideal positions and refined 

as riding atoms with relative isotropic displacement parameters. The methyl groups were 
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idealized and refined as rotating groups. Table 2 and CCDC 1496571 and 1496573 contain 

additional crystallographic data for additional crystal and refinement information.  

Compounds 2 and 4. A suitable crystal of each sample was located, attached to a 

glass fiber, and mounted on a Bruker SMART APEX II CCD platform diffractometer for data 

collection.
168

 The structures were solved using SIR97
169

 and refined using SHELXL-97 (for 

Cp2Zr(OtBu)2)
170

 and SHELXL-2013.
171

 In both cases, the space group P4̄21m was 

determined based on systematic absences. A direct-methods solution was calculated which 

provided most non-hydrogen atoms from the E-map. Full-matrix least squares/ difference 

Fourier cycles were performed which located the remaining non-hydrogen atoms. All non-

hydrogen atoms were refined with anisotropic displacement parameters. All hydrogen atoms 

were placed in ideal positions and refined as riding atoms with relative isotropic displacement 

parameters. Table 2 and CCDC 1496572 and 1496574 contain additional crystallographic 

data. 

  General computational considerations 

All calculations were performed with the Gaussian 09W suite of programs.
111

 The 

global hybrid M06 DFT functional
116, 162

 was used, which includes accounting for dispersion 

interactions, and includes 27% of exact exchange. The def2TZVPD basis set was used on the 

metal atoms and chlorine; for Zr and Hf an effective core potential was used to account for 

relativistic effects. The def2SVPD basis was used on all other atoms.
116

 An ultrafine grid was 

used for all calculations (Gaussian keyword: int=ultrafine). Molecules were studied both in 

vacuum and in THF with a solvation model (PCM).
163

 The nature of the stationary points was 

determined with analytical frequency calculations; all optimized geometries were found to be 
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minima (Nimag = 0). 

(This work was adapted from: Boyde, N. C., et al. Dalton Trans. 2016, 45, 18635) 
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CHAPTER 5 

Multicomponent mechanochemical synthesis of cyclopentadienyl titanium  

alkoxy halides 

5.1 Introduction  

The neutral d
0 

Cp´xMLyL′4-(x+y) framework comprises an enormous number of 

complexes in early transition metal and actinide chemistry.
172

 Part of the reason for this is that 

with four potentially different ligands on the metal center (i.e., Cp´,Cp″,L′,L″), the 

combinational possibilities with the metallocene structure are considerable. In addition, the 

range of compatible L and L´ ligands is large, and includes halides, phosphines,
173

 

carbonyls,
174

 alkoxides, carbenes,
175-176

 metal-based ligands,
177-178

 and substituted Cp rings,
179

 

among others. Many applications have been developed for the complexes, principally in 

catalysis (e.g., syndiotactic polymerization of styrene,
139

 olefin polymerization,
140-141, 180-181

 

polymerization of lactide monomers and ε-caprolactone
142-144

), but also in CVD production of 

thin-film oxides
12, 145

 and carbides.
182

 The very flexibility that makes the metallocene 

framework so versatile also complicates the synthesis of specific compositions. 

Consider a special subset of the complexes in which the cyclopentadienyl ligands are 

C5H5, L´ is a halide and L″ is an alkoxide; even so restricted, 15 general compositions can 

satisfy the CpxMXy(OR)´4-(x+y) formula (Figure 17). Remarkably, for the set of M = Ti, X = 

Cl, and R = OtBu, all of the compounds with the exception of Cp2TiCl(OtBu) are known 

(Cp3Ti(OtBu) was reported only recently).
179

 This is one of the better represented families, 

however; with the sole change of X to Br, for example, none of the heteroleptic bromo 

CpxTiBry(OtBu)4-(x+y) or TiBrx(OtBu)4-x complexes have been described. Even when known, 
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the assembly of particular ligands sets in a in Cp2MLL´ complex is not always 

straightforward. The dichlorides Cp2MCl2 are commonly used starting materials for 

bis(cyclopentadienyl) derivatives, but the reaction of Cp2TiCl2 and 2 equiv Li[OtBu] yields 

not only Cp2Ti(OtBu)2 (61%), but also CpTi(OtBu)3 (26%) and Ti(OtBu)4 (13%).
179

 Similarly, 

the reaction of Cp2ZrCl2 and (Li or Na)[OtBu] yields an inseparable mixture of 

Cp2ZrCl(OtBu) and Cp2Zr(OtBu)2, even with the use of more than 2 equiv of the alkoxide.
12

  

 

Figure 17. Combinatorial possibilities of mixed group 4 CpxMXy(OR)4-(x+y) complexes, starting from the 

homoleptic species MX4, M(OR)4, and MCp4. Complexes along the edges have two types of ligands; those 

in the interior have three.  

 

We have explored the use of both solvent-based and mechanochemical reactions to 

expand the palette of known synthetic routes to CpxTiXy(OR)´4-(x+y)  (X = Cl, Br; R = Me, Et, 

OiPr, OtBu). Mechanochemical methods of synthesis, which use mechanical force (typically 

grinding or milling) to promote reactions, usually under solvent-free conditions, have been 

investigated for the preparation of inorganic
183-186

 and organometallic compounds.
187

 Such 

reactions can occur on a much faster time scale than equivalent than solution methods,
188

 and 
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can yield unique products that have not successfully been isolated from solution.
189-190

 The 

distribution of products and isomers can also be tuned.
138, 179, 191

 The solvent-free approach 

also provides the flexibility to use reagents that are not compatible with typical solvents, 

especially ethers. As demonstrated below, this proves to be especially valuable in work with 

titanium halides. 

5.2 Results and Discussion 

Synthesis. A long-known method for conducting halide-alkoxide exchange in group 4 

cyclopentadienyl halide complexes is through reaction with the desired alcohol and an added 

base, typically Et3N.
192

 This provides control over substitution, as indicated in eq. 1 (n = 2 or 

3).
148

 

CpTiCl3 + nHOtBu  + nEt3N  →  CpTiCl3-n(OtBu)n + n[NHEt3]Cl  (1) 

 

We used a related approach starting from Cp2TiCl2 to prepare Cp2TiCl(OMe)
193

 (1) 

and the previously unknown Cp2TiCl(OiPr) (2). These reactions are slow (ca. 16 h), and when 

considering the synthesis of the mono-alkoxy derivative Cp2TiCl(OtBu) (3) we investigated 

halide metathesis instead. This approach has been used to form Cp2ZrCl(OtBu) in THF,
12

 

although it fails for Cp2HfCl(OtBu).
179

 Mechanochemical activation works successfully for 

both of the heavier group 4 metals, however, and it was adopted for the preparation of 3. It 

was not assured that the reaction would be clean, as our previous investigation into t-butoxide 

substitution on Cp2TiCl2 demonstrated that at ratios of [OtBu]
–
 : Cp2TiCl2 ≥ 2, mixtures of 

products were obtained whose composition depended on whether or not solvent was used in 

the reaction, and if so, whether it was THF or hexanes.
179

 With the use of equimolar ratios of 

K[OtBu] to Cp2TiCl2, however, mechanochemical activation yielded 3 exclusively (63% 
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isolated yield) by grinding for 15 min at 600 rpm. The synthesis of 3 completes the set of 

CpxTiXy(OtBu)4-(x+y) compounds (Figure 17) for  X = Cl, and R = OtBu. 

TiBr4 reacts with ethereal solvents at room temperature,
194

 and thus mechanochemistry 

was chosen for the preparation of alkoxybromo derivatives.
195

 The one pot synthesis of 

Cp2TiBr(OtBu) (4) was accomplished by milling TiBr4, Li[OtBu], LiCp in a 1:1:2 molar ratio 

for 15 min (eq 2): 

TiBr4  +  Li[OtBu] +  2 LiCp    Cp2TiBr(OtBu) (4) +  3 LiBr  (2) 

Non-stoichiometric products are not uncommonly generated from mechanochemically 

induced halide metathesis,
179

 and 4, isolated in modest yield (52%) is also accompanied by 

CpTiBr(OtBu)2 (6). Adjusting the reaction stoichiometry of TiBr4, Li[OtBu], LiCp to 1:1:1 

and 1:2:1 ratios forms CpTiBr2(OtBu) (5) and CpTiBr(OtBu)2 (6), respectively. Perhaps not 

surprisingly, compound 5, formed from the simplest ratio of reagents, is the bromo complex 

that is consistently formed most cleanly. Compound 6, which is produced with a larger 

amount of the t-butoxide than 5, is usually accompanied with the homoleptic alkoxide 

Ti(OtBu)4. Such differences reflect the role that kinetic factors play in mechanochemical 

synthesis, as grinding and milling environments are often far from equilibrium.
196-199

 

All the compounds 1-6 are air- and moisture sensitive, and soluble in hydrocarbons; 

with the exception of 6, they are solids at room temperature. The mono(cyclopentadienyl)-

monobromo complex 6 is isolated as an orange oil.  
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Crystal Structures. Crystals of 1 and 2 that were suitable for X-ray diffraction were 

grown from toluene; those for 3–5 were grown from hexanes. Comparative listings of selected 

bond lengths and angles are found in Table 1. 

Cp2TiCl(OMe) (1). Both the synthesis and an X-ray structure determination of 1 have 

been reported.
193

 The room temperature (295 K) structure was affected by disorder in the Cp 

rings that could not be satisfactorily modeled. Interestingly, in the low-temperature version, 

the Cp rings are not disordered, but there is a second chlorine position possibly arising from 

co-crystallized Cp2TiCl2; its occupancy refined (9%) with a Ti-Cl bond similarity restraint. 

Nevertheless, both the original and our low-temperature redetermination agree on the 

pseudotetrahedral nature of the molecule, defined by the centroids of the two Cp rings, the 

chloride, and the oxygen of the methyl group. The Ti–Cl, Ti-O, and Ti-ring centroid distances 

in the two structures differ by less than 0.01 Å, and the Cl–Ti–O angles differ by only 0.19°. 

The major difference involves only the methoxy ligand; the O1–C1 bond distance is 0.05 Å 

longer in the redetermined structure, and the Ti–O–C bond angle has contracted by 2.9°.  

Although the crystallographic issues that affect both structures place limits on what can be 

said definitively, the low-temperature structure parameters are more in line with those of 

Cp2TiCl(OEt); e.g., the C–O distance in the ethoxy derivative (1.415(4) Å) is not statistically 

distinguishable from that in the low-temperature 1, and the Ti–O–C angles, although differing 

by 5.3°, are closer than the ethyoxy/room temp methoxy values (8.2°). Computational results 

(see below) also provide a better fit with the present low-temperature structure. 
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Figure 18. Thermal ellipsoid plot of Cp2TiCl(OMe) 

Thermal ellipsoid plot of Cp2TiCl(OMe) (50% level); hydrogens have arbitrary radii. 

A second chloride (2.326 Å from Ti see text) has been removed for clarity. Selected bond 

distances (Å) and angles (deg): Ti1–O1, 1.8300(19); Ti1–Cl1 = 2.4215(3); O1–C11, 1.419(2); 

Ti–Cp´(ring centroid), 2.083 (ave); O1–Ti1–Cl1, 93.61(5); Ti1–O1–C11, 138.53(13); Cp´–

Ti–Cp´, 130.9. 

 

Cp2TiCl(OiPr) (2). Compound 2 shares the same pseudotetrahedral structure with 1 and 

Cp2TiCl(OEt); in the case of 2, both the Cp rings and OiPr ligand are disordered. One set of these is 

depicted in Figure 19. In particular, the alkoxide ligand is disordered across a crystallographically 

imposed mirror plane; i.e., Cl1, Ti1, O1, C7 and C8 all lie in the plane; C6 is disordered above and 

below it (50:50). The general details of 2 mimic those of 1, in that the Ti–ring centroid distances differ 

only by 0.03 Å, and the Ti–Cl bond lengths are within 0.02 Å of each other. Although allowance must 

be made for the possible effects of disorder, details of the geometry of the isopropoxy ligand suggest a 

change in the metal ligand bonding compared to that in 1 and Cp2TiCl(OEt). The Ti–O bond has 

shortened to 1.802(3) Å, and the Ti–O–C angle has widened to 160.0(3)°, features that are consistent 
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with some π bonding character between Ti and the isopropoxy oxygen. The C–O distance of 1.309(6) 

Å, however, although not an unprecedented value for such a bond, is nearly 0.1 Å shorter than that 

found in any of the other complexes in this study. It also is not supported by computational modeling 

(see below), suggesting that the ligand disorder may indeed creating an artificially shortened bond 

length. 

 

Figure 19. Thermalellipsoid plot of Cp2TiCl(OiPr) 

Thermal ellipsoid plot of 2 (40% level); hydrogens have arbitrary radii. Only one 

conformation of the disordered isopropyl and cyclopentadienyl ligands is shown. Selected 

bond distances (Å) and angles (deg): Ti1–O1, 1.802(3); Ti1–Cl1 = 2.4031(16); O1–C6, 

1.309(6); Ti–Cp´(ring centroid), 2.052 (ave); O1–Ti1–Cl1, 94.87(13); Ti1–O1–C6, 160.0(3); 

Cp´–Ti–Cp´, 129.0. 

 

Cp2TiCl(OtBu) (3). Compound 3 is not affected by the disorder problems in 1 and 2, 

and interpretations of its structural features can be made more confidently. Comparisons of 3 

are most readily made to the disorder-free structure of Cp2TiCl(OEt), which is proposed to 

represent a sterically unencumbered Cp2TiCl(OR) complex.
200

 In this regard, the similarities 
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between Cp2TiCl(OEt) and 3 are noteworthy. The Ti–Cp(centroid) distances and Cp–Ti–Cp´ 

angles in the two complexes differ by only 0.016 Å and 1.0°, respectively. The Ti–Cl 

distances are also nearly identical (0.005 Å difference), and ca. 0.04 Å longer than in 

Cp2TiCl2. 

The differences between the compounds, however, are the most revealing. The Ti–O–

C angle in 3 is 172.5°, 39.3° wider than in Cp2TiCl(OEt), and which to our knowledge is the 

widest such angle reported for a Cp2TiCl(OR) complex.
201

 It might be thought that given the 

bulk of the OtBu ligand there could be some steric influence on this value, but the closest 

intramolecular contact between a carbon atom of the tOBu group and a Cp carbon is at 3.49 Å 

(C8…C13). Although the comparison is not exact, in Cp2TiCl(OEt) the methylene carbon 

displays nearest contacts at 3.15 Å and 3.23 Å to Cp carbon atoms. More telling is the short 

(1.786 Å) Ti–O bond distance in 3, compared to the 1.855 Å distance in the ethoxide. There is 

clearly no steric impediment to adopting the very short Ti–O distance in 3, and it seems clear 

that the OtBu group is serving as a strong π donor in this complex. 
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Figure 20. Thermal ellipsoid plot of Cp2TICl(OtBu) 

Thermal ellipsoid plot of 3 (50% level); hydrogens have arbitrary radii. Selected bond 

distances (Å) and angles (deg): Ti1–O1, 1.7864(9); Ti1–Cl1 = 2.4101(4); O1–C11, 

1.4204(14); Ti–Cp´(ring centroid), 2.103 (ave); O1–Ti1–Cl1, 94.40(3); Ti1–O1–C11, 

172.48(8); Cp´–M–Cp´, 129.5. 

 

Cp2TiBr(OtBu) (4). There are two crystallographically independent, but closely 

similar molecules in the unit cell; only molecule “A” will be discussed here. Not 

unexpectedly, the bromoalkoxy derivative 4 is isostructural with the chloroalkoxy derivative 

3. They share the same pseudotetrahedral framework, with closely similar Ti–Cp(centroid) 

distances (< 0.01 Å difference). The Ti-Br bond length matches that in Cp2TiBr2 exactly,
202

 

and is 0.12 Å longer than the Ti–Cl distance in 3, which is slightly shorter than the difference 

in covalent radii (0.18 Å).
53

  The tert-butoxy ligand bonding is also similar to that in 3, in 

regards to the Ti–O and O–C distances and the Ti–O–C angle (0.012 Å, 0.006 Å, and 3.3° 

difference, respectively). The differences, although small, are in the direction that indicates 
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that the less electronegative bromide ligand provides less competition for π bonding to the 

metal than does chloride. This is reflected in the contraction of the Ti–O bond and the 

widening of the Ti–O–C angle. There is even less reason to suppose any steric influence on 

the wide Ti–O–C distance in 4, as the closest intramolecular contact between a carbon atom 

of the tOBu group and a Cp carbon is now at 3.68 Å (C1…C14).  

  

Figure 21. Thermal ellipsoid of Cp2TiBr(OtBu) 

Thermal ellipsoid plot of 4 (50% level); hydrogens have arbitrary radii. Selected bond 

distances (Å) and angles (deg): Ti1–O1, 1.774(3); Ti1–Br1 = 2.534(2); O1–C11, 1.414(5); 

Ti–Cp´(ring centroid), 2.096 (ave); O1–Ti1–Br1, 84.67(16); Ti1–O1–C11, 175.8(3); Cp´–Ti–

Cp´, 128.8. 

 

CpTiBr2(OtBu) (5). Like 4, there are two crystallographically independent, but 

closely similar molecules in the unit cell of 5; only molecule “A” will be discussed here. Also 

like 4, compound 5 has a pseudotetrahedral geometry, with one of the Cp rings of 4 replaced 
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with another Br (Figure 22). The molecule possesses approximate, although not 

crystallographically imposed, Cs symmetry; the atoms C5, Ti, C1, C6, and C8 are all within 

0.03 Å of a least-squares plane drawn through their centers. Consistent with the reduced 

coordination number, all the distances to the metal have decreased relative to 4. The Ti–

Cp(centroid) distance is smaller in 5 by 0.067 Å, and the Ti–Br distances are 0.10 Å closer. 

The already short Ti–O distance in 4 is now reduced by 0.047 Å, to 1.727 Å. The Ti–O–C 

angle in 5 is 173.9°, slightly but not appreciably different from the value in 4. 

 

 

 

Figure 22. Thermal ellipsoid plot of CpTiBr2(OtBu) 

Thermal ellipsoid plot of 5 (50% level); hydrogens have arbitrary radii. Selected bond 

distances (Å) and angles (deg): Ti1–O1, 1.7274(18); Ti1–Br1 = 2.4333(5); Ti1–Br2 = 

2.4326(5); O1–C11, 1.445(3); Ti–Cp(ring centroid), 2.024 (ave); Br1–Ti1–Br2, 103.05(2); 

O1–Ti1–Br1, 101.69(7); O1–Ti1–Br2, 101.88(7); Ti1–O1–C6, 173.95(19). 
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Calculation results. The new complexes described here provide a basis for examining 

a long-standing issue of the unusual geometries displayed by terminal transition metal 

alkoxides.[ref] Many such alkoxides of the 2
nd

 and 3
rd

 row early transition metals and 

lanthanides (e.g., Zr, Nb, Ta, Sm) possess nearly linear M–O–R angles and short M–O 

distances, although there is no obvious correlation between the distances and angles.
203

 

Several sources for the linear structures have been proposed, including steric crowding 

(bulkier alkoxides tend to display the most linear M–O–R angles), π-bonding between 

occupied p orbitals of the ligand and empty metal orbitals, or conversely, ionic contributions 

to the bonding (M
δ+

O
δ–

). A role has also been assigned to electrostatic repulsion between the 

α carbon of the alkoxide and the metal centers.
158

 There are also issues with solid-state 

artifacts, specifically crystal packing effects and disordered ligands, which can obscure 

inferences made about bonding arrangements. 

With early first-row metals, a wide range of M–O–R angles has been observed, 

including widely different  angles for the same alkoxide type on the same metal center (e.g., 

in the 2-methylquinolin-8-olate complex Ti(C10H8NO)2(OiPr)2, the two isopropoxide ligands 

have Ti–O–C angles of 126.7° and 154.1°).
204

 We were interested in the opportunity that the 

present set of complexes offered for illuminating the bonding forces involved in the 

CpxMXy(OR)´4-(x+y) series. Density functional theory calculations were undertaken 

specifically to look for evidence of π-bonding in the alkoxides with the most linear Ti–O–C 

bonds. 

Preliminary studies using the hybrid M06
162

 and APF-D
205

 global hybrid functionals 

provided somewhat disappointing reproduction of the crystallographic structures, with 
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deviations in Ti–O bond lengths up to 0.08 Å and differences of more than 8° in Ti–O–C 

angles. Tests with the double hybrid B2PLYP functional,
206

 which incorporates perturbative 

second-order correlation (PT2) that is obtained from the Kohn-Sham (GGA) orbitals and 

eigenvalues, were more encouraging, and were used for subsequent studies. Not 

unexpectedly, reproducing internal angles is more difficult than bond distances. Individual 

molecules are discussed below. 

1) Cp2TiCl(OMe) (1). Although the calculated Ti–O–C angle is 4.6° smaller than that 

in the original room-temperature structure determination, it is only 1.7° smaller than that in the 

present redetermined low-temperature geometry, providing confidence that, despite some 

continuing issues with disorder, the latter is the more reliable figure. 

2) Cp2TiCl(OiPr) (2). The wide Ti–O-iPr angle of 160.0° found in the crystal structure 

cannot be matched by the B2PLYP calculations, which underestimates it by 12.3° (the 

underestimation was even larger (15.4°) with the M06 functional), but the large difference 

leads us to believe that the crystallographically observed structure, suffering as it does from 

disorder both in the isopropoxy group and cyclopentadienyl rings, cannot be used uncritically. 

The Ti–Cl and Ti–O bonds exhibit only modest under- and overestimation (by 0.16 Å and 

0.029 Å, respectively). 

3) Cp2TiCl(OtBu) (3). The calculated Ti–O–C angle is smaller than the 

crystallographic value by 4.5°, although the Ti–Cl and Ti–O bonds are in good agreement, 

with a mismatch of 0.016 Å (under) and 0.014 Å (over), respectively.  
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4) Cp2TiBr(OtBu) (4). The calculated Ti–O–C angle underestimates the 

crystallographic value by 5.2°, although the Ti–Br and Ti–O bonds are slightly overestimated, 

by 0.051 Å and 0.023 Å, respectively. 

5) CpTiBr2(OtBu) (5). The calculated Ti–O–C angle is larger than the crystallographic 

value by 5.0°; the Ti–Br and Ti–O bonds display good agreement, with a mismatch of 0.003 Å 

(under) and 0.028 Å (over), respectively. 

π-Bonding in cyclopentadienyl alkoxide complexes. Where there is no evidence for 

steric crowding or crystallographic disorder, a wide Ti–O–C angle accompanied by a 

shortened Ti–O bond is consistent with the operation of metal-ligand π-bonding.
207

 The three 

new compounds reported here, Cp2TiCl(OtBu), Cp2TiBr(OtBu), and CpTiBr2(OtBu), all meet 

these structural criteria, as they have Ti–O–C angles >170° and Ti–O bonds of < 1.80 Å 

An inspection of the selected orbitals of Cp2TiCl(OtBu) makes it obvious that two of 

them display evidence of π-bonding between Ti and O (Figure 23; the x axis is coincident with 

the Ti–O bond; the Cl lies in the xz plane). In MO#69 (HOMO-6, Figure 23a), the Ti is 

involved in sigma bonding to the Cl as well as π-type bonding to the oxygen. An NBO 

analysis of the composition indicates that for oxygen, 98% of its contribution to the MO is 

from its 2pz orbital. For Ti, both its 3dz2 and 3dxz orbitals are involved, in a ratio of roughly 

3:5. In MO#68 (HOMO-7, Figure 23b), the Ti is again involved in π-type bonding to the 

oxygen. The contribution from oxygen is 30.5% of the total MO, and 99% of this is from the 

2py orbital. Almost 84% of titanium’s contribution is from the 3dxy orbital, with smaller 

amounts from the 3dyz. Much lower in energy (MO#48) are orbitals that represent Ti–O sigma 

bonding (Figure 23c) and the C–H bonds in the OtBu ligand. More than 95% of the 
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contribution of oxygen to the MO is from the 2px orbital. Most of oxygen’s contribution is 

from the 3dx2-y2 orbital. 

 

(a)  (b)  

(c)  
 

Figure 23. Molecular orbitals of Cp2TiCl(OtBu) 

(a) MO#69 of Cp2TiCl(OtBu). (b) MO#68 of Cp2TiCl(OtBu). The isodensity surface for the 

two orbitals is 0.050. (c) MO#48 of Cp2TiCl(OtBu); isodensity surface = 0.025. 

 

A similar arrangement of orbitals exists for CpTiBr2(OtBu). In MO#76 (HOMO-8, 

Figure 24a), the Ti is involved in sigma bonding to the Cl as well as π-type bonding to the 

oxygen. An NBO analysis of the composition indicates that for oxygen, over 99% of its 

contribution to the MO is from its 2py orbital. For Ti, 88% of its contribution is from the 3dxy 

orbital. Complementary Ti–O π-bonding is found in MO#75 (HOMO-9, Figure 24b), in which 

over 99% of the contribution of oxygen is from its 2pz orbital; almost 85% of oxygen’s 

Ti
Ti

Ti
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contribution is from the 3dxz orbital., with 10.5% from the 4pz. As is the case with 3, the Ti–O 

sigma interaction is substantially lower in energy (Figure 24c). In MO#57, the overlap is again 

primarily between the oxygen 2px orbital and the titanium 3dx2-y2. 

 

(a)  (b)  

(c)  

Figure 24. Molecular orbitals of CpTiBr2(OtBu) 

 (a) MO#76 of CpTiBr2(OtBu). (b) MO#75 of CpTiBr2(OtBu). The isodensity surface for the two 

orbitals is 0.050. (c) MO#57 of CpTiBr2(OtBu); isodensity surface = 0.035. 

 

The bonding picture developed here is closely related to that presented for the 

monocyclopentadienyl CpTiMe2(OPh) complexes,
208

 but is more broadly reflective of the 

ambivalent character of the –OR ligand.
209-210

 In brief, it is not possible to draw a satisfactory 

bonding picture in terms of a single classical Lewis structure. At one limit, the oxygen can be 

pictured as donating all three of its lone pairs to the titanium, a type of weak triple bond. At 

the other extreme is an ionic presentation, i.e., [Cp2TiCl]
+
[OtBu]

–
, with the actual bonding 

Ti Ti

Ti
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situation lying in between (Figure 24). This bonding motif was previously reported to be in a 

1:2 ratio; i.e., the Ti–O bond order was approximately one.
208

  

 

Figure 25. Limiting bonding arrangements for Cp2TiCl(OtBu).  Both extremes would support a linear Ti–

O–C bond angle. 

 

Table 9. Calculated and crystallographic bond distance and angels of select mixed ligand titanium species 

 

 Ti-Cp (centroid) (Å) Ti-X (Å) Ti-O (Å) Ti-O-R (°) Ref. 

Cp2TiCl(OMe) (1) 2.091 (ave) 2.405(1) 1.839(2) 141.4(3) 
193

 

Cp2TiCl(OMe) 2.083 (ave) 2.4215(3) 1.8300(19) 138.53(13) this work 

Cp2TiCl(OMe) 2.111 (ave.) 2.379 1.844 136.8 Calc 

      

Cp2TiCl(OEt) 2.09 (ave.) 2.405(1) 1.855(2) 133.2(2) 
200

 

Cp2TiCl(OEt) 2.082 (ave) 2.365 1.860 131.4 Calc 

      

Cp2TiCl(OiPr) (2) 2.052 (ave) 2.4031(16) 1.802(3) 160.0(3) this work 

Cp2TiCl(OiPr) 2.116 (ave) 2.387 1.831 147.7 Calc 

      

Cp2TiCl(OtBu) (3) 2.103 (ave) 2.4101(4) 1.7864(9) 172.48(8) this work 

Cp2TiCl(OtBu) 2.130(ave) 2.394 1.800 168.0 Calc 

      

Cp3Ti(OtBu) 2.112 (η
5
) 2.304(1) 

(η
1
-Cp) 

1.794(1) 170.88(9) 
179

 

Cp3Ti(OtBu) 2.124 2.232 1.743 180.0 Calc 

      

Cp2TiBr(OtBu) (4) 2.096 (ave) 2.534(2) 1.774(3) 175.8(3) this work 

Cp2TiBr(OtBu) 2.126 (ave) 2.585 1.797 170.6 Calc 

      

CpTiBr2(OtBu) (5) 2.024 2.433(7)(ave) 1.7274(18) 173.95(19) this work 

CpTiBr2(OtBu) 2.024 2.430 1.755 178.9 Calc 

a
def2TZVP(Ti,Br,Cl); defSVP(C,O,H)  

Ti
Cl

O
tBu

Ti
Cl

O
tBu
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5.3 CONCLUSIONS 

Mechanochemical synthesis can be used to produce CpxTiXy(OtBu)4-(x+y)  (X = Cl, Br) 

complexes from the mixture of two or three starting materials, depending on whether 

bis(cyclopentadienyl) or mono(cyclopentadienyl) compounds are desired. Adjustment of the 

stoichiometric ratios of the reagents is reflected in the composition of the major products, 

although the outcomes are cleanest if the ratios are 1:1 (as in the production of 3) or 1:1:1 (as 

in the formation of 5). One noticeable advantage of the mechanochemical approach is that 

TiBr4, which reacts at room temperature with ethereal solvents, can be used in the solid state 

without modification. This probably also applied to TiI4, and should make the synthesis of 

titanium -bromo and -iodo complexes more accessible. 

All of the tert-butoxide complexes display the hallmarks of π-bonding between the 

titanium and alkoxide ligand; i.e., short Ti–O bonds and wide Ti–O–C angles. Density 

functional theory calculations support this interpretation of the bonding. 

It is notable that the calculations support an increasingly linear Ti–O–C angle in the 

order Me < Et < OiPr < OtBu, which comports with the increasing π-donor ability of the 

ligands. The X-ray crystal structures in general support this ordering, with the notable 

exception of the ethyloxide complex Cp2TiCl(OEt), whose Ti–O–C angle is the smallest of 

those studied here. We are at present unsure of the reason for this difference, unless crystal 

packing effects have a larger than expected influence on the geometry. 

5.4 Experimental 

General Considerations. All manipulations were performed with the exclusion of air 

and moisture using high vacuum, Schlenk, or glovebox techniques. Proton and carbon 
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(
13

C(1H)) NMR spectra were obtained on a DRX-400 spectrometer at 400 (
1
H) and 100.1 

(
13

C) MHz, and were referenced to the residual proton and 
13

C resonances of C6D6. Elemental 

analysis was performed by ALS, Tucson, AZ. 

Materials. TiBr4, LiOtBu, KOtBu, LiCp, and Cp2TiCl2 were purchased from 

commercial suppliers and used as received. Toluene and hexanes were distilled under nitrogen 

from potassium benzophenone ketyl.
107

 Anhydrous THF was stored over molecular sieves. 

MeOH was obtained from Mbraum MB-SPS. Isopropyl alcohol (IPA) and triethylamine 

(TEA) were distilled and dried over CaH2. C6D6 was vacuum distilled from Na/K (22/78) 

alloy and stored over type 4A molecular sieves prior to use.  

Mechanochemical protocol. Ball milling reactions used 50 stainless steel (440 grade) 

ball bearings (
3
/8 in, 6 mm) that were thoroughly cleaned with hexanes and acetone prior to 

use. Planetary milling was performed with a Retsch PM100 mill, 50 mL stainless steel 

grinding jar type C, and a safety clamp for air-sensitive grinding. A typical reaction involved 

300 mg total sample weight, sealed under an inert atmosphere. The ground mixture was 

extracted with minimal hexanes (<100 mL) and filtered through a medium porosity ground 

glass frit. The filtrate was then dried under vacuum prior to NMR analysis. In the case of 

TiBr4 reactions; TiBr4 was added to the grinding jar first followed by LiCp then Li[OtBu]. 

This is to prevent the solid state reaction of the alkoxide with TiBr4.  

Cp2TiCl(OMe) (1). This was prepared following the literature procedure.
193

 Cp2TiCl2 

(0.502 g, 2.01 mmol) was added to a Schlenk flask containing 40 mL of THF and a magnetic 

stir bar. This was stirred at room temperature under N2. To this mixture, triethylamine (0.52 

mL, 3.7 mmol) and MeOH (0.16 mL, 3.9 mmol) were added. The reaction was allowed to stir 
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at room temperature for 16 h. The THF was removed in vacuo. The resulting product was 

then extracted with toluene to yield an orange filtrate. The toluene was removed to afford 

0.441 g (90% yield) of an orange solid. 
1
H NMR (400 MHz, C6D6, 298 K): δ 4.06 ppm (s, 3H, 

CH3), δ 5.88 (s, 10H, C5H5). 
13

C NMR (100 MHz, C6D6, 298 K): δ 70.7 (s OCH3), δ 117.0 (s 

C5H5).  

Cp2TiCl(OEt). This was prepared similar the literature procedure. Cp2TiCl2 (0.4876g, 

1.96 mmol) was added to a Schlenk flask containing 40 mL of THF and a magnetic stir bar. 

This was stirred at room temperature under N2. To this mixture, triethylamine (0.52 mL, 3.87 

mmol) and EtOH (0.22 mL, 3.8 mmol) were added. The reaction was allowed to stir at room 

temperature for 16 h. The THF was removed in vacuo. The resulting product was then 

extracted with toluene to yield an orange filtrate. The toluene was removed to afford 0.297 g 

(59 % yield) of an orange solid. 
1
H NMR (400 MHz, C6D6, 298 K): This was confirmed by 

the characteristic 
1
H NMR shift. (ref) 

Cp2TiCl(OiPr) (2). Cp2TiCl2 (0.500 g, 2.01 mmol) was added to a Schlenk flask 

containing 40 mL of THF and a magnetic stir bar. This was stirred at room temperature under 

N2. To this mixture, triethylamine (0.29 mL, 2.08 mmol) and iPrOH (0.16 mL, 2.08 mmol) 

were added. The reaction was allowed to stir at room temperature for 16 h. The THF was 

removed in vacuo. The resulting product was then extracted with hexanes and filtered through 

a medium porosity glass fritted glass filter. The hexane was removed, leaving a orange 

product (0.241 g, 44%). 
1
H NMR (400 MHz, C6D6, 298 K): δ 1.03 (d, 6H, CH(CH3)2), δ 4.48 

(sept, 1H, J = 6 Hz, CH(CH3)2), δ 5.88 (s, 10H, C5H5); 
13

C NMR (100 MHz, C6D6, 298 K): δ 

25.5 (s, CH(CH3)2), δ 84.1 (s, CH(CH3)2), 116.5 (s, C5H5). 
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Cp2TiCl(OtBu) (3). Cp2TiCl2 (0.249 g, 1.00 mmol), K[OtBu] (0.113 g, 1.01 mmol), 

and 50 6 mm ball bearings were added to a grinding jar. The jar was sealed under an inert 

atmosphere and the reaction was ground at 600 rpm for 15 min. Upon completion, the jar was 

opened under inert atmosphere to reveal an orange solid which was then extracted with 

minimal hexanes and filtered through a fritted glass filter. The resulting orange filtrate was 

then dried, resulting in an orange solid (0.181 g, 63%). 
1
H NMR (400 MHz, C6D6, 298 K): δ 

1.12 (s, 9H, OC(CH3)3), δ 5.94 (s, 10H, C5H5); 
13

C NMR (100 MHz, C6D6, 298 K): δ 31.3 (s, 

CH3), δ 87.8 (s OC(CH3)3), 116.6 (s, C5H5). Anal. Calcd for C14H19ClOTi: C, 58.7; H 6.7; Ti 

16.7; Cl 12.4. Found: C, 58.5; H, 6.6; Ti, 16.9; Cl, 10.45. 

Cp2TiBr(OtBu) (4). TiBr4 (0.457 g, 1.24 mmol), Li[OtBu] (0.101 g, 1.26 mmol), 

LiCp (0.177 g, 2.46 mmol), and 50 6 mm ball bearings were added to a grinding jar. The jar 

was sealed under inert atmosphere and the reaction was ground at 600 rpm for 15 min. Upon 

completion, the jar was opened under inert atmosphere to reveal an orange solid which was 

then extracted with minimal hexanes and filtered through a fritted glass filter. The resulting 

filtrate was then dried, resulting in an orange solid (0.214 g, 52%). 
1
H NMR (400 MHz, C6D6, 

298 K): δ 1.10 (s, 9H OC(CH3)3), δ 5.92 (s, 10H, C5H5).
 13

C (100 MHz, C6D6, 298K); δ 31.2 

(s, CH(CH3)2), δ 88.4(s, CH(CH3)2), 116.2 (s, C5H5).  

CpTiBr2(OtBu) (5). TiBr4 (0.576 g, 1.57 mmol), Li[OtBu] (0.127 g, 1.59 mmol), 

LiCp (0.114 g, 1.58 mmol) and 50 3 mm ball bearings were added to a grinding jar. The jar 

was sealed under inert atmosphere and the reaction was ground at 600 rpm for 15 min. Upon 

completion, the jar was opened under inert atmosphere to reveal a yellow-brown solid which 

was then extracted with minimal hexanes and filtered through a fritted glass filter. The 
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resulting yellow filtrate was then dried, resulting in a yellow solid (0.241 g, 44%). 
1
H NMR 

(400 MHz, C6D6, 298 K): δ 1.14 (s, 9H C4H9), δ 6.16 (s, 10H, C5H5); 
13

C NMR (100 MHz, 

C6D6, 298 K): δ 30.1 (s, CH3), δ 92.6 (s OC(CH3)3), 118.0 (s, C5H5). Anal. Calcd for 

C9H14Br2OTi: C, 31.25; H 4.08; Found: C, 31.42; H, 3.96. 

CpTiBr(OtBu)2 (6). TiBr4 (0.3821 g, 1.04 mmol), Li[OtBu] (0.1674 g, 2.09 mmol), 

LiCp (0.747 g, 1.04 mmol) and 50 6 mm ball bearings were added to a grinding jar. The jar 

was sealed under inert atmosphere and the reaction was ground at 600 rpm for 15 min. Upon 

completion, the jar was opened under inert atmosphere to reveal an orange paste that was then 

extracted with minimal hexanes and filtered through a fritted glass filter. The resulting yellow 

filtrate was then placed under vacuum, resulting in an orange oil (0.2167 g, 62%). 
1
H NMR 

(400 MHz, C6D6, 298 K): δ 1.19 (s, 18H, C4H9), δ 6.22 (s, 5H, C5H5); 
13

C (100 MHz, C6D6, 

298K); δ 31.8 (s, CH(CH3)2), δ 86.8 (s, CH(CH3)2), 115.0 (s, C5H5). 
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CHAPTER 6  

Symmetric Assembly of a Sterically Encumbered Allyl Complex: Mechanochemical and 

Solution Synthesis of the Tris(allyl)beryllate, K[BeA′₃] (A′ = 1,3-(SiMe₃)₂C₃H₃) 

6.1 Introduction 

The physical and chemical properties of first-row elements often differ appreciably 

from their second-row and heavier counterparts; for the group 2 metals, the outlier (“black 

sheep” 
211

) designation belongs to beryllium. To a considerably greater extent than its heavier 

congeners, even magnesium, the small size of the Be
2+

 cation (0.27 Å for CN = 4; cf. 0.57 Å 

for Mg
2+

)
212

 and its corresponding high charge/size ratio ensures its bonds will be strongly 

polarized and possess substantial covalent character. Not surprisingly, beryllium compounds 

with the same ligand sets commonly have different structures from those of the other, more 

electropositive alkaline earth (Ae) metals. The bis(trimethylsilyl)amides of Mg–Ba, for 

example, have a common dimeric bridged structure, [Ae(N(SiMe3)(µ-N(SiMe3)2]2,
213

 whereas 

that of beryllium is a 2-coordinate monomer.
21

 Similarly, the bis(cyclopentadienyl) complex 

Cp2Be has an 
1
,

5
-Cp structure

214
 that is unlike that of the heavier metallocenes.

215
 

Investigation of these differences, and indeed research with all beryllium compounds, has 

traditionally been limited because of concerns about toxicity, 
216

 but that has not prevented its 

compounds from serving as useful benchmarks of the steric and electronic consequences of 

crowded metal environments.
217-220

  

One of these consequences is the relative stability of 
1
- vs. 

3
-bonded allyl ligands in 

compounds of highly electropositive metals. We found some time ago that the bulky allyl 
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[A′]
–
 (A′ = [1,3-(SiMe3)2C3H3]) can be used to form the ether adduct BeA′2∙OEt2, which 

displays 
1
-bonded A′ligands in the solid state.

221
 The compound is fluxional in solution, and 

exhibits symmetric, “π-type” bonding in its NMR spectra (e.g., only one peak is observed for 

the SiMe3 groups). Density functional theory (DFT) calculations suggested that a base-free 

Be(C3H3E2)2 (E = H, SiH3) complex would be more slightly more stable with delocalized, π-

type allyls than with monodentate, sigma-bonded ligands (Scheme 1). If so, beryllium allyls 

would join those of magnesium, in which monodentate allyl ligands are uniformly found in 

complexes that are ether-solvated,
222

 but that in the absence of ethers, cation-π interactions 

with the metal can create “slipped-π” bonding.
223

 

 

Scheme 1. Optimized geometries of Be(1,3-(SiH3)2C3H3)2. At the B3PW91/aug-cc-pVDZ 

level, the π-bound structure (a) is 4.0 kcal mol
–1

 lower in energy (∆G°) than the -bound 

geometry (b). 
221

 

 

The coordinated ether in BeA´2∙OEt2 proved impossible to remove without destroying 

the complex,
221

 and thus we investigated mechanochemical methods of synthesis as a means 

to bypass the use of ethereal solvents.
137

 As detailed below, an unsolvated neutral complex 
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was not isolated via this route, and the beryllate anion that was produced instead has structural 

parallels with previously described -ate complexes of Zn 
224

 and Sn.
225

 In all of these species, 

the alkali metal counterion, usually K
+
 but sometimes Na

+
 and Li

+
, appears to play a critical 

role in the assembly of the symmetric complexes. 

6.2 Results and Discussion  

Solid-state synthesis. The reaction of BeCl2 and K[A´] was conducted 

mechanochemically with a planetary ball mill, followed by an extraction with hexanes. Initial 

investigations used 2:1 molar ratios of BeCl2 and K[A´], based on the assumption that the 

product formed would be BeA´2 (eq. 1). Although the reagents are off-white (K[A´]) and 

white (BeCl2), the ground reaction mixture (15 min/600 rpm) is orange. Extraction with 

hexanes, followed by filtration, yielded an orange filtrate and ultimately a dark orange solid 

(1) on drying. 

2 K[A´] + BeCl2  BeA´2 + 2 KCl (expected) (1) 

 A single crystal analysis (described below) revealed that 1 is the potassium 

tris(allyl)beryllate, K[BeA´3]. This forms in spite of the fact that the 2:1 ratio of reagents used 

(eq. 1) is not optimum for its production. As detailed below, conducting the reaction with 1:1 

and 3:1 molar ratios of K[A´] and BeCl2 still yields 1 as the sole hexane-extractable product. 

It is possible that the excess halide is captured in the form of polyhalide anions such as 

[BeCl4]
2–

 or [Be2Cl6]
2–

,
226

 although these have not been definitively identified. 

Synthesis in solution. The reaction of K[A´] and BeCl2 was also examined in 

solution, using diethyl ether, hexanes, and THF. These results are summarized in Table 1. 
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Previous reactions with diethyl ether involved stirring for 2 hr at room temperature, which 

formed BeA´2•OEt2 from a 2:1 reaction (#5); Schlenk equilibrium was observed in a 1:1 

mixture that was allowed to react for one hour (#4). When the 2:1 reaction in Et2O is allowed 

to proceed for 16 hr, however, the formation of 1 is observed (#6) exclusively. Reaction in 

hexanes mimics the solid-state reactions, in that 1 is the exclusively detected organoberyllium 

product from a 1:1 reaction after 1 hr (#7). Longer reactions and higher ratios of K[A’] to 

BeCl2 (e.g., 3:1) do not change this outcome. THF reactions were performed to compare 

another coordinating ethereal solvent to the previously explored diethyl ether reactions. These 

reactions (#8 and 9) showed evidence of Schlenk equilibrium with the unisolated THF 

adducts. These were identified through beryllium NMR but further isolation was not 

completed. The formation of 1 is observed in THF (#10) exclusively.  

Table 10. Summary of K[A′] and BeCl2 reactions; amounts of reagents given as molar ratios 

No. K[A′]:BeCl2 Medium[a] Time Organoberyllium 

product(s) 

Yield (%)[b] 

1 1:1  15 min K[BeA′3] 97 

2 2:1  15 min K[BeA′3] 21 

3 3:1  15 min K[BeA′3] 25 

4 1:1 Et2O 1 hr 2A′BeCl  ⇄ BeA′2 + 

BeCl 

n/a [c,d] 

5 2:1 Et2O 2 hr BeA′2∙OEt2 77 [c] 

6 2:1 Et2O 16 hr K[BeA′3] 98 

7 

8 

 

9 

 

10 

1:1 

1:1 

 

2:1 

 

3:1 

hexanes 

THF 

 

THF 

 

THF 

1 hr 

16 hr 

 

1 hr 

 

16 hr 

K[BeA′3] 

2A′BeCl  ⇄ BeA′2 + 

BeCl  

2A′BeCl  ⇄ BeA′2 + 

BeCl 

K[BeA′3] 

24 

n/a[d] 

 

n/a[d] 

 

42 

[
a
] = ball milling at 600 rpm. The symbol for mechanical milling has been proposed 

in ref. 
137

. 
b
Unrecrystallized; limiting reagent taken into account. 

 c
Ref. 

221 d
Products were 

observed with 
9
Be NMR, and were not isolated. 

 

NMR spectra. The 
1
H NMR spectrum of 1 displays resonances typical of a π-bound 

A´ ligand, with a triplet representing H(β), a doublet representing the equivalent H(α) and H(γ), 



 

100 

 

and a singlet for the two equivalent TMS groups. The appearance of such a symmetric 

spectrum even when σ-bound ligands are expected is consistent with a high degree of 

fluxionality, as was also observed in the σ-bound complex BeA′2•(Et2O) 
221

. The triplet 

resonance of the allyl ligands, at δ 7.00, is shifted downfield from that of BeA′2•(Et2O) (δ 

6.53); the doublet resonance at δ 3.21 is slightly upfield (cf. δ 3.33 in BeA′2•(Et2O)). The 

NMR chemical shifts for 1 are in line with those observed for other M[M´A´3] complexes 

(Table 2). In particular, the NMR shifts of the allyl ligands are sensitive both to the identity of 

the central divalent metal and to that of alkali metal counterion, evidence that the compounds 

exist as contact ion pairs in solution. Compound 1 and K[ZnA´3] share the greatest 

similarities, consistent with their having the same counterion (K
+
) and central metals of 

similar electronegativity (χ Be (1.57); Zn (1.65)).
64

 

John and co-workers have demonstrated that 
9
Be NMR chemical shift values can be 

diagnostic for coordination numbers in solution.
227

 Typically, organoberyllium complexes 

with low formal coordination numbers, such as BeMe2•Et2O (coordination number 3, δ = 20.8 

ppm in Et2O), are observed well downfield of 0 ppm. [BeA′2(Et2O)] has a 
9
Be chemical shift 

of δ = 18.2 ppm, which is consistent with a three-coordinate geometry in solution 
221

. The 
9
Be 

of 1 is at δ = 22.8 ppm, which to our knowledge is the most positive shift yet reported for a 3-

coordinate species.
228

 DFT methods were used to predict the 
9
Be chemical shift value of 1 

(B3LYP-D3/6-311+G(2d,p)//B3LYP-D3/6-31G(d)). It was calculated at δ = 25.9 ppm, in 

reasonable agreement with the observed value (referenced to [Be(OH2)4]
2+

 with an isotropic 

shielding constant of 108.98 ppm).  
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Table 11 
1
H NMR shifts (ppm) and bond distances in M[M´A´3] complexes.  

Complex δ H(α) / H(γ) δ H(β) δ SiMe3 M–C (σ) Å M´…C(olefin) Å   Ref. 

Li[ZnA´3] 6.46 3.50 0.15 2.117(3)
 [b]

 2.745(4), 2.268(3)
[b]

 
224

 

Na[ZnA´3] 7.59 4.00 0.16 2.103(3) 2.857(3), 2.567(3) 
224

 

K[BeA´3] 7.00 3.21 0.22 1.805(10) 3.153(7), 2.940(7) this work 

K[ZnA´3] 7.05 3.42 0.23 2.068(4) 3.205(3), 2.945(3) 
224

 

K(thf)[SnA´3] 6.43 4.42 0.42, 0.23
[a]

 2.344(7) 3.201(7), 3.164(8), 

3.065(8) 

225
 

[a]
Two resonances are observed for the SiMe3 groups, as the A´ ligands are not fluxional. 

[b]
Distance(s) affected 

by crystallographic disorder. 

 

Crystal Structure of K[BeA′3]. The structure of 1 was determined from single crystal 

X-ray diffraction; Appendix # contains crystal and refinement information. In the solid state, 

1 exhibits approximate C3-symmetry, with σ-bound A′ ligands and a potassium cation 

engaging in cation-π interactions with the three double bonds of the allyls. It is isostructural 

with the previously reported M[ZnA′3] (M = Li, Na, K) and K[SnA′3] complexes.
224-225

 The 

beryllium center is in a nearly planar trigonal environment (sum of C-Be-C´ angles = 357.7°) 

(Figure 26).  
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Figure 26. Thermal ellipsoid plot of KBeA´3 

Thermal ellipsoid plot of 1, illustrating the numbering scheme used in the text. Ellipsoids are 

drawn at the 50% level, and for clarity, hydrogen atoms have been removed from the 

trimethylsilyl groups. Selected bond distances (Å) and angles (deg): Be1–C1, 1.795(6); Be1–

C10, 1.810(6); Be1–C19, 1.811(6); C(2)–C(3), 1.351(5); C(11)–C(12), 1.350(5); C(20)–

C(21), 1.358(5); K(1)–C(2), 3.138(4); K(1)–C(3), 2.940(4); K(1)–C(11), 3.206(4); K(1)–

C(12), 2.943(4); K(1)–C(20), 3.114(4); K(1)–C(21), 2.938(4); C(1)–Be(1)–C(10), 119.1(3); 

C(1)–Be(1)–C(19), 119.0(3); C(10)–Be(1)–C(19), 119.4(3). Crystal structure originally 

obtained by Nicholas R. Rightmire. 

 

The average Be–C distance of 1.805(10) Å has few direct points of comparison with 

other molecules, as 1 is only the second crystallographically characterized [BeR3]
–
 complex, 

the other being lithium tri-tert-butylberyllate.
229

 The latter’s Be center, like that in 1, is in a 

nearly perfectly planar trigonal environment (sum of C-Be-C angles = 359.9°). In the solid 

state, however, tri-tert-butylberyllate is a dimer, [Li{Be(t-C4H9)3}]2, with some corresponding 

distortions in the Be–C bond lengths;
229

 Be–C distances range from 1.812(4) Å to 1.864(4) Å, 
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averaging to 1.843(6) Å. The Be–C length in 1 is indistinguishable from the Be–Ccarbene length 

of 1.807(4) Å in the [Ph2Be(IPr)] (IPr = 1,3-bis(2,6-di-isopropylphenyl)-imidazol-2-ylidene) 

complex, which also has a 3-coordinate Be center.
230

 The anionic methyl groups in 

[Ph2Be(IPr)] are at a noticeably shorter distance, however (1.751(6) Å, ave.). A similar 

relationship between the Be–Ccarbene and Be–CH3 bond lengths exists in the related 

[Me2Be(IPr)] 
231

 and [Me2Be(IMes)] (IMes = N,N´-bis(2,4,6-trimethylphenyl)imidazol-1-

ylidene) complexes.
211

 A comparison of the Be–C length in 1 could also be made with the 

Be–C distance of 1.84 Å in lithium tetramethylberyllate, Li2[BeMe4], although the bond 

distance would be expected to be slightly longer in the latter owing to the higher coordination 

number of beryllium and the greater negative charge.
232

  

The C–C and C=C bonds in the alkyl groups in 1 are localized at 1.475(5) Å and 

1.353(9) Å, respectively. The K
+…C(olefin) contacts average 3.153(7) Å and 2.940(7) Å to 

the carbon atoms β (C2, C11, C20) and 𝛾 (C3, C12, C21) to the beryllium atom, respectively. 

These distances are comparable to, but slightly shorter than, the range of K
+…C contacts 

found in the related zincate structure (3.205(3) Å and 2.945(3) Å, respectively), which reflects 

the shorter M–C(α) bonds in 1. The distance between Be and K (3.59 Å) is long enough to rule 

out significant metal-metal interactions. 

Computational investigations. It has previously been suggested that the occurrence 

of C3-symmetric M[M´A´3L] (M´ = Zn, M = Li, Na, K; M´ = Sn, M = K; L = thf) complexes 

is the result of a templating effect of the associated alkali metal counterion.
138

 The rationale 

for this proposal is that the neutral MA´3 (M = As, Sb, Bi) complexes always occur in two 

diastereomeric forms, with R,R,R (equivalently, S,S,S) and R,R,S (or S,S,R) arrangements of 
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the allyl ligands around the central element. The anionic [MA3´]
–
 complexes, in contrast, are 

always found in the C3 symmetric R,R,R (or S,S,S) configuration, and it is not unreasonable to 

assume that the counterion is responsible for the difference. 

A DFT investigation was undertaken to explore the possible origins of this effect. The 

geometry of the free [BeA´3]
–
 anion was optimized with calculations employing the 

dispersion-corrected APF-D functional.
205

 Three confirmations were examined: the C3-

symmetric form (S,S,S) found in the X-ray crystal structure of 1, a related S,S,S form with one 

A´ ligand rotated antiparallel to the other two (C1 symmetry), and a R,R,S form, also with one 

ligand antiparallel to the other two, derived from the structure of the neutral AlA´3 complex 

(Figure 27).
189

 

 

Figure 27. Geometry optimized structures of the [BeA´3]
–
 anions 

Geometry optimized structures of the [BeA´3]
–
 anions: (a) as found in the crystal structure of 

1; (b) Related R,R,R form with one A´ ligand rotated (C1 symmetry); R,R,S form derived from 

the structure of AlA´3. 

 

Not surprisingly, the calculated structures possess similar average Be–C bond lengths, 

ranging from 1.782 Å (the C3-symmetric form (a)) to 1.788 Å (for the rotated R,R,R form (b)). 

Energetically, the R,R,S form is the most stable; the rotated R,R,R form is 10.1 kJ mol
–1

 higher 
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in energy (∆G°), and the C3-symmetric form is the highest (20.3 kJ mol
–1

 in ∆G°).
233

 The 

origin of these energy differences is not immediately obvious, but it may be related to the 

relative amounts of interligand congestion present. The low energy R,R,S form, for example, 

has no Me…Me´ contacts less than 4.0 Å, the sum of the van der Waals radii.
64

 In contrast, 

the C3 symmetric form has multiple contacts between methyl groups of less than 4.0 Å, 

including two as short as 3.76 Å. At this level of theory, the energetics of the free anions do 

not provide a rationale for the exclusive formation of the R,R,R form. 

Not surprisingly, incorporation of the K
+
 ion into the complex alters the relative 

stability of the species. The optimized geometries of the C3-symmetric K[BeA´3] found in the 

X-ray crystal structure of 1 and a related R,R,S form were calculated similarly to the isolated 

anions, and are depicted in Figure 28. 

 

Figure 28. Geometry optimized structures of the K[BeA´3] complex: (a) as found in the crystal structure of 

1; (b) Related R,R,S form. 
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The C3-symmetric form is 6.1 kJ mol
–1

 more stable than the R,R,S form. This is not a 

consequence of closer K
+…(C=C) distances, which are nearly the same (avg. 3.91 Å in the C3 

form; 2.86 Å in the R,R,S arrangement). The asymmetric arrangement of the ligands in the 

R,R,S form does lead to closer interligand C…C contacts in the allyl frameworks, however, as 

small as 3.37 Å, whereas there are no similar contacts less than 3.78 Å in the C3 form. The 

somewhat greater stability of the C3 form, possibly coupled with greater ease of crystal 

packing, may contribute to the exclusive appearance of that form in the crystal structure. It is 

likely that a similar analysis holds for the isostructural Zn and Sn complexes. 

The failure to produce an unsolvated BeA´2 in the absence of a coordinating solvent 

(i.e., either mechanochemically or in hexanes) was also examined computationally with the 

aid of the SolidG program.
63

 Both BeA´2•Et2O and 1 are found to have coordination sphere 

coverage (Gcomplex) above 90% (i.e., 97.0% (Figure 29a) and 92.6% (Figure 29b), 

respectively). Although the coverage of the metal center in the hypothetical BeA´2 varies 

somewhat with the angle between the ligands, the minimum energy position depicted in 

Figure 29c (C2 symmetry) has only 78.7% coverage. It is not unreasonable to assume that a 

monomeric BeA´2 may be too coordinately unsaturated to be readily isolable, and will bind an 

ethereal solvent molecule, or if that is not available, an additional A´ ligand, counterbalanced 

with a K
+
 ion.  
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(a)              (b)   

(c)  

Figure 29. Visualization of the extent of coordination sphere coverage (Gcomplex) of BeA´2•Et2O, BeA´2, and 

KBeA´3 

Visualization of the extent of coordination sphere coverage (Gcomplex) of: (a) BeA´2•Et2O (the 

coverage from the two allyls are assigned blue and green; that from the ether is in red); (b) 1 

(all three allyls are in blue); and (c) BeA´2, using optimized coordinates (APF-D/6-311G(2d) 

(Be); 6-31G(d) (other atoms)) and the program Solid-G 
63

. The Gcomplex value takes into 

account the net coverage; regions of the coordination sphere where the projections of the 

ligands overlap are counted only once.  
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6.3 Conclusions 

The generation of products from reagents that are not in the optimum stoichiometric 

ratio is a known feature of some Group 2 reactions,
234-235

 a testament to the role that kinetic 

factors play in s-block chemistry. It is perhaps not surprising that when mechanochemical 

activation is used with alkaline earth reagents, a nonstoichiometric product such as the 

organoberyllate 1 is formed, as grinding and milling environments are often far from 

equilibrium.
196-199

 Yet the fact that 1 is also generated in hexanes indicates how non-ethereal 

synthesis can reveal features of reactions that are obscured when they are conducted in 

coordinating solvents. It is now apparent that the production of the previously described 

BeA´2•Et2O, which was the expected complex from a 2:1 reaction of K[A´] and BeCl2 in 

diethyl ether,
221

 actually depends critically on the presence of the solvent to prevent further 

reaction of the beryllium center with an additional A´ ligand. This also appears to be the case 

for THF which was briefly investigated. Without such solvent support, whether conducted 

mechanochemically or in hexanes, the reaction between K[A´] and BeCl2 rapidly forms the 

kinetic product 1. 

Parallels of the beryllium chemistry to the related tris(allyl) ‘-ate’ complexes of Zn 

and Sn are instructive, although they cannot be pushed too far. All the [MA3´]
–
 species 

possess approximate C3 symmetry, and it is likely that the associated alkali metal cation is 

intimately involved in templating their constructions. The formation of the zinc species 

K[ZnA´3] is also similar to that of 1 in that it is formed from the reaction of 2 equiv of K[A´] 

and ZnCl2, i.e., in a non-stoichiometric reaction.
224

 Yet both it and K(thf)[SnA´3] are 

synthesized in THF, so it is clear that the driving force for ‘-ate’ formation over that of the 
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neutral (Zn,Sn)A´2 species is greater than that for 1.
236

 This may reflect the somewhat lower 

covalency of Be–C versus Zn–C and Sn–C bonds, and the greater robustness of M
2+ ⟵ :OR2 

interactions with beryllium. 

6.4 Experimental 

General Considerations. All syntheses were conducted under rigorous exclusion of 

air and moisture using Schlenk line and glovebox techniques. NOTE: Beryllium salts should 

be handled with appropriate protective equipment. After grinding was completed, the jars 

were opened according to glovebox procedures to protect the compounds and to prevent 

exposure to dust.
237

 Proton (
1
H) and carbon (

13
C) spectra were obtained on an Advance AV-

400 MHz spectrometer, and were referenced to residual resonances of C6D6. Beryllium (
9
Be) 

spectra were obtained on a Bruker DRX-500 at 70.2 MHz, and were referenced to BeSO4(aq). 

Combustion analysis was performed by ALS Environmental, Tucson, AZ.  

Materials. Beryllium chloride was purchased from Strem, stored under an N2 

atmosphere and used as received. The K[A´] (A´ = 1,3-(SiMe3)2C3H3) reagent was 

synthesized as previously described.
238-239

 Toluene, hexanes, and diethyl ether were distilled 

under nitrogen from potassium benzophenone ketyl.
107

 Deuterated benzene (C6D6) was 

distilled from Na/K (22/78) alloy prior to use. Stainless steel (440 grade) ball bearings (6 mm) 

were thoroughly cleaned with hexanes and acetone prior to use. Planetary milling was 

performed with a Retsch model PM100 mill, 50 mL stainless steel grinding jar type C, and 

safety clamp for air-sensitive grinding. 

Mechanochemical synthesis of K[BeA′3] (1). Solid BeCl2 (56.7 mg, 0.71 mmol) and 

K[A´] (319 mg, 1.42 mmol) were added to a 50 mL stainless steel grinding jar (type C). The 
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jar was charged with stainless steel ball bearings (6 mm dia, 50 count) and closed tightly with 

the appropriate safety closer device under an N2 atmosphere. The reagents were milled for 15 

min at 600 rpm, resulting in a light orange solid. The product was extracted under inert 

atmosphere with minimal hexanes (< 100 mL) and filtered through a medium porosity ground 

glass frit, providing a dark orange filtrate. Drying under vacuum yielded a dark orange solid 

(61.5 mg, 21% yield of K[BeA´3]) which was recrystallized by the slow evaporation of 

toluene over one month to provide dark orange-brown crystals of 1 suitable for single crystal 

X-ray diffraction. For a 3:1 K[A’]:BeCl2 reaction, 812 mg (3.62 mmol) K[A’] and 95.2 mg 

(1.19 mmol) BeCl2 were added to a grinding jar. After extraction, 183 mg (25% yield) of 

orange solid was collected. Anal. Calcd (%) for C27H63BeKSi6: C, 53.65; H, 10.51; Be, 1.49. 

Found: C, 52.09; H, 9.79; Be, 1.04. The values are somewhat low, possibly from the high air-

sensitivity of the compound, but the C:H molar ratio is 2.34:1.00, close to the expected 

2.33:1.00.
1
H NMR (400 MHz, C6D6, 298K): δ 0.22 (s, 54H, SiMe3); 3.21 (d, 6H, J = 13.12 

Hz, H(α,γ)); 7.00 (t, 3H, J1 = 15.6 Hz, H(β)). 
13

C NMR (100 MHz, C6D6, 298K): δ1.02 (s, 

SiMe3); 70.71 (s, C(α,γ)); 166.09 (s, C(β)). 
9
Be NMR (70.2 MHz, C6D6, 298K); δ 22.8 (s). 

General procedures for reactions with solvents: Reactions were performed for 

either 1 or 16 hr, and were run under inert atmosphere at room temperature. The ratio of K[A’] 

and BeCl2 was varied such that the reactions of emphasis were 1:1, 2:1, and 3:1. A general 

reaction involved dissolving the beryllium chloride (ca. 0.1 g) in the solvent of choice (Et2O, 

hexanes, or THF); to this solution solid K[A’] was added slowly and solvent was used to 

quantitatively transfer all material. Upon mixing the solution was allowed to stir for the given 

time. In the case of Et2O and THF, the solvent was removed in vacuo, and the resulting 

material was extracted with hexanes, filtered through a medium porosity glass frit, then dried 
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in vacuo. In the case of reaction in hexanes, the reaction mixture was filtered through a 

medium porosity fritted glass filter, and the hexane was removed in vacuo. The resulting 

product in all cases was then analyzed with proton and beryllium NMR. NMR for THF 

reactions 8, 9, and 10 can be seen in appendix. 

Procedures for X-ray crystallography. A crystal (0.20 x 0.20 x 0.08 mm
3
) was 

placed onto the tip of a thin glass optical fiber and mounted on a Bruker SMART APEX II 

CCD platform diffractometer for a data collection at 100.0(5) K 
168

. A preliminary set of cell 

constants and an orientation matrix were calculated from reflections harvested from three 

orthogonal wedges of reciprocal space. The full data collection was carried out using MoKα 

radiation (graphite monochromator) with a frame time of 60 seconds and a detector distance 

of 4.02 cm. A randomly oriented region of reciprocal space was surveyed: four major sections 

of frames were collected with 0.50° steps in ω at four different ϕ settings and a detector 

position of -38° in 2θ. The intensity data were corrected for absorption.
240

 Final cell constants 

were calculated from the xyz centroids of 2886 strong reflections from the actual data 

collection after integration.
241

 See Table 3 for additional crystal and refinement information.  

The structure was solved using SIR2011
242

 and refined using SHELXL-2014/7.
171

 The 

space group P1̄ was determined based on intensity statistics. A direct-methods solution was 

calculated which provided most non-hydrogen atoms from the E-map. Full-matrix least 

squares/difference Fourier cycles were performed which located the remaining non-hydrogen 

atoms. All non-hydrogen atoms were refined with anisotropic displacement parameters. The 

allylic hydrogen atoms were found from the difference Fourier map and refined freely. All 
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other hydrogen atoms were placed in ideal positions and refined as riding atoms with relative 

isotropic displacement parameters.  

General Procedures for Calculations. All calculations were performed with the 

Gaussian 09W suite of programs;
111

 an ultrafine grid was used for all cases (Gaussian 

keyword: int=ultrafine). Each conformation of the [BeA´3]
–
 complexes was studied with the 

APF-D functional, a global hybrid with 23% exact exchange.
205

 The 6-31+G(d) basis set was 

used for C,H,Si; the 6-311+G(2d) basis was used for Be. For the neutral K[BeA´3] 

conformations, the APF-D functional was used with the 6-31G(d) basis set for C,H,Si; 6-

311G(2d) was used for Be and K. The nature of the stationary points was determined with 

analytical frequency calculations; all of these optimized geometries were found to be minima 

(Nimag = 0). For the SolidG calculations, the structures were preoptimized with the APF-D/6-

311G(2d) (Be,K); 6-31G(d) (C,H,Si) protocol.  

 

(This work was adapted from: Boyde, N. C., et al. Inorganics, 2017, 5(2) 36) 
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Section A1.  

Crystallographic, computational, spectral data of Group 15 M[N(SiMe3)2]3 

 

Figure 30. 
1
H NMR of P[N(SiMe3)2]3 

 

 

Figure 31. 
31

P NMR of P[N(SiMe3)2]3 
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Table 12. Crystal Data and Summary of P[N(SiMe3)2]3 

compound P[N(SiMe3)2]3 (1) 

formula C18H54PN3Si6 

formula weight 512.13 

color of cryst colorless 

cryst dimens, mm 0.40 x 0.35 x 0.30 

space group P1̄ 

cell dimens a, Å 8.9279(5) 

b, Å 19.0519(10) 

c, Å 20.6374(10) 

, deg 115.0854(12) 

, deg 97.9463(13) 

, deg 95.3845(15) 

volume, Å3 3102.8(3) 

Z 4 

calcd density, Mg/m3 1.096 

abs coeff, mm–1 0.331 

F(000) 1128 

radiation type Mo–K (0.71073 Å) 

temperature, K 100(2) 

limits of data collection 2.15 <  < 26.38 ° 

index ranges -11 < h < 11, -23 < k < 22, -14 < 

l < 25 

total reflcns collected 34 673 

unique reflcns 12 599 (Rint = 0.0385) 

transmission factors 0.8789–0.9072 

data/restraints/param 12 599 / 0 / 561 

R indices (I>2(I)) R1 = 0.0422, wR2 = 0.0967 

R indices (all data) R1 = 0.0540, wR2 = 0.1034 

goodness of fit on F
2
 1.009  

max/min peak in final diff 

map, e–/Å
3
 

0.757/-0.554 
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Table 13.  Fractional coordinates and equivalent isotropic displacement parameters (Å2) for P[N(SiMe3)2]. Ueq is 

defined as one third of the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z Ueq 

________________________________________________________________________________   

Si1 0.52388(7) 0.60003(4) 0.36568(3) 0.02103(14) 

Si2 0.28561(7) 0.46172(3) 0.33723(3) 0.01850(13) 

Si3 0.45341(7) 0.36163(4) 0.13266(3) 0.01784(13) 

Si4 0.11323(7) 0.35885(4) 0.10608(4) 0.02258(14) 

Si5 0.33559(7) 0.59150(4) 0.12941(3) 0.02129(14) 

Si6 0.14068(7) 0.63097(3) 0.24482(3) 0.01809(13) 

Si7 -0.10634(8) 1.02429(4) 0.14426(3) 0.02498(15) 

Si8 -0.44110(7) 0.98654(4) 0.15051(3) 0.02186(14) 

Si9 -0.26187(7) 1.20973(3) 0.32469(3) 0.01743(13) 

Si10 0.01005(7) 1.18314(4) 0.41141(3) 0.01966(13) 

Si11 -0.33410(7) 1.00339(4) 0.38725(4) 0.02326(14) 

Si12 -0.14998(7) 0.89850(4) 0.28534(3) 0.02119(14) 

P1 0.38177(7) 0.50983(4) 0.21629(3) 0.01024(18) 

P1' 0.2338(3) 0.48947(14) 0.21914(13) 0.0110(7) 

P2 -0.13907(7) 1.04734(4) 0.28305(3) 0.01029(19) 

P2' -0.2886(2) 1.05238(13) 0.28812(12) 0.0107(6) 

N1 0.36856(19) 0.52513(10) 0.30462(9) 0.0164(4) 

N2 0.2967(2) 0.41147(10) 0.15810(9) 0.0164(4) 

N3 0.26832(19) 0.57123(10) 0.19820(9) 0.0139(3) 

N4 -0.2478(2) 1.02421(11) 0.19756(9) 0.0207(4) 

N5 -0.15808(19) 1.14233(9) 0.34145(9) 0.0129(3) 

N6 -0.2264(2) 0.98762(10) 0.31788(10) 0.0169(4) 

C1 0.6216(3) 0.65466(15) 0.32244(15) 0.0328(6) 

H1A 0.6657 0.6191 0.2841 0.049 

H1B 0.7012 0.6955 0.3585 0.049 

H1C 0.5483 0.6776 0.3025 0.049 

C2 0.4595(3) 0.67670(15) 0.44530(15) 0.0373(6) 

H2A 0.3544 0.6799 0.4309 0.056 

H2B 0.5226 0.7268 0.4607 0.056 

H2C 0.4687 0.6625 0.4849 0.056 

C3 0.6789(3) 0.55868(15) 0.40187(12) 0.0260(5) 

H3A 0.6358 0.528 0.4237 0.039 

H3B 0.756 0.6009 0.4379 0.039 

H3C 0.7244 0.5259 0.3626 0.039 

C4 0.3028(3) 0.51307(16) 0.43850(12) 0.0326(6) 

H4A 0.4092 0.5309 0.4616 0.049 

H4B 0.2578 0.4773 0.4549 0.049 

H4C 0.2503 0.5573 0.451 0.049 

C5 0.0745(3) 0.42533(15) 0.30396(14) 0.0320(6) 

H5A 0.0197 0.4633 0.3342 0.048 

H5B 0.0489 0.3764 0.3061 0.048 

H5C 0.0466 0.4176 0.2545 0.048 

C6 0.3828(3) 0.37502(15) 0.31886(15) 0.0335(6) 

H6A 0.3665 0.3428 0.2672 0.05 

H6B 0.3414 0.345 0.3417 0.05 
H6C 0.4909 0.3925 0.3383 0.05 
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Table 13 (cont.)  
________________________________________________________________________________  

 x y z Ueq 

________________________________________________________________________________   

C7 0.6330(3) 0.40310(16) 0.20403(13) 0.0288(5) 

H7A 0.6715 0.455 0.2107 0.043 

H7B 0.7085 0.37 0.1889 0.043 

H7C 0.6112 0.4057 0.2492 0.043 

C8 0.4058(3) 0.25621(14) 0.11427(13) 0.0306(6) 

H8A 0.3805 0.2536 0.157 0.046 

H8B 0.4927 0.2308 0.102 0.046 

H8C 0.3198 0.2302 0.0743 0.046 

C9 0.5054(3) 0.36154(15) 0.04771(12) 0.0279(5) 

H9A 0.4184 0.3366 0.0082 0.042 

H9B 0.589 0.3333 0.0358 0.042 

H9C 0.5356 0.4147 0.0557 0.042 

C10 0.0417(3) 0.27854(14) 0.12999(14) 0.0318(6) 

H10A 0.0476 0.2284 0.0917 0.048 

H10B -0.063 0.2807 0.1357 0.048 

H10C 0.1038 0.2855 0.1748 0.048 

C11 0.1142(3) 0.30715(16) 0.00605(13) 0.0358(6) 

H11A 0.1449 0.3451 -0.0108 0.054 

H11B 0.0132 0.2791 -0.0201 0.054 

H11C 0.1852 0.2708 -0.0021 0.054 

C12 -0.0329(3) 0.42411(16) 0.11422(16) 0.0366(6) 

H12A -0.0442 0.4498 0.1642 0.055 

H12B -0.1295 0.3933 0.0841 0.055 

H12C -0.0005 0.4629 0.0986 0.055 

C13 0.5443(3) 0.5931(2) 0.13103(16) 0.0458(8) 

H13A 0.601 0.6356 0.1756 0.069 

H13B 0.5694 0.6002 0.0902 0.069 

H13C 0.5703 0.5442 0.1281 0.069 

C14 0.2318(3) 0.51914(18) 0.03715(13) 0.0415(7) 

H14A 0.2476 0.4673 0.0295 0.062 

H14B 0.2699 0.5312 0.0011 0.062 

H14C 0.1242 0.5215 0.033 0.062 

C15 0.3112(4) 0.69185(19) 0.1382(2) 0.0602(10) 

H15A 0.2052 0.6972 0.1372 0.09 

H15B 0.3439 0.6984 0.0984 0.09 

H15C 0.3722 0.7312 0.1835 0.09 

C16 -0.0209(3) 0.63463(16) 0.17800(14) 0.0311(6) 

H16A 0.0154 0.6306 0.1351 0.047 

H16B -0.0579 0.6835 0.2 0.047 

H16C -0.1027 0.5917 0.1648 0.047 

C17 0.2415(3) 0.73359(14) 0.30690(14) 0.0317(6) 

H17A 0.3278 0.7321 0.3394 0.048 

H17B 0.172 0.7631 0.3348 0.048 

H17C 0.2765 0.7582 0.2784 0.048 

C18 0.0437(3) 0.60016(14) 0.30525(12) 0.0252(5) 

H18A -0.0185 0.5492 0.2766 0.038 
H18B -0.0199 0.6375 0.3285 0.038 



 

117 

 

Table 13 (cont.)  
________________________________________________________________________________  

 x y z Ueq 

________________________________________________________________________________   

H18C 0.1197 0.5978 0.3417 0.038 

C19 -0.5653(3) 0.95665(18) 0.20274(15) 0.0379(6) 

H19A -0.5274 0.9156 0.212 0.057 

H19B -0.6684 0.9378 0.1749 0.057 

H19C -0.5645 1.0011 0.2483 0.057 

C20 -0.4564(3) 0.89597(15) 0.06235(13) 0.0328(6) 

H20A -0.3955 0.9078 0.0323 0.049 

H20B -0.5617 0.8787 0.0373 0.049 

H20C -0.4199 0.8551 0.0724 0.049 

C21 -0.5314(3) 1.05733(15) 0.12305(13) 0.0302(6) 

H21A -0.5176 1.1075 0.1648 0.045 

H21B -0.639 1.0377 0.104 0.045 

H21C -0.4837 1.0631 0.0862 0.045 

C22 -0.0498(3) 0.92507(15) 0.09761(14) 0.0366(6) 

H22A -0.0235 0.9053 0.1327 0.055 

H22B 0.0371 0.9297 0.0761 0.055 

H22C -0.1341 0.8895 0.0602 0.055 

C23 -0.1789(3) 1.05142(16) 0.07006(14) 0.0360(6) 

H23A -0.2684 1.0143 0.0386 0.054 

H23B -0.1007 1.0508 0.0423 0.054 

H23C -0.2049 1.1031 0.0912 0.054 

C24 0.0737(3) 1.09691(17) 0.19663(16) 0.0424(7) 

H24A 0.0479 1.1474 0.2249 0.064 

H24B 0.1351 1.1009 0.1632 0.064 

H24C 0.1304 1.0797 0.2286 0.064 

C25 -0.4752(3) 1.18529(17) 0.31057(17) 0.0376(7) 

H25A -0.5076 1.1296 0.2818 0.056 

H25B -0.5226 1.2126 0.2857 0.056 

H25C -0.5051 1.2011 0.357 0.056 

C26 -0.2164(3) 1.22569(13) 0.24619(12) 0.0265(5) 

H26A -0.1081 1.2433 0.2544 0.04 

H26B -0.2712 1.2648 0.2414 0.04 

H26C -0.2464 1.1773 0.2023 0.04 

C27 -0.2157(4) 1.30908(15) 0.40424(14) 0.0400(7) 

H27A -0.2447 1.3056 0.446 0.06 

H27B -0.2712 1.3446 0.3929 0.06 

H27C -0.1075 1.3282 0.4147 0.06 

C28 0.1458(3) 1.25251(15) 0.39520(13) 0.0297(5) 

H28A 0.1861 1.2236 0.3525 0.045 

H28B 0.2286 1.2786 0.4367 0.045 

H28C 0.0922 1.2909 0.3881 0.045 

C29 -0.0371(3) 1.23539(16) 0.50425(12) 0.0326(6) 

H29A -0.044 1.2889 0.5144 0.049 

H29B 0.042 1.2345 0.5403 0.049 

H29C -0.1335 1.2095 0.5055 0.049 

C30 0.1249(3) 1.10826(16) 0.41682(14) 0.0323(6) 
H30A 0.0602 1.0679 0.4212 0.048 
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Table 13 (cont.)  
________________________________________________________________________________  

 x y z Ueq 

________________________________________________________________________________   

H30B 0.2072 1.133 0.4587 0.048 

H30C 0.1666 1.0853 0.3734 0.048 

C31 -0.4379(3) 1.08880(16) 0.41329(14) 0.0313(6) 

H31A -0.367 1.1359 0.426 0.047 

H31B -0.4832 1.0941 0.4544 0.047 

H31C -0.517 1.0804 0.3729 0.047 

C32 -0.2076(3) 1.02237(17) 0.47540(14) 0.0337(6) 

H32A -0.1514 0.9799 0.4677 0.051 

H32B -0.2696 1.0262 0.5109 0.051 

H32C -0.1371 1.0707 0.4928 0.051 

C33 -0.4878(3) 0.91560(16) 0.35944(16) 0.0368(6) 

H33A -0.5834 0.925 0.3396 0.055 

H33B -0.4988 0.9071 0.4013 0.055 

H33C -0.4596 0.8699 0.3232 0.055 

C34 -0.2625(3) 0.82539(14) 0.19450(15) 0.0386(6) 

H34A -0.3675 0.8146 0.1981 0.058 

H34B -0.2204 0.7777 0.1789 0.058 

H34C -0.2578 0.8462 0.1597 0.058 

C35 -0.1475(4) 0.84952(17) 0.34716(16) 0.0468(8) 

H35A -0.0732 0.8806 0.3913 0.07 

H35B -0.1209 0.7983 0.3232 0.07 

H35C -0.2473 0.8445 0.3588 0.07 

C36 0.0561(3) 0.91105(16) 0.27834(19) 0.0450(8) 

H36A 0.0707 0.9398 0.2505 0.068 

H36B 0.085 0.8603 0.2545 0.068 

H36C 0.1185 0.9394 0.3264 0.068 
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Table 13 Crystal Data and Summary of Sb[N(SiMe3)2]3 

compound Sb[N(SiMe3)2]3 •
1
⁄2HN(SiMe3)2 (3) 

formula C21H63.5SbN3.5Si7 

formula weight 683.63 

color of cryst pale yellow 

cryst dimens, mm 0.24 x 0.22 x 0.16 

space group P3̄ 

cell dimens a, Å 16.0906(10) 

b, Å 16.0906(10) 

c, Å 8.4214(5) 

, deg 90 

, deg 90 

, deg 120 

volume, Å3 1888.2(3) 

Z 2 

calcd density, Mg/m3 1.202 

abs coeff, mm–1 0.968 

F(000) 726 

radiation type Mo–K (0.71073 Å) 

temperature, K 100.0(5) 

limits of data collection 2.42 <  < 33.72 

index ranges -25 < h < 12, -25 < k < 0,  

-13 < l < 13 

total reflcns collected 37 098 

unique reflcns 5043 (Rint = 0.0606) 

transmission factors 0.6419–0.7467 

data/restraints/param 5043 / 77 / 157 

R indices (I>2(I)) R1 = 0.0596, wR2 = 0.1522 

R indices (all data) R1 = 0.0715, wR2 = 0.1635 

goodness of fit on F
2
 1.039  

max/min peak in final diff 

map, e–/Å
3
 

1.987/-0.990 
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Table 15.  Fractional coordinates and equivalent isotropic displacement parameters (Å2) for Sb[N(SiMe3)2]. Ueq 

is defined as one third of the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z Ueq 

________________________________________________________________________________   

Sb1 0.6667 0.3333 0.85771(6) 0.02521(11)  
N1 0.7435(5) 0.4696(2) 0.7523(8) 0.0318(8) 
Si1 0.84046(16) 0.54515(13) 0.8773(3) 0.0444(4) 
C1 0.9565(5) 0.6064(7) 0.7611(11) 0.073(2) 
H1A 0.9665 0.5578 0.7081 0.109 
H1B 1.01 0.6441 0.8336 0.109 
H1C 0.9531 0.6489 0.6813 0.109 
C2 0.8584(7) 0.4785(7) 1.0417(11) 0.075(2) 
H2A 0.8663 0.4265 0.9975 0.112 
H2B 0.8024 0.4514 1.1121 0.112 
H2C 0.9159 0.5224 1.1021 0.112 
C3 0.8272(7) 0.6403(7) 0.9742(15) 0.088(3) 
H3A 0.8157 0.6773 0.8936 0.132 
H3B 0.886 0.683 1.0328 0.132 
H3C 0.7729 0.6114 1.048 0.132 
Si2 0.70342(14) 0.52354(13) 0.6143(2) 0.0415(3) 
C4 0.8072(7) 0.6240(6) 0.5098(12) 0.069(2) 
H4A 0.8456 0.5999 0.4584 0.104 
H4B 0.847 0.6739 0.5867 0.104 
H4C 0.7835 0.6511 0.4293 0.104 
C5 0.6262(5) 0.4407(5) 0.4596(9) 0.0565(15) 
H5A 0.6594 0.4109 0.408 0.085 
H5B 0.6114 0.4762 0.3805 0.085 
H5C 0.5664 0.3908 0.5076 0.085 
C6 0.6356(7) 0.5761(6) 0.7095(12) 0.069(2) 
H6A 0.675 0.6209 0.7932 0.104 
H6B 0.5762 0.5247 0.7558 0.104 
H6C 0.6201 0.6105 0.6295 0.104 
Sb1' 0.6667 0.3333 0.6350(2) 0.0304(6) 
N1' 0.733(2) 0.4666(7) 0.750(3) 0.0318(8) 
Si1' 0.8258(9) 0.5197(8) 0.8888(16) 0.0444(4) 
C1' 0.934(2) 0.632(2) 0.798(5) 0.073(2) 
H1D 0.9125 0.6749 0.7554 0.109 
H1E 0.9616 0.6125 0.7119 0.109 
H1F 0.9826 0.6657 0.8799 0.109 
C2' 0.884(3) 0.453(2) 0.966(5) 0.075(2) 
H2D 0.9011 0.4247 0.877 0.112 
H2E 0.8396 0.4011 1.0368 0.112 
H2F 0.9423 0.4965 1.025 0.112 
C3' 0.800(3) 0.571(3) 1.068(4) 0.088(3) 
H3D 0.7776 0.6152 1.0349 0.132 
H3E 0.8585 0.6064 1.1316 0.132 
H3F 0.7501 0.5193 1.1319 0.132 
Si2' 0.7180(7) 0.5516(6) 0.6440(12) 0.0415(3) 
C4' 0.782(2) 0.573(2) 0.444(3) 0.069(2) 
H4D 0.7779 0.5132 0.4077 0.104 
H4E 0.8498 0.6224 0.4567 0.104 
H4F 0.7518 0.5946 0.3662 0.104 
C5' 0.5882(14) 0.489(2) 0.568(4) 0.0565(15) 
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Table 15 (cont.)  
________________________________________________________________________________  

 x y z Ueq 

________________________________________________________________________________   

H5D 0.5777 0.4364 0.4965 0.085 
H5E 0.5767 0.5351 0.5109 0.085 
H5F 0.544 0.4628 0.6584 0.085 
C6' 0.740(2) 0.6624(18) 0.735(4) 0.069(2) 
H6D 0.7925 0.6839 0.8115 0.104 
H6E 0.6816 0.6518 0.7903 0.104 
H6F 0.7569 0.7115 0.653 0.104 
C7 0.913(3) 1.028(2) 0.272(5) 0.101(9) 
H7A 0.8463 0.9859 0.3073 0.152 
H7B 0.9128 1.0444 0.16 0.152 
H7C 0.9412 1.0874 0.3357 0.152 
C8 1.109(2) 1.046(2) 0.224(6) 0.101(9) 
H8A 1.147 1.0138 0.2393 0.152 
H8B 1.1391 1.1064 0.2834 0.152 
H8C 1.1071 1.0588 0.1112 0.152 
C9 0.925(2) 0.851(2) 0.184(5) 0.101(9) 
H9A 0.8592 0.8104 0.2211 0.152 
H9B 0.9612 0.8171 0.1989 0.152 
H9C 0.9246 0.865 0.0706 0.152 
Si3 0.9841(14) 0.9662(10) 0.299(2) 0.062(4) 
N2 0.985(3) 0.936(3) 0.487(2) 0.079(10) 
H2N 0.9822 0.8794 0.4907 0.095 
Si4 0.990(2) 0.9760(10) 0.6686(19) 0.062(4) 
C10 1.043(3) 0.918(2) 0.797(5) 0.101(9) 
H10A 1.1057 0.9333 0.7554 0.152 
H10B 1 0.8486 0.7975 0.152 
H10C 1.0503 0.9428 0.9059 0.152 
C11 0.867(3) 0.941(2) 0.742(5) 0.101(9) 
H11A 0.826 0.8711 0.7356 0.152 
H11B 0.84 0.9717 0.6757 0.152 
H11C 0.8709 0.9617 0.8522 0.152 
C12 1.069(3) 1.1100(16) 0.679(5) 0.101(9) 
H12A 1.1335 1.1283 0.6406 0.152 
H12B 1.0729 1.1313 0.789  0.152 
H12C 1.0417 1.1403 0.6123 0.152 
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Appendix A2 

Nanoparticle formation from P[N(SiMe3)2]3 and NMR spectra of attempted derivatives 

Figure 32. EDS Mapping HAuCl4 Grind 

 

 

Figure 33. EDS Mapping HAuCl4:PN´ THF reaction 
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Figure 34. EDS Mapping HAuCl4:PN' Grind Reaction 
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Selected spectra for the SPCl3/OPCl3 reaction with KN´ 

 

Figure 35. 
31

P NMR (proton decoupled) 3:1 KN´:SPCl3  

 

 

Figure 36. 
31

P NMR (proton decoupled) 2:1 KN´:SPCl3 
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Figure 37. 
31

P NMR (proton decoupled) 1:1 KN´:SPCl3 

 

 

Figure 38. 
31

P NMR (proton decoupled) 3:1 KN´:OPCl3 
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Figure 39. 
31

P NMR (proton decoupled) 3:1 KN´:OPCl3(reaction 2) 

 

 

Figure 40. 
31

P NMR (proton decoupled) 2:1 KN´:OPCl3 
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Figure 41. 
31

P NMR (proton decoupled) 1:1 KN´:OPCl3  
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Appendix 3 

Crystallographic and fractional coordinates of mixed ligand group 4 species 

Table 14. Crystal Data and Summary of Cp3Ti(OtBu) 

formula C19H24TiO 

formula weight 316.28 

color of cryst red 

cryst dimens, mm  0.546 × 0.045 × 0.035 

crystal system tetragonal 

space group P42/n 

cell dimens a, Å 19.4641(2) 

b, Å 19.4641(2) 

c, Å 8.58573(12) 

α, deg 90  

β deg 90 

γ deg 90  

volume, Å
3
 3252.71(8) 

Z 8 

calcd density, Mg/m
3
 1.292 

abs coeff, mm
–1

 4.409 

F(000) 1344 

radiation type Cu–K (1.54184 Å) 

temperature, K 100 

data collection limits 3.21° <  < 72.50 

index ranges -19 < h < 21, -24 < k < 23, 

-10 < l < 10 

total reflcns 15 228 

unique reflcns 3189 (Rint = 0.0301) 

transmission factors 0.398-0.864 

data/restraints/param 3189 / 0 / 197 

R indices (I>2 I)) R1 = 0.027, wR2 = 0.065 

R indices (all data) R1 = 0.033, wR2 = 0.068 

absolute struct param  

goodness of fit on F
2
 1.029  

max/min peak in final 

diff map, e
–
/Å

3
 

0.22/-0.29 
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Table 15. Crystal Data and Summary of Cp2Zr(OtBu)2 

  

formula C18H28O2Zr 

formula weight 367.62 

color of cryst colorless 

cryst dimens, mm 0.32 x 0.26 x 0.10 

crystal system tetragonal 

space group P4̄21m 

cell dimens a, Å 8.5606(8) 

b, Å 8.5606(8) 

c, Å 12.9538(12) 

α, deg 90  

β deg 90 

γ deg 90  

volume, Å
3
 949.30(15) 

Z 2 

calcd density, Mg/m
3
 1.286 

abs coeff, mm
–1

 0.581 

F(000) 384 

radiation type Mo–K (0.71073 Å) 

temperature, K 173(2) 

data collection limits 2.85° <  < 37.78° 

index ranges -14 < h < 14, -14 < k 

< 14, -22 < l < 22 

total reflcns 35 496 

unique reflcns 2737 (Rint = 0.0472) 

transmission factors 0.8358-0.9442 

data/restraints/param 2737 / 28 / 83 

R indices (I>2 I)) R1 = 0.033, wR2 = 

0.076 

R indices (all data) R1 = 0.045, wR2 = 

0.081 

absolute struct param -0.08(8)  

goodness of fit on F
2
 1.031  

max/min peak in final 

diff map, e
–
/Å

3
 

0.341/-0.445 
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Table 16. Crystal Data and Summary of Cp2HfCl(OtBu) 

  

formula C14H19ClHfO 

formula weight 417.23 

color of cryst colorless 

cryst dimens, mm 0.14 × 0.121 × 0.1 

crystal system orthorhombic 

space group Pbca 

cell dimens a, Å 15.2640(3) 

b, Å 12.0177(3) 

c, Å 15.8499(5) 

α, deg 90  

β deg 90 

γ deg 90  

volume, Å
3
 2907.49(13) 

Z 8 

calcd density, Mg/m
3
 1.906 

abs coeff, mm
–1

 7.342 

F(000) 1600 

radiation type Mo–K

Å) 

temperature, K 100 

data collection limits 6.32° <  < 59.66° 

index ranges -19 < h < 20, -15 < 

k < 16, -21 < l < 21 

total reflcns 37 558 

unique reflcns 3899 (Rint = 

0.0475)  

transmission factors 0.498-0.616 

data/restraints/param 3899 / 0 / 157 

R indices (I>2 I)) R1 = 0.024, wR2 = 

0.048 

R indices (all data) R1 = 0.032, wR2 = 

0.051 

absolute struct param  

goodness of fit on F
2
 1.042  

max/min peak in final 

diff map, e
–
/Å

3
 

1.31/-1.74 
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Table 17. Crystal Data and Summary of Cp2Hf(OtBu)2 

  

formula C18H28HfO2 

formula weight 454.89 

color of cryst colorless 

cryst dimens, mm 0.18 x 0.16 x 0.12 

crystal system tetragonal 

space group P4̄21m 

cell dimens a, Å 8.4676(7) 

b, Å 8.4676(7) 

c, Å 12.8196(11) 

α, deg 90  

β deg 90 

γ deg 90  

volume, Å
3
 919.17(17) 

Z 2 

calcd density, Mg/m
3
 1.644 

abs coeff, mm
–1

 5.677 

F(000) 448 

radiation type Mo–K (0.71073 

Å) 

temperature, K 100.0(5) 

data collection limits 1.59° <  < 38.70° 

index ranges -14 < h < 14, -14 < 

k < 14, -22 < l < 22 

total reflcns 34 629 

unique reflcns 2761 (Rint = 

0.0345) 

transmission factors 0.4405-0.3290 

data/restraints/param 2761 / 28 / 83 

R indices (I>2 I)) R1 = 0.039, wR2 = 

0.091 

R indices (all data) R1 = 0.044, wR2 = 

0.093 

absolute struct param -0.023(6)  

goodness of fit on F
2
 1.170  

max/min peak in final 

diff map, e
–
/Å

3
 

5.421/-2.269 
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Table 20.  Fractional coordinates and equivalent isotropic displacement parameters (Å2) for Cp3Ti(OtBu). Ueq is 

defined as one third of the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z Ueq 

________________________________________________________________________________   

Ti1 0.45546(2) 0.31793(2) 0.51643(3) 0.01174(8)  

O1 0.53547(5) 0.29889(5) 0.61075(11) 0.0158(2) 

C1 0.50415(7) 0.41347(7) 0.40270(15) 0.0136(3) 

C16 0.59441(7) 0.29000(7) 0.70530(15) 0.0170(3) 

C6 0.43093(8) 0.37742(8) 0.76261(16) 0.0199(3) 

H6 0.467 0.3906 0.8309 0.024 

C2 0.45534(7) 0.45140(7) 0.30676(16) 0.0151(3) 

H2 0.4143 0.4724 0.3428 0.018 

C5 0.55981(7) 0.39546(7) 0.29800(15) 0.0149(3) 

H5 0.6008 0.3722 0.3269 0.018 

C4 0.54382(7) 0.41731(7) 0.15124(16) 0.0177(3) 

H4 0.5712 0.4109 0.0609 0.021 

C3 0.47836(7) 0.45178(7) 0.15669(16) 0.0173(3) 

H3 0.4551 0.4715 0.0702 0.021 

C10 0.40223(7) 0.41816(7) 0.64559(17) 0.0195(3) 

H10 0.4155 0.4638 0.6206 0.023 

C14 0.38048(8) 0.26486(7) 0.32696(17) 0.0206(3) 

H14 0.3346 0.2806 0.315 0.025 

C15 0.43772(8) 0.28901(7) 0.24548(16) 0.0198(3) 

H15 0.4378 0.3248 0.1703 0.024 

C11 0.49564(8) 0.25062(7) 0.29471(17) 0.0209(3) 

H11 0.5413 0.256 0.2577 0.025 

C13 0.40294(8) 0.21276(7) 0.43072(18) 0.0217(3) 

H13 0.3751 0.1885 0.503 0.026 

C9 0.35013(8) 0.37988(8) 0.57067(18) 0.0215(3) 

H9 0.3229 0.3947 0.4852 0.026 

C12 0.47388(8) 0.20352(7) 0.40726(18) 0.0219(3) 

H12 0.5021 0.1709 0.459 0.026 

C7 0.39703(8) 0.31330(8) 0.76174(17) 0.0226(3) 

H7 0.4069 0.2753 0.8275 0.027 

C8 0.34597(8) 0.31575(8) 0.64591(18) 0.0234(3) 

H8 0.3141 0.2802 0.6225 0.028 

C17 0.62814(8) 0.36036(8) 0.72639(17) 0.0229(3) 

H17A 0.6416 0.3786 0.6245 0.034 

H17B 0.6689 0.3557 0.7924 0.034 

H17C 0.5955 0.3919 0.7758 0.034 

C19 0.57206(9) 0.26004(8) 0.86231(17) 0.0245(3) 

H19A 0.5411 0.2924 0.9146 0.037 

H19B 0.6126 0.2522 0.9275 0.037 

H19C 0.5481 0.2164 0.8452 0.037 

C18 0.64310(8) 0.24092(8) 0.62192(18) 0.0248(3) 

H18A 0.62 0.1968 0.605 0.037 

H18B 0.6842 0.2338 0.6859 0.037 

H18C 0.6564 0.2606 0.5213 0.037 

H1 0.5160(8) 0.4296(8) 0.5032(19) 0.016(4)  
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Table 21.  Fractional coordinates and equivalent isotropic displacement parameters (Å2) for 

Cp2Zr(OtBu)2P[N(SiMe3)2]. Ueq is defined as one third of the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z Ueq 

________________________________________________________________________________   

Zr1 0.5 0 0.330591(16) 0.03166(7)  

C1 0.7318(9) 0.1888(9) 0.3312(4) 0.072(3)  

H1 0.7794 0.2112 0.2666 0.086 

C2 0.6067(6) 0.2694(8) 0.3796(5) 0.0565(10)  

H2 0.5556 0.3584 0.3517 0.068 

C3 0.5709(8) 0.2029(8) 0.4700(5) 0.0619(9)  

H3 0.4906 0.2363 0.5155 0.074 

C4 0.6716(6) 0.0754(10) 0.4864(6) 0.0619(9)  

H4 0.672 0.0083 0.5448 0.074 

C5 0.7700(8) 0.0657(6) 0.4020(5) 0.0565(10)  

H5 0.8497 -0.0101 0.3924 0.068 

O1 0.37819(18) 0.12181(18) 0.23511(15) 0.0510(5) 

C6 0.3124(4) 0.2293(4) 0.1637(3) 0.0471(11)  

C7 0.1621(13) 0.2856(15) 0.2115(6) 0.121(6)  

H7A 0.0934 0.1962 0.2245 0.182 

H7B 0.1102 0.3584 0.1642 0.182 

H7C 0.1848 0.3389 0.2767 0.182 

C8 0.4190(9) 0.3652(7) 0.1411(5) 0.099(3)  

H8A 0.431 0.429 0.2034 0.149 

H8B 0.3738 0.4289 0.0857 0.149 

H8C 0.5214 0.326 0.1193 0.149 

C9 0.2798(9) 0.1323(7) 0.0678(4) 0.100(3)  

H9A 0.3786 0.0932 0.0395 0.15 

H9B 0.2273 0.1972 0.016 0.15 

H9C 0.2125 0.0438 0.0859 0.15 
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Table 22.  Fractional coordinates and equivalent isotropic displacement parameters (Å2) for Cp2HfCl(OtBu). Ueq 

is defined as one third of the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z Ueq 

________________________________________________________________________________   

Table 18. Fractional Coordinates Cp2HfCl(OtBu) 

Hf1 0.5 0 0.32900(2) 0.02548(9)  

C1 0.7336(18) 0.1874(18) 0.3291(10) 0.062(9)  

H1 0.7817 0.2097 0.2638 0.075 

C2 0.6077(16) 0.271(2) 0.3763(14) 0.047(3)  

H2 0.5564 0.3605 0.3474 0.056 

C3 0.571(2) 0.202(2) 0.4711(12) 0.049(3)  

H3 0.4908 0.2352 0.5182 0.059 

C4 0.673(2) 0.074(2) 0.4846(12) 0.049(3)  

H4 0.6744 0.0052 0.543 0.059 

C5 0.773(2) 0.0640(18) 0.3985(13) 0.047(3)  

H5 0.854 -0.0124 0.3883 0.056 

O1 0.3782(7) 0.1218(7) 0.2323(6) 0.0457(17)  

C6 0.3169(12) 0.2390(12) 0.1615(7) 0.031(2)  

C7 0.163(2) 0.295(2) 0.2095(13) 0.058(7)  

H7A 0.0911 0.205 0.2168 0.086 

H7B 0.1151 0.3748 0.1643 0.086 

H7C 0.1843 0.3406 0.2783 0.086 

C8 0.425(2) 0.3778(19) 0.1416(12) 0.058(5)  

H8A 0.4496 0.4302 0.2079 0.087 

H8B 0.3732 0.4528 0.0947 0.087 

H8C 0.5234 0.3403 0.1095 0.087 

C9 0.287(2) 0.1479(18) 0.0621(9) 0.053(4)  

H9A 0.3886 0.1216 0.0293 0.08 

H9B 0.2244 0.2125 0.0142 0.08 

H9C 0.23 0.0504 0.0783 0.08 
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Table 23.  Fractional coordinates and equivalent isotropic displacement parameters (Å2) for Cp2Hf(OtBu)2. Ueq 

is defined as one third of the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z Ueq 

________________________________________________________________________________   

Hf1 0.38609(2) 0.34365(2) 0.68544(2) 0.00886(5)  

Cl1 0.40318(5) 0.54242(7) 0.71962(5) 0.01999(17)  

O1 0.28320(14) 0.35964(18) 0.61717(14) 0.0142(5)  

C1 0.4719(2) 0.3673(3) 0.5501(2) 0.0183(7)  

H1 0.4505 0.419 0.5097 0.022 

C2 0.4487(2) 0.2534(3) 0.5555(2) 0.0168(7)  

H2 0.4095 0.2151 0.5191 0.02 

C3 0.4945(2) 0.2068(3) 0.6247(2) 0.0165(7)  

H3 0.4912 0.1317 0.6431 0.02 

C4 0.5460(2) 0.2920(3) 0.6616(2) 0.0176(7)  

H4 0.5833 0.2842 0.7093 0.021 

C5 0.5320(2) 0.3908(3) 0.6149(2) 0.0188(7)  

H5 0.5585 0.4608 0.6255 0.023 

C6 0.3788(2) 0.3406(3) 0.8466(2) 0.0185(7)  

H6 0.4024 0.401 0.8778 0.022 

C7 0.4246(2) 0.2440(3) 0.8228(2) 0.0182(7)  

H7 0.4842 0.2279 0.835 0.022 

C8 0.3659(2) 0.1748(3) 0.7772(2) 0.0195(7)  

H8 0.3796 0.1048 0.7525 0.023 

C9 0.2829(2) 0.2289(3) 0.7748(2) 0.0210(7)  

H9 0.231 0.2003 0.7499 0.025 

C10 0.2914(2) 0.3327(3) 0.8163(2) 0.0181(7)  

H10 0.2468 0.3872 0.8227 0.022 

C11 0.2142(2) 0.3621(3) 0.5568(2) 0.0147(6)  

C12 0.2486(2) 0.4139(3) 0.4749(2) 0.0203(7)  

H12A 0.2697 0.4894 0.4862 0.03 

H12B 0.2012 0.4169 0.4332 0.03 

H12C 0.2967 0.3685 0.4528 0.03 

C13 0.1409(2) 0.4352(4) 0.5937(2) 0.0305(9)  

H13A 0.1212 0.4037 0.6474 0.046 

H13B 0.0916 0.4378 0.5541 0.046 

H13C 0.1632 0.5107 0.603 0.046 

C14 0.1827(3) 0.2437(3) 0.5416(2) 0.0272(8)  

H14A 0.2317 0.1982 0.5214 0.041 

H14B 0.136 0.2441 0.4992 0.041 

H14C 0.1603 0.2124 0.5945 0.041 
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Table 19. Crystal Data and Summary of Cp2TiCl(OMe) 

Compound Cp2TiCl(OMe)  

Empirical formula C11H13ClOTi 

Formula weight 244.58 

Color of compound orange 

Temperature/K 100 

Crystal system orthorhombic 

Space group Pbca  

a/Å 12.4890(3) 

b/Å 11.4556(2) 

c/Å 14.6289(3 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å
3
 2092.94(7) 

Z 8 

ρcalc g/cm
3
 1.555 

μ/mm
–1

 1.056 

F(000) 1008 

Crystal size/mm
3
 0.45 × 0.28 × 0.11 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collect/° 6.456 to 65.458 

Index ranges -18 ≤ h ≤ 8, -16 ≤ k ≤ 16, -21 ≤ l ≤ 21 

Reflections collected 17 721 

Independent reflections 3612 [Rint = 0.0271, Rsigma = 0.0215] 

Data/restraints/parameters 3612/1/138 

Goodness-of-fit on F
2
 1.054 

Final R indexes [I > 2σ (I)] R1 = 0.0319, wR2 = 0.0659 

Final R indexes [all data] R1 = 0.0618, wR2 = 0.1285 

Largest diff. peak/hole/e
–
 Å

–3
 0.23/-0.30 
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Table 20. Crystal Data and Summary of Cp2TiCl(OiPr) 

Compound Cp2TiCl(OiPr)  

Empirical formula C13H17ClOTi 

Formula weight 272.61 

Color of compound yellow 

Temperature/K 223 

Crystal system orthorhombic 

Space group Pnma 

a/Å 13.0890(8) 

b/Å 10.6775(6) 

c/Å 9.3276(6) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å
3
 1303.61(14) 

Z 4 

ρcalc g/cm
3
 1.389 

μ/mm
–1

 3.365 

F(000) 1344 

Crystal size/mm
3
 0.443 × 0.118 × 0.094 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collect/° 3.113 to 29.770 

Index ranges -16 ≤ h ≤ 18, -14 ≤ k ≤ 14, -12 ≤ l ≤ 12 

Reflections collected 8461 

Independent reflections 1808 [Rint = 0.0577, Rsigma = 0.0150] 

Data/restraints/parameters 1808/156/133 

Goodness-of-fit on F
2
 0.986 

Final R indexes [I > 2σ (I)] R1 = 0.0601, wR2 = 0.1394 

Final R indexes [all data] R1 = 0.0713, wR2 = 0.1461 

Largest diff. peak/hole/e
–
 Å

–3
 0.23/-0.30 
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Table 21. Crystal Data and Summary of Cp2TiCl(OtBu) 

Compound Cp2TiCl(OtBu)  

Empirical formula C14H19ClOTi 

Formula weight 286.64 

Color of compound Yellow 

Temperature/K 100 

Crystal system orthorhombic 

Space group Pbca 

a/Å 15.01162(13) 

b/Å 11.84446(11) 

c/Å 15.51368(15) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å
3
 2758.40(4) 

Z 8 

ρcalc g/cm
3
 1.380 

μ/mm
–1

 6.878 

F(000) 1200 

Crystal size/mm
3
 0.223 × 0.125 × 0.084 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collect/° 11.094 to 145.054 

Index ranges -18 ≤ h ≤ 18, -14 ≤ k ≤ 14, -18 ≤ l ≤ 19 

Reflections collected 15 770 

Independent reflections 2724 [Rint = 0.0254, Rsigma = 0.0150] 

Data/restraints/parameters 2724/0/157 

Goodness-of-fit on F
2
 1.050 

Final R indexes [I > 2σ (I)] R1 = 0.0233, wR2 = 0.0593 

Final R indexes [all data] R1 = 0.0241, wR2 = 0.0599 

Largest diff. peak/hole/e
–
 Å

–3
 0.23/-0.30 
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Table 22. Crystal Data and Summary of Cp2TiBr(OtBu) 

Compound Cp2TiBr(OtBu) (4) 

Empirical formula C14H19BrOTi 

Formula weight 331.08 

Color of compound yellow 

Temperature/K 100 

Crystal system monoclinic 

Space group P21/c 

a/Å 15.0669(4) 

b/Å 12.2725(3) 

c/Å 15.5128(4) 

α/° 90 

β/° 90.079(2) 

γ/° 90 

Volume/Å
3
 2868.44(12) 

Z 8 

ρcalc g/cm
3
 1.380 

μ/mm
–1

 3.365 

F(000) 1344 

Crystal size/mm
3
 0.37 × 0.27 × 0.19 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collect/° 3.762 to 28.415 

Index ranges -20 ≤ h ≤ 20, -16 ≤ k ≤ 16, -19 ≤ l ≤ 21 

Reflections collected 26 410 

Independent reflections 6965 [Rint = 0.0254, Rsigma = 0.0150] 

Data/restraints/parameters 6965/25/355 

Goodness-of-fit on F
2
 0.986 

Final R indexes [I > 2σ (I)] R1 = 0.0485, wR2 = 0.1165 

Final R indexes [all data] R1 = 0.0618, wR2 = 0.1285 

Largest diff. peak/hole/e
–
 Å

–3
 0.23/-0.30 
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Table 23. Crystal Data and Summary of CpTiBr2(OtBu) 

Compound CpTiBr2(OtBu) (5) 

Empirical formula C9H14Br2OTi 

Formula weight 345.92 

Color of compound yellow 

Temperature/K 100 

Crystal system monoclinic 

Space group P21/c 

a/Å 12.9173(2) 

b/Å 16.12491(19) 

c/Å 12.6854(2) 

α/° 90 

β/° 111.141(2) 

γ/° 90 

Volume/Å
3
 2464.42(7) 

Z 8 

ρcalc g/cm
3
 1.865 

μ/mm
–1

 13.187 

F(000) 1344 

Crystal size/mm
3
 0.32 × 0.17 × 0.034 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collect/° 7.338 to 144.476 

Index ranges -15 ≤ h ≤ 15, -19 ≤ k ≤ 19, -11 ≤ l ≤ 15 

Reflections collected 23 134 

Independent reflections 4810 [Rint = 0.0450, Rsigma = 0.0264] 

Data/restraints/parameters 4810/0/241 

Goodness-of-fit on F
2
 1.083 

Final R indexes [I > 2σ (I)] R1 = 0.0312, wR2 = 0.0812 

Final R indexes [all data] R1 = 0.0322, wR2 = 0.0824 

Largest diff. peak/hole/e Å
–3

 1.20/-0.73 
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Table 29.  Fractional coordinates and equivalent isotropic displacement parameters (Å2) for Cp2TiCl(OtBu). Ueq 

is defined as one third of the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z Ueq 

________________________________________________________________________________   

Ti1 0.61171(2) 0.33795(2) 0.31709(2) 0.01119(8)  

Cl1 0.60104(2) 0.53713(3) 0.28704(2) 0.02323(9) 

O1 0.70849(6) 0.35158(7) 0.38327(6) 0.01702(19) 

C11 0.77801(8) 0.35893(11) 0.44513(8) 0.0171(3) 

C2 0.61645(9) 0.34300(12) 0.16011(9) 0.0214(3) 

H2 0.5909 0.4032 0.1306 0.026 

C7 0.46893(9) 0.39049(12) 0.38030(9) 0.0235(3) 

H7 0.4433 0.4604 0.3687 0.028 

C3 0.70541(9) 0.33782(12) 0.19036(8) 0.0217(3) 

H3 0.7483 0.394 0.1847 0.026 

C9 0.54996(9) 0.25156(12) 0.44341(8) 0.0207(3) 

H9 0.5873 0.2129 0.481 0.025 

C5 0.63521(10) 0.17571(12) 0.22810(9) 0.0243(3) 

H5 0.6236 0.1057 0.2527 0.029 

C14 0.81068(10) 0.24013(13) 0.46433(10) 0.0289(3) 

H14A 0.7624 0.1959 0.4869 0.043 

H14B 0.8579 0.2434 0.506 0.043 

H14C 0.8323 0.2061 0.4122 0.043 

C12 0.85143(10) 0.43144(15) 0.40571(10) 0.0327(3) 

H12A 0.8723 0.3968 0.3535 0.049 

H12B 0.8999 0.4379 0.4458 0.049 

H12C 0.8283 0.5052 0.393 0.049 

C10 0.50569(9) 0.20487(12) 0.37206(9) 0.0218(3) 

H10 0.5091 0.1303 0.3537 0.026 

C8 0.52823(9) 0.36639(12) 0.44817(9) 0.0215(3) 

H8 0.5492 0.4175 0.4889 0.026 

C6 0.45517(8) 0.29112(13) 0.33332(9) 0.0230(3) 

H6 0.419 0.2835 0.285 0.028 

C13 0.74270(9) 0.41406(12) 0.52714(9) 0.0233(3) 

H13A 0.7184 0.4869 0.5135 0.035 

H13B 0.7905 0.4226 0.5678 0.035 

H13C 0.697 0.3674 0.5517 0.035 

C4 0.71695(9) 0.23333(13) 0.23020(8) 0.0238(3) 

H4 0.7697 0.2064 0.254 0.029 

C1 0.57381(9) 0.24289(13) 0.18200(8) 0.0222(3) 

H1 0.5154 0.2236 0.1687 0.027 
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Table 30.  Fractional coordinates and equivalent isotropic displacement parameters (Å2) for Cp2TiBr(OtBu). Ueq 

is defined as one third of the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z Ueq 

________________________________________________________________________________   

Br2 0.11158(4) 0.04079(3) 0.22090(4) 0.04717(16)  

Ti2 0.11819(4) -0.16384(5) 0.18357(4) 0.01780(14) 

O2 0.21443(19) -0.1462(2) 0.11896(18) 0.0276(6) 

C15 0.2107(3) -0.1728(4) 0.3094(3) 0.0406(11) 

H15 0.2552 -0.1187 0.3162 0.049 

C16 0.2202(3) -0.2708(5) 0.2673(3) 0.0467(13) 

H16 0.2733 -0.2974 0.2418 0.056 

C17 0.1385(4) -0.3244(4) 0.2684(3) 0.0450(13) 

H17 0.1253 -0.3919 0.2413 0.054 

C18 0.0796(3) -0.2607(4) 0.3166(3) 0.0335(9) 

H18 0.02 -0.2787 0.3304 0.04 

C19 0.1239(3) -0.1672(4) 0.3403(2) 0.0346(9) 

H19 0.0994 -0.1086 0.3724 0.041 

C20 0.0118(3) -0.2861(4) 0.1258(3) 0.0437(12) 

H20 0.0153 -0.3602 0.1432 0.052 

C21 -0.0361(3) -0.2085(5) 0.1647(3) 0.0473(13) 

H21 -0.0733 -0.2199 0.2132 0.057 

C22 -0.0239(4) -0.1107(5) 0.1246(5) 0.074(2) 

H22 -0.0493 -0.0425 0.1398 0.089 

C23 0.0373(4) -0.1337(5) 0.0529(4) 0.068(2) 

H23 0.0598 -0.0832 0.0119 0.082 

C24 0.0546(4) -0.2416(5) 0.0576(3) 0.0527(14) 

H24 0.0915 -0.2806 0.0187 0.063 

C25 0.2838(3) -0.1227(4) 0.0596(3) 0.0358(10) 

C26 0.2417(7) -0.0670(8) -0.0189(6) 0.043(3) 

H26A 0.1937 -0.1127 -0.0415 0.065 

H26B 0.2868 -0.0565 -0.0636 0.065 

H26C 0.2176 0.004 -0.0017 0.065 

C27 0.3118(8) -0.2409(9) 0.0255(8) 0.053(3) 

H27A 0.3424 -0.2807 0.0716 0.08 

H27B 0.3516 -0.2332 -0.0241 0.08 

H27C 0.2586 -0.2813 0.0081 0.08 

C28 0.3470(8) -0.0630(14) 0.1030(8) 0.060(4) 

H28A 0.3196 0.0028 0.127 0.09 

H28B 0.3944 -0.0422 0.063 0.09 

H28C 0.3719 -0.107 0.1498 0.09 

C26B 0.2761(6) 0.0055(8) 0.0348(6) 0.039(3) 

H26D 0.2246 0.0167 -0.0028 0.058 

H26E 0.3301 0.0286 0.0047 0.058 

H26F 0.2689 0.0486 0.0875 0.058 

C27B 0.2852(8) -0.1900(10) -0.0129(8) 0.049(3) 

H27D 0.2918 -0.2661 0.0052 0.074 

H27E 0.3351 -0.1697 -0.0499 0.074 

H27F 0.2295 -0.1816 -0.045 0.074 

C28B 0.3770(7) -0.1231(9) 0.1092(7) 0.037(2) 
H28D 0.3746 -0.0722 0.1578 0.055 
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Table 30 (cont.) 
________________________________________________________________________________  

 x y z Ueq 

________________________________________________________________________________   

H28E 0.4242 -0.1008 0.0695 0.055 

H28F 0.3894 -0.1966 0.1307 0.055 

Ti1 0.38564(5) 0.34599(6) 0.17061(4) 0.02222(15) 

O1 0.29249(19) 0.3597(2) 0.10142(17) 0.0264(6) 

C1 0.4789(3) 0.3446(5) 0.0446(3) 0.0475(13) 

H1 0.467 0.3955 -0.0001 0.057 

C2 0.5351(3) 0.3605(4) 0.1141(4) 0.0452(12) 

H2 0.5695 0.4241 0.1245 0.054 

C3 0.5330(3) 0.2703(4) 0.1654(3) 0.0388(11) 

H3 0.5658 0.2602 0.2171 0.047 

C4 0.4745(3) 0.1954(4) 0.1289(3) 0.0442(12) 

H4 0.4585 0.1262 0.1514 0.053 

C5 0.4438(3) 0.2432(5) 0.0517(3) 0.0515(14) 

H5 0.4049 0.2098 0.0113 0.062 

C6 0.3841(4) 0.3741(5) 0.3239(3) 0.0580(14) 

H6 0.4198 0.4309 0.3468 0.07 

C7 0.4048(4) 0.2666(5) 0.3115(3) 0.0566(15) 

H7 0.4595 0.2363 0.3304 0.068 

C8 0.3435(6) 0.2072(6) 0.2712(4) 0.086(2) 

H8 0.3481 0.1341 0.2514 0.103 

C9 0.2744(4) 0.2742(6) 0.2651(4) 0.0616(16) 

H9 0.2184 0.2506 0.2438 0.074 

C10 0.2886(4) 0.3789(5) 0.2913(3) 0.0537(14) 

H10 0.2491 0.4392 0.2897 0.064 

C11 0.2226(3) 0.3729(4) 0.0415(3) 0.0374(10) 

C12 0.1906(4) 0.2622(6) 0.0161(5) 0.0733(19) 

H12A 0.2393 0.2215 -0.0104 0.11 

H12B 0.1417 0.2693 -0.0252 0.11 

H12C 0.1698 0.2233 0.0674 0.11 

C13 0.1514(4) 0.4413(7) 0.0836(4) 0.079(2) 

H13A 0.1249 0.4005 0.1314 0.118 

H13B 0.1054 0.4588 0.0411 0.118 

H13C 0.1777 0.5089 0.1055 0.118 

C14 0.2603(4) 0.4311(5) -0.0372(3) 0.0602(17) 

H14A 0.2859 0.5011 -0.0195 0.09 

H14B 0.2127 0.4439 -0.0791 0.09 

H14C 0.3065 0.3859 -0.0635 0.09 

Br1 0.42211(12) 0.54688(18) 0.1836(2) 0.0439(4) 

Br1B 0.4017(5) 0.5624(3) 0.1540(5) 0.0517(15)  
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Table 31.  Fractional coordinates and equivalent isotropic displacement parameters (Å2) for CpTiBr2(OtBu). Ueq 

is defined as one third of the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z Ueq 

________________________________________________________________________________   

Br1 0.27514(2) 0.15854(2) 0.18899(3) 0.02922(9)  

Br2 0.58998(2) 0.18029(2) 0.30319(2) 0.02675(9) 

Ti1 0.42794(3) 0.20252(3) 0.13282(4) 0.01887(11) 

O1 0.41448(16) 0.30913(11) 0.13167(17) 0.0252(4) 

C1 0.3401(3) 0.1547(3) -0.0509(3) 0.0495(10) 

H1 0.2654 0.167 -0.0882 0.059 

C2 0.3837(3) 0.0830(2) 0.0148(3) 0.0401(8) 

H2 0.3426 0.0392 0.0272 0.048 

C3 0.4980(2) 0.08982(18) 0.0573(3) 0.0310(6) 

H3 0.5472 0.0512 0.1034 0.037 

C4 0.5274(2) 0.16482(18) 0.0191(3) 0.0308(6) 

H4 0.5992 0.1849 0.0367 0.037 

C5 0.4306(3) 0.2039(2) -0.0494(3) 0.0425(8) 

H5 0.4264 0.2538 -0.0876 0.051 

C6 0.4002(2) 0.39787(16) 0.1179(3) 0.0259(6) 

C7 0.5011(3) 0.43702(18) 0.2066(3) 0.0362(7) 

H7A 0.5059 0.4191 0.2804 0.054 

H7B 0.4944 0.4963 0.2018 0.054 

H7C 0.5669 0.4204 0.1936 0.054 

C8 0.3916(3) 0.41967(19) -0.0010(3) 0.0361(7) 

H8A 0.4589 0.4041 -0.0116 0.054 

H8B 0.3801 0.4783 -0.0126 0.054 

H8C 0.3302 0.3904 -0.0543 0.054 

C9 0.2945(3) 0.4187(2) 0.1388(3) 0.0423(8) 

H9A 0.233 0.3901 0.0848 0.063 

H9B 0.2816 0.4774 0.1311 0.063 

H9C 0.302 0.4018 0.2138 0.063 

Br1B 1.05174(2) 0.15632(2) 0.72324(2) 0.02427(9) 

Br2B 0.74003(2) 0.15356(2) 0.61147(2) 0.02563(9) 

Ti1B 0.89589(3) 0.19224(2) 0.77918(4) 0.01669(11) 

O1B 0.90068(14) 0.29934(10) 0.77113(16) 0.0209(4) 

C1B 0.9792(2) 0.1730(2) 0.9737(2) 0.0311(6) 

H1B 1.0442 0.2019 1.0123 0.037 

C2B 0.9718(3) 0.09300(19) 0.9256(3) 0.0344(7) 

H2B 1.0314 0.0594 0.9287 0.041 

C3B 0.8591(3) 0.07310(17) 0.8724(3) 0.0319(6) 

H3B 0.8305 0.0244 0.8335 0.038 

C4B 0.7973(2) 0.14073(18) 0.8889(2) 0.0273(6) 

H4B 0.7203 0.1445 0.8618 0.033 

C5B 0.8706(2) 0.20093(17) 0.9525(2) 0.0273(6) 

H5B 0.851 0.251 0.9766 0.033 

C6B 0.9195(2) 0.38764(15) 0.7867(2) 0.0206(5) 

C7B 0.8273(2) 0.42923(16) 0.6907(2) 0.0269(6) 

H7BA 0.8307 0.4116 0.6198 0.04 

H7BB 0.8361 0.4883 0.6975 0.04 
H7BC 0.7567 0.4141 0.6943 0.04 
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Table 31 (cont.) 
________________________________________________________________________________  

 x y z Ueq 

________________________________________________________________________________   

C8B 0.9159(2) 0.41129(16) 0.9009(2) 0.0262(5) 

H8BA 0.8448 0.3969 0.9037 0.039 

H8BB 0.9276 0.4699 0.9122 0.039 

H8BC 0.9731 0.382 0.9593 0.039 

C9B 1.0328(2) 0.40473(18) 0.7804(3) 0.0332(6) 

H9BA 1.0885 0.3745 0.839 0.05 

H9BB 1.0485 0.463 0.7901 0.05 

H9BC 1.0331 0.3875 0.708 0.05 
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Table 32.  Fractional coordinates and equivalent isotropic displacement parameters (Å2) for Cp2TiCl(OiPr). Ueq 

is defined as one third of the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z Ueq 

________________________________________________________________________________   

Ti1 0.59459(6) 0.25 0.68971(8) 0.0336(2)  

Cl1 0.42875(10) 0.25 0.57917(19) 0.0629(4) 

O1 0.6640(3) 0.25 0.5229(3) 0.0517(9) 

C7 0.6640(5) 0.25 0.2696(5) 0.0605(15) 

H7A 0.5918 0.2295 0.271 0.091 

H7B 0.6966 0.2072 0.1901 0.091 

H7C 0.6722 0.3397 0.2584 0.091 

C8 0.8261(4) 0.25 0.4145(7) 0.0646(16) 

H8A 0.8302 0.3395 0.3978 0.097 

H8B 0.8641 0.2062 0.3406 0.097 

H8C 0.8551 0.2306 0.5076 0.097 

C1B 0.6945(18) 0.413(2) 0.809(3) 0.054(5) 

H1B 0.763 0.3923 0.8279 0.064 

C2B 0.610(2) 0.391(3) 0.893(4) 0.051(6) 

H2B 0.6125 0.3576 0.986 0.062 

C3B 0.524(2) 0.424(2) 0.829(2) 0.055(5) 

H3B 0.4586 0.4097 0.8661 0.066 

C4B 0.546(2) 0.4819(15) 0.696(2) 0.047(4) 

H4B 0.5003 0.5183 0.6302 0.056 

C5B 0.655(2) 0.4709(16) 0.690(2) 0.051(5) 

H5B 0.6944 0.5002 0.6128 0.061 

C1 0.6937(8) 0.4323(10) 0.7186(12) 0.054(2) 

H1 0.7568 0.4394 0.6711 0.065 

C2 0.6764(10) 0.3808(9) 0.8558(11) 0.050(2) 

H2 0.7269 0.3462 0.9155 0.06 

C3 0.5719(10) 0.3892(16) 0.8896(17) 0.052(3) 

H3 0.5399 0.3626 0.9745 0.062 

C4 0.5262(7) 0.4445(8) 0.7727(16) 0.055(3) 

H4 0.456 0.4621 0.7652 0.066 

C5 0.5983(11) 0.4706(7) 0.6671(11) 0.056(2) 

H5 0.5852 0.5075 0.5774 0.067 

C6 0.7132(5) 0.2082(6) 0.4105(6) 0.0403(14) 

H6 0.7117 0.1155 0.4135 0.048 
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A4 

Crystallographic data of K[Be(1,3-(SiMe3)2C3H3)3] 

Table 24. Crystal Data and Summary for K[Be(1,3-(SiMe3)2C3H3)3] 

Empirical formula  C27H63BeKSi6 

Formula weight  604.42 

Temperature  100.0(5) K 

Wavelength  0.71073 Å 

Crystal system  triclinic 

Space group  P1̄  

Unit cell dimensions  a = 11.936(3) Å = 80.165(5)° 

 b = 13.097(3) Å = 73.087(5)° 

 c = 13.758(3) Å   

Volume 2025.3(9) Å
3
 

Z 2 

Density (calculated) 0.991 Mg/m
3
 

Absorption coefficient 0.322 mm
–1

 

F(000) 664 

Crystal color, morphology colorless, plate 

Crystal size 0.20 x 0.20 x 0.08 mm
3
 

Theta range for data collection 2.00 to 25.74° 

Index ranges hkl 

Reflections collected 23 415 

Independent reflections 7725 [R(int) = 0.1195] 

Observed reflections 4292 

Completeness to theta = 25.74°  99.7%  

Absorption correction Multi-scan  

Max. and min. transmission 0.7453 and 0.6317 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 7725 / 0 / 370 

Goodness-of-fit on F
2
 0.965 

Final R indices [I > 2sigma(I)]  R1 = 0.0588, wR2 = 0.1071 

R indices (all data) R1 = 0.1280, wR2 = 0.1326  

Largest diff. peak and hole 0.364 and -0.336 e
–
 Å

–3
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