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Abstract 

 

 A series of organometallic compounds containing the tris(dimethylsilyl)methyl ligand 

are described. The potassium carbanions KC(SiHMe2)3 and KC(SiHMe2)3TMEDA are 

synthesized by deprotonation of the hydrocarbon HC(SiHMe2)3 with potassium benzyl. 

KC(SiHMe2)3TMEDA crystallizes as a dimer with two types of three-center-two-electron K-

H-Si interactions. Homoleptic Ln(III) tris(silylalkyl) complexes containing β-SiH groups 

M{C(SiHMe2)3}3 (Ln = Y, Lu, La) are synthesized from salt elimination of the 

corresponding lanthanide halide and 3 equiv. of KC(SiHMe2)3. The related reactions with Sc 

yield bis(silylalkyl) ate-complexes containing either LiCl or KCl. The divalent calcium and 

ytterbium compounds M{C(SiHMe2)3}2L 
(M = Ca, Yb; L = THF2 or TMEDA) are prepared 

from MI2 and 2 equiv of KC(SiHMe2)3. The compounds M{C(SiHMe2)3}2L (M = Ca, Yb; L 

= THF2 or TMEDA) and La{C(SiHMe2)3}3 react with 1 equiv of B(C6F5)3 to give 1,3-

disilacyclobutane {Me2Si-C(SiHMe2)2}2 and MC(SiHMe2)3HB(C6F5)3L, and 

La{C(SiHMe2)3}2HB(C6F5)3, respectively. The corresponding reactions of Ln{C(SiHMe2)3}3 

(Ln = Y, Lu) give the β-SiH abstraction product 

[{(Me2HSi)3C}2LnC(SiHMe2)2SiMe2][HB(C6F5)3] (Ln = Y, Lu), but the silene remains 

associated with the Y or Lu center. The abstraction reactions of M{C(SiHMe2)3}2L (M = Ca, 

Yb; L = THF2 or TMEDA) and Ln{C(SiHMe2)3}3 (Ln = Y, Lu, La) and 2 equiv of B(C6F5)3 

give the expected dicationic M{HB(C6F5)3}2L (M = Ca, Yb; L = THF2 or TMEDA) and 

dicationic mono(silylalkyl) LnC(SiHMe2)3{HB(C6F5)3}2 (Ln = Y, Lu, La), respectively. 

 Salt metathesis reactions of Cp2(NR2)ZrX (X = Cl, I, OTf; R = t-Bu, SiHMe2) and 

lithium hydrosilazide ultimately afford hydride products Cp2(NR2)ZrH that suggest unusual 



	  

 

xi	  

β-hydrogen elimination processes. A likely intermediate in one of these reactions, 

Cp2Zr[N(SiHMe2)t-Bu][N(SiHMe2)2], is isolated under controlled synthetic conditions. 

Addition of alkali metal salts to this zirconium hydrosilazide compound produces the 

corresponding zirconium hydride. However as conditions are varied, a number of other 

pathways are also accessible, including C-H/Si-H dehydrocoupling, γ-abstraction of a CH, 

and β-abstraction of a SiH. Our observations suggest that the conversion of 

(hydrosilazido)zirconocene to zirconium hydride does not follow the classical four-center β-

elimination mechanism. 

 Elimination and abstraction reactions dominate the chemistry of ligands containing β-

hydrogen. In contrast, Cp2Zr{N(SiHMe2)2}H and Cp2Zr{N(SiHMe2)2}Me undergo selective 

γ-CH bond activation to yield the azasilazirconacycle Cp2Zr{κ2-N(SiHMe2)SiHMeCH2}, 

even though there are reactive β-hydrogen available for abstraction. The β-SiH groups in 

metallacycle provide access to new pathways for sixteen-electron zirconium alkyl 

compounds, in which Cp2Zr{κ2-N(SiHMe2)SiHMeCH2} undergoes a rare σ-bond metathesis 

reaction with ethylene. The resulting vinyl intermediate undergoes β-hydrogen abstraction to 

reform ethylene and a silanimine zirconium species that reacts with ethylene to give a 

metallacyclopentane as the isolated product. The pendent β-SiH in metallocycle also reacts 

with paraformaldehyde through an uncatalyzed hydrosilylation to form an exocyclic 

methoxysilyl moiety, while the zirconium-carbon bond in metallocycle is surprisingly inert 

toward formaldehyde. Still, the Zr-C moiety in metallocycle is available for chemistry, and it 

interacts with the carbon monoxide and strong electrophile B(C6F5)3 to provide Cp2Zr[κ2-

OC(=CH2)SiMeHN(SiHMe2)] and Cp2Zr[N(SiHMe2)SiHMeCH2B(C6F5)3]. Finally, the 
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frustrated Lewis-pair 2,6-lutidine-B(C6F5)3 adduct reacts with the intra-cyclic SiH to give a 

transient 2,6-lutidine-stabilized silicon cation [Cp2ZrCH2SiMe(2,6-Me2 -

NC6H3)N(SiMe2H)][HB(C6F5)3] that slowly rearranges to give 

Cp2Zr[N(SiHMe2)SiHMeCH2B(C6F5)3] and free 2,6-lutidine. 

 Finally, we also demonstrated a β-elimination of a cationic zirconocene disilazide 

compound [Cp2ZrN(SiHMe2)2]+ that is facilitated by DMAP (4-N,N-dimethylaminopyridine) 

to give [Cp2ZrH{N(SiHMe2)(SiMe2DMAP)}]+. A formal insertion reaction of a Zr-R group 

of Cp2ZrN(SiHMe2)2R (R = H, alkyl, halide, alkoxide) into a silaimine, formed by reaction 

of the zirconocene silazide and B(C6F5)3, to give [Cp2Zr{N(SiHMe2)(SiRMe2)]+. Thus, we 

also show the application of the β-elimination reaction in hydrosilylation of ketones and 

aldehydes.  
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Chapter 1. General introduction 

 

Homoleptic rare-earth hydrocarbyl complexes1 

 Since the historic discovery and isolation of extremely reactive and highly pyrophoric 

diethyl zinc in 1849,2 it took another decade for the isolation of another homoleptic 

hydrocarbyl main group complexes. However, ever since then, the traditional point of view 

that metal carbon is too weak and reactive to isolate slowly changed. The next decade 

represented a major breakthrough in metal hydrocarbyl chemistry as more and more 

organometallic alkyl complexes were synthesized and isolated. Although Wilkinson and 

Birmingham synthesized Ln(C5H5)3 (Ln = Sc, Y, La, Ce, Pr, Nd, Sm, Gd, Dy, Er, Yb)3 in 

1954, a genuine rare-earth homoleptic hydrocarbyl with a σ-bond was synthesized in 

Sc(C6H5)3 in 1968 by Hart and Saran4 and a first structural proof of a s-bonded rare-earth 

alkyl was provided by Hart in [Li(thf)4][Lu(C6H3Me2-2,6)4]5. 

 Another major breakthrough in rare-earth σ-bonded alkyl chemistry came since the 

pioneer of “neopentyl”-type ligands [CH2CMe3],1,6 and more specifically, [CH2SiMe3],1,6 

[CH(SiMe3)2],1,7 and [C(SiMe3)3],1,8 by Lappert9 and Eaborn8 that opened up 

organolanthanide chemistry. Shortly after, the structural characterization of the first neutral 

homoleptic rare-earth metal σ-bonded alkyl complexes Ln(CH(SiMe3)2)3 (Ln = La, Sm) were 

reported by Hitchcock.10 Until today, the (trimethylsilyl)methane ligand and its derivatives 

become the most widely used alkyl ligands in rare-earth metal chemistry. More recently, 

homoleptic organolanthanide alkyl chemistry is extended to t-Bu,1,11 alkynyl,1,12 and benzyl 

derivative1,13.  
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 Notably, if the term “homoletpic” is defined as purely M-C bonded components, in 

exclusion of alkaline-metal salt, donor solvent molecules (external and internal), and 

bimetallic ligand, then the only truly homoleptic organolanthanide alkyl complexes known in 

literature would be LnMe3
1,14 Ln(C6H5)3,1,4 Ln(CH(SiMe3)2)3,1,7  Ln(C(SiMe3)3)2

1,8  and 

derivatives. Due to the large ionic radii and electropositive nature of rare-earth metals, they 

tend to coordinate to donor molecules and form complexation with alkali-metal salt and even 

aggregate.1 Therefore, it is utterly important for the availability of truly homoleptic alkyl 

starting materials to avoid contamination by salt or solvent molecules later in the synthetic 

steps. As you also note, the homoletpic rare-earth alkyls all lack β-hydrogens to avoid the 

facile β-H elimination known in transition metal alkyl chemistry. However, important 

aspects of rare earth metal-ligand bonding and reactivity may be overlooked in the absence of 

studies of β-hydrogen-containing complexes.  

β-Agostic interaction and β-H elimination 

Ln(CH2SiMe3)3(Do)

Ln(CH(SiMe3)2)3

Ln(C(SiMe3)3)2

[LnC6H5)3]n

(LnMe3)n

"Truly" monomeric homoletpic alkyl family

[Li(Do)n][Ln(CH2CMe3)4]

[Li(Do)n][Ln(CMe3)4]

"Truly" polymeric homoletpic alkyl family

Ln(C6H5)3(Do)n

C C-R)3]n[Ln(

Monomeric homoletpic alkyl family complexed with alkali metal or solvent moledules

Ln(CH2C6H4R)3(Do)n

Scheme 1.1. Homoleptic organolanthanide hydrocarbyl complexes known in literature
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 Agostic interaction was first coined by Green to “discuss the various manifestations 

of covalent interactions between carbon-hydrogen groups and transition metal centers in 

organometallic compounds. The word agostic will be used to refer specifically to situations 

in which a hydrogen atom is covalently bonded simultaneously to both a carbon atom and a 

transition metal atom.”15 Ever since the discovery, this bonding phenomenon has been found 

more usual than expected. Although agostic interaction refers to M---H---C interaction, not 

all 3-center-2-electron bonds are agostic. For example, some of these interactions are better 

described as hydrogen-bonding.16    

 Experimental studies have shown that agostic complex is the ground state structure. 

For example, the variable temperature NMR experiments done by Brookhart demonstrated 

that the agostic alkyl species is at equilibrium with olefin-hydride species and olefin-ethyl 

species at room temperature, while the agostic alkyl complex is observed predominately at 

low temperature (Scheme 1.2). Thus, it suggests the 18 e- agostic complex is the ground state 

structure.17  

  

Co

H

+

Co

+

Co

+

H

olefin-hydride agostic alkyl normal alkyl

Energy
ground state

Scheme 1.2. The dynamic equilibria of [Cp*Co(η2-C2H2)(β-agostic-C2H5)]+ 17
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Another system (Me2PCH2CH2PMe2)TiEtCl3, studied by Green, showed evidence of agostic 

interaction by crystallography.18 The crystal structure of (Me2PCH2CH2PMe2)TiEtCl3 

exhibits remarkably small angle of 85.9(6)° at the Cβ while an angle close to 109° would be 

expected without any unusual interaction. This result provided the first clear evidence that a 

short Ti-Hβ distance and acute angle must come from an attractive force between the titanium 

center and C–H bond. These two benchmark examples lay the ground for agostic 

development for the next 30 years. 

 Theoretical and experimental works done by Eisenstein,19 McGrady,20 and Scherer21 

have shown that there are distinct differences in term of the origin of agostic interactions in 

d0 early metal, main group and late metal systems. The aogstic interaction in d0 metal system 

mainly arises from hyperconjugative delocalization of electrons from M-C bond to over to 

the alkyl backbone and establishment of a secondary M---Hb interaction, while the agostic 

interaction in main group alkyl originates from electrostatic M---H---C interaction. The 

theory behind late metal system is more complicated since the metal center is not as Lewis 

acidic as d0 metal, therefore, Cβ-Hβ to M π-donation, M to Cβ-Hβ π-back-donation, and some of 

Cβ-Hβ to M s-donation contribute to the agostic interaction. As a result, the M---Hβ distance is 

shorter in the late metal system than the early metal system. Due to this difference, late metal 

alkyl systems are more prone to β-H elimination. In the benchmark study by Bercaw on a 

(cgc)Sc system, based on kinetic study, he proposed that early metal alkyl complexes 

containing β-agostic interaction are less likely to eliminate olefin and form metal hydride.22 

As a result, the agostic interaction stabilizes the catalysts resting state against β-H 

elimination during olefin polymerization. 
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 On the other hand, aogstic early metal amide systems are less likely to undergo β-H 

elimination because they share different structural and electronic features with agostic metal 

alkyl.23 For example, β-agostic amides generally contain long N-C bonds, large (~120 °) 

∠M-N-C angles, and short β-C-H distances, while β-agostic alkyls contain short C-C bonds, 

small ∠M-C-C angles, and long β-CH bonds. Theoretic study suggested that agostic amide 

systems contain activated N-Cβ  bond and short M-N bond, in contrast to β-agostic alkyls, 

which disfavor β-elimination. 

 

Thesis Organization 

 The thesis contains twelve chapters. Chapter 1 give a brief introduction of the topic 

discussed later. Part of chapter 2, chapter 3 and chapter 6 have already been published, and 

other chapters are modified from manuscripts in preparation. The thesis ends with a general 

conclusion in Chapter 11. All the published journal articles are modified to some degree to 

have a coherent description.  

 Chapter 2 to 4 describe preparation of organometallic chemistry of main group and 

lanthanide complexes with β-SiH containing –C(SiHMe2)3 ligand, and their reactions with 

Lewis acids to initiate β-SiH abstraction to give zwitterionic products. Chapter 5 describes 

our investigation of mixed alkyl silyl organomagnesium chemistry, and our effort led to the 

preparation of first examples of cationic magnesium silyl complexes. 

The ultimate goal of this project is to eventually study reactivity of β-SiH containing d0 silyl 

with Lewis acids.  
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 Chapter 6 to 10 describes our contribution in β-SiH containing zirconocene amide 

chemistry. Chapter 6 illustrates a first example of β-H elimination of a d0 amide system. This 

unprecedented transformation was observed in salt metathesis reactions of a hydrosilazido 

zirconium halide compound and lithium hydrosilazides ultimately afford hydride products 

that suggest unusual β-hydrogen elimination processes. Chapter 7 demonstrates a rare C-H 

activation of ethylene by a β-H containing azasilazirconacyle to give a zirconacyclopentane, 

in which all the proposed intermediates were isolated. Chapter 8 highlights the reactivity of 

various Lewis acids with a β-H containing azasilazirconacyle, which leads to a series of 

Lewis acids dependent abstraction reactions. Chapter 9 and 10 demonstrate another example 

of β-H elimination in a d0 amide system that contains strong SiH bisagostic interactions. All 

the work described in this thesis was performed by KaKing Yan. In all chapters, X-ray 

crystal structures were solved by Dr. Arkady Ellern. 
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Chapter 2: Lewis acid mediated β-hydrogen elimination on homoleptic trisalkyl 

lanthanide complexes containing β-hydrogen.  

Modified from a paper published in Chem. Commun.1 and a paper to be submitted to J. Am. 

Chem. Soc. 

KaKing Yan, Jing Zhu, Andrew V. Pawlikowski, Chris Ebert, Arkady Ellern, Aaron D. 

Sadow 

Department of Chemistry and US Department of Energy Ames Laboratory, Iowa State 

University, Ames IA, 50011, USA 

	  
Abstract. Homoleptic Ln(III) tris(silylalkyl) complexes containing β-SiH group 

M[C(SiHMe2)3]3 {Ln = Y (2.1a), Lu (2.1b), La (2.1c)} were synthesized from salt 

elimination of the corresponding lanthanide halide and 3 equiv. of KC(SiHMe2)3. The related 

reaction with Sc yield bis(silylalkyl) ate-complexes containing either LiCl or KCl. The 

reaction of 1c with one equiv. of B(C6F5)3 yield La[C(SiHMe2)3]2HB(C6F5)3 (2.3), while the 

corresponding reactions of Ln[C(SiHMe2)3]3 (Ln = Y, Lu) give partial β-SiH abstraction 

product [((Me2HSi)3C)2LnC(SiHMe2)2SiMe2][HB(C6F5)3] {Ln = Y (2.4a), Lu (2.4b)}. The 

abstraction reactions of Ln[C(SiHMe2)3]3 2.1 and two equiv. of B(C6F5)3 give the expected 

dicationic mono(silylalkyl) Ln[C(SiHMe2)3][HB(C6F5)3]2 {Ln = Y (2.5a), Lu (2.5b), La 

(2.5c)}.  

 

 

 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Chem. Commun. 2009, 656-658. 
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Introduction 

  Transition metal alkyl compounds containing β-hydrogen and at least one empty 

orbital in an open cis coordination site are susceptible to elimination. These general rules also 

apply to elimination reactions in main group and rare earth organometallics. While β-

eliminations of alkyllithiums tend to require forcing conditions (130-150 °C in hydrocarbon 

solvent), the heavier congeners react more rapidly.1 Dialkylmagnesium compounds 

containing β-hydrogen eliminate olefin upon thermolysis, but very little is known about 

eliminations of the heavier analogs.2 Likewise, coordinatively unsaturated organolanthanides 

will react via β-elimination.3 For example, isobutylene extrusion from Cp2ErCMe3(THF) is 

faciliated by the addition of LiCl, presumably to open a coordination site,3e whereas the 

lutetium analog decomposes at 70-80 °C.3c The bridging dimers [Cp*OArLu]2(m-H)(m-

CH2CH2R) are coordinatively saturated and robust to elimination.3g Importantly, unsaturated 

organolanthanides are highly reactive even mediating C-C bond cleavage through β-Me 

eliminations.3d,f Although β-H elimination reactions in rare-earth alykls is less common and 

requires harsch condition, these reactions are typically studied to avoid β-H containing 

ligands. For that matter, β-hydrogen-absent alkyl ligands, such as -CH2SiMe3, -CH(SiMe3)2, 

and –CH2Ph, have been used extensively in Group 3 and rare-earth organometallic 

synthesis.4 However, valuable aspects of metal-ligand bonding and unexpected reactivity 

would be ignored in the absence of studies of β-hydrogen-containing complexes.  

Meanwhile, β-agostic alkyl structures are considered as an “arrested” structure for β-H 

elimination reactions.5 Spectroscopic data and structural features of organometallic alkyl 

ligands containing agostic interactions provide metrics for probing electron delocalization in 
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metal-ligand bonds.6,7 Characteristic infrared (νCH ~ 2250-2800 cm-1) and NMR (1JCH ~ 50-

100 Hz) spectroscopy of β-agostic alkyl moieties support a description of these structures as 

intermediate between metal hydrido(olefin) and alkyl species.6 In d0 and agostic compounds, 

the bonding is better described by delocalization of the M–C bonding electrons to involve the 

β-carbon.8 Several features are commonly observed in the structures and bonding of β-

agostic alkyl groups. These interactions are typically weak (< 10 kcal/mol)2 and easily 

disrupted by the coordination of stronger donor ligands such as tetrahydrofuran.9 Usually 

only one metal-carbon(β) interaction occurs per alkyl ligand,10 and only one alkyl ligand is 

agostic per metal center, although large organo-f-element compounds and bimetallic species 

may have more.11 Lappert’s [Ln(CH(SiMe3)2)3] [Ln = Sc, Y, Lu, La, Ce] contains one β-

agostic C–Si per bis(trimethylsilyl)methyl ligand giving three total.12 Multiple agostic 

interactions per metal center are more common with amido (particularly silylamido) versus 

alkyl ligands. Early examples of bis-β-agostic disilylamide ligands were observed in X-ray 

structures of Na[Ln[N(SiMe3)2)3] (Ln = Eu, Yb) in which four methyl carbons have close 

contacts with the lanthanide center and three carbons have close contacts with sodium 

cations.13 Recently, the β-hydrogen-containing tetramethyldisilazide ligand –N(SiHMe2)2 has 

been widely studied in d0 metal and f-elements chemistry. Compounds ligated with –

N(SiHMe2)2 often show multiple agostic interactions to a single metal center; for example, 

[Eu(N(SiHMe2)tBu)3] contains three mono-β-agostic ligands.14 Rare earth ansa-metallocenes 

such as Me2Si(C5Me4)2YN(SiHMe2)2 ligand exhibit a rare bis-β-SiH agostic structure,15 but 

interestingly the bulkier Cp*2YN(SiHMe2)2 is only mono-β-agostic.15c More importantly, 

although early metal and rare earth silazides containing β-SiH often form agostic-type 
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structures, β-H elimination reactions have not been observed. For example, the β-SiH 

containing Cp2Zr[N(SiHMe2)tBu][CH2SiMe3] reacts at the β-SiH position by β-abstraction to 

give a zirconocene silanimine complex.16 Despite the rich chemistry of tetramethyldisilazido 

rare earth complexes, the chemistry of the earth metals with β-SiH containing alkyl remains 

unexplored.  

  Intrigued by on the lack of study on β-SiH containing alkyl chemistry in rare-earth 

and main group metal, here we report the syntheses and spectroscopic characterization of 

homoleptic group 3 and lanthanide compounds [Ln(C(SiHMe2)3)3] (Ln = Y (2.1a), Lu (2.1b), 

La (2.1c)) that contain β-agostic SiH structures. These complexes are the first examples of a 

transition metal compound containing the bulky C(SiHMe2)3 ligand,17 which is a smaller 

derivative of trisyl C(SiMe3)3 that has been used to isolate low coordinate metal alkyl 

compounds.10,18 Unlike most β-agostic alkyl compounds, monomeric tris(alkyl) 2.1 contain 

two agostic SiH interactions in each -C(SiHMe2)3 alkyl ligand for a total of six interactions 

per lanthanide(III) center. Although alkali metal cations do not participate in 2.1, but 

incorporation of alkali metal halides in to Sc coordination sphere was observed. Additionally, 

the NMR chemical shift and coupling constant data for 2.1 suggest substantial electron 

delocalization in each tris(dimethylsilyl)methyl ligand. Reaction of 2.1c and B(C6F5)3 trigger 

β-SiH group abstraction to provide zwitterionic lanthanide bis(alkyl) 

[La{C(SiHMe2)3}][HB(C6F5)3] 

 

Results and discussion. 

2.1. Synthesis and characterization of tris(dimethylsilyl)methyl yttrium compound. 
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  In contrast to the low yielding reaction of YCl3 and [LiC(SiHMe2)3(THF)2], a 

suspension of YCl3 and 3 equiv. of [KC(SiHMe2)3] in benzene affords the homoleptic 

solvent-free trialkyl yttrium (2.1a) in excellent yield (eq 2.1). 

 

 

The room temperature 1H NMR spectrum (benzene-d6) of 2.1a contained a multiplet at 3.85 

ppm (Si-H, 1JSiH = 134 Hz) and a doublet at 3.96 ppm (Si-CH3, 3JHH = 3.2 Hz). Two 

absorptions at 2106 and 1845 cm-1 (KBr) attributed to SiH vibrations were observed in the 

infrared spectrum (2102 and 1844 cm-1, THF). The IR and low 1JSiH coupling constants in 

2.1a suggest agostic bonding involving the SiH moieties.19  

  Given the possibility that these interactions involve K+ ions in ‘ate’-type complexes,20 

additional investigations were required. The identity of 2.1a as a homoleptic, salt-free 

tris(alkyl) compound is confirmed by elemental analysis and mass spectrometry (the parent 

ion was observed at m/z = 656). ICP-MS indicated that these ions are present as only trace 

elements.  

  Low temperature NMR spectroscopy indicates that each C(SiHMe2)3 alkyl interacts 

with the yttrium center through two β-agostic interactions. 1H NMR spectra of 2.1a in 

toluene-d8, recorded from 320 to 190 K, are shown in Figure 2.1. As the temperature was 

lowered, the SiH and SiMe resonances were broadened to the coalescence point at 240 K. At 

190 K, the 1H NMR spectrum was sufficiently resolved for interpretation, and two SiMe2 and 

two SiH resonances were detected. The downfield-shifted SiH at 4.71 ppm (1JSiH = 190 Hz, 3 

YCl3  +  3 KC(SiHMe2)3
benzene

- 3 KCl

[Y{C(SiHMe2)3}3]

2.1a, 82% r.t., 12 h
(2.1)
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H)  corresponds to one type of terminal SiH group, while the upfield chemical shift (3.40 

ppm, 6 H) and low 1JSiH (1JSiH = 108 Hz) for the other SiH resonance corresponds to the β-

agostic Y...(H–Si) in 2.1a. The 2:1 ratio corresponds to six non-classical SiH groups and three 

terminal SiH moieties. At 190 K in the 1H NMR spectrum, the two methyl resonances at 0.47 

(36 H, apparently coincident diastereotopic agostic SiMe2, assigned by a 1H COSY 

experiment) and 0.34 ppm (18 H) were too broad for additional structural assignment (ω1/2 = 

14.9 Hz). Therefore, variable temperature 13C{1H} NMR was needed to characterize 2.1a. 

Only one type of yttrium-bonded carbon is detected as a doublet from ambient conditions to 

low temperature (298 K: δ 17.3, 1JYC = 9.8 Hz; 190 K: δ 15.9, 

 

Figure 2.1. 1H NMR spectra of 2.1a showing the splitting of Si-H resonances into a 2:1 ratio 

as temperature is lowered. 

1JYC = 9.9 Hz) in the 13C{1H} NMR spectra (toluene-d8). A comparison with β-SiC agostic 

[Y(CH(SiMe3)2)3] (δ 50.0, 1JYC = 30.2 Hz)12c highlights the unusually high field chemical 

shift and low 1JYC for the yttrium-bound carbon in 2.1a. The low 1JYC of 2.1a results from a 

combination of electron delocalization in the β-agostic alkyl21 and the electropositive Si 



	  

 

15	  

subsituents on carbon (Bent's Rule).22 

  The SiMe2 region of the VT 13C{1H} NMR spectra is also informative: as the 

temperature is cooled, the sharp single (δ 3.96) broadens into a resonance that begins to 

decoalesce at 240 K into three SiMe resonances. The expected three 13C{1H} NMR SiMe 

resonances were assigned using a 1H-13C HMQC experiment: resonances at 4.39 and 2.91 

correspond to the two diastereotopic methyl groups in two agostic SiHMe2 moieties, and the 

third signal at 4.60 corresponds to the two methyl carbons in the non-agostic SiHMe2. At all 

temperatures, all three -C(SiHMe2)3 ligands are equivalent; a mirror plane bisecting each 

ligand relates the two agostic SiHMe2 groups by symmetry and the methyl moities in the 

nonagostic SiHMe2 group are also equivalent. These data are consistent with either 

pyramidal C3v (A) or planer C3h-symmetric (B) structures (Chart 1); A is favored because 

compounds containing agostic interactions typically exhibit distortions from VSEPR 

geometries and yttrium is pyramidal in [Y(CH(SiMe3)2)3].6,7,12  

 

Chart 2.1. Possible structures of 2.1a. 

  The methyl resonances in the 13C{1H} NMR spectra were used to model the exchange 

of agostic and non-agostic SiH groups from 190 to 260 K because 3JHH complicated 

simulation of the 1H NMR spectra. The peak-widths at half-height (ω1/2; e.g., 3.6 Hz at 190 
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K) for all three SiMe resonances are identical within error, and the signals sharpen to the 

same extent as the low temperature limit is approached. gNMR was used to simulate the 

dynamic exchange of the three methyl sites; in our model, all three sites were allowed to 

exchange.23 Good correlation between simulated and experimental spectra allowed the 

determination of rate constants for exchange. An Eyring plot provided activation parameters 

(ΔH‡ = 13.4 ± 0.1 kcal/mol; ΔS‡ of 10.9 ± 0.1 cal/mol K; ΔG‡ = 11.3 kcal/mol at 190 K). The 

small positive value for ΔS‡ is consistent with a dissociative mechanism in which one or both 

β-agostic interactions are disrupted, followed by -C(SiHMe2)3 rotation and re-formation of 

the bis-β-agostic structure (Scheme 2.1).  

 

Scheme 2.1. Fischer projections illustrating two possible mechanisms for exchange of 

agostic and non-agostic SiH groups 

The small values for the activation parameters suggest that exchange with one -C(SiHMe2)3 

SiA

C[Y]

SiC

SiB

H

H

Me2
Me1

Me2

Me1

H
Me3

Me4

SiA

C[Y]

SiC

SiB

H

H

Me2
Me1

Me2

Me1

H
Me3

Me4

SiC

C[Y]

SiB

SiA

H

H

Me1
Me2

Me4

Me3

H
Me2

Me1

SiC

C[Y]

SiB

SiA

H

H

Me1
Me2

Me4

Me3

H
Me2

Me1

both SiH 
dissociate

SiH 
coordination

hindered     Y–C    
rotation

SiA

C[Y]

SiC

SiB

H

H

Me2
Me1

Me2

Me1

H
Me3

Me4

SiC

C[Y]

SiB

SiA

H

H

Me1
Me2

Me4

Me3

H
Me2

Me1

1 SiH 
dissociates

SiH 
coordination

Y–C     free 
            rotation



	  

 

17	  

group is not affected by the other two ligands (i.e., the exchange processes in each ligand are 

not related). The strengths of β-agostic interactions have been estimated by calculations as 

<10 kcal/mol for non-d0 complexes,8 and the interactions in d0 compounds are typically 

smaller (the β-agostic ethyl in Me2YEt was calculated to be 2.4 kcal/mol).24 Thus, the 

exchange process in 2.1a proceeds with a small activation barrier. For comparison, the d2 

compounds Cp2M(Me2HSiC≡CSiHMe2) (M = Ti, Zr) contain one β-agostic and one non-

agostic SiH that undergo exchange; for this process, ΔG‡ values of 8.8 kcal/mol (Ti) and 14 

kcal/mol (Zr) at 190 K were measured.25 The small positive ΔS‡ measured for 2.1a is more 

consistent with exchange via dissociation of one agostic interaction rather than both. The 

large ΔH‡ (relative to calculated for Me2YEt) likely results from a combination of increased 

donor ability of the more polarizable Si–H19 bond in 2.1a compared to the β-C–H in Me2YEt 

and the barrier to rotation of a bulky ligand containing an agostic SiH group.  

  In fact, relatively strong bis-β-agostic interactions are not disrupted by THF, which 

apparently does not coordinate to 2.1a. The IR spectrum of 2.1a in a KBr pellet and as a THF 

solution are very similar (vide supra), and the room temperature 1JSiH in benzene-d6 and 

THF-d8 are identical. The steric bulk 2.1a also prevents coordination of THF. However, 

addition of LiCl to a THF-d8 solution of 2.1a results in a 0.7 ppm downfield change in the 

SiH chemical shift to 4.40 ppm and the value of  1JSiH increases from 130 to 162 Hz. 

Surprisingly, the SiMe resonances are also greatly affected by the presence of LiCl, shifting 

0.32 ppm upfield to -0.07 in comparison to 2.1a. The IR spectrum in THF only contains one 

νSiH  at 2106 cm-1, indicating that the agostic interactions are broken by LiCl coordination. 1H 

NMR spectrum of LiC(SiHMe2)3 recorded in THF-d8 matched up with the product observed 
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above, thus, it suggested a “reverse salt metathesis” reaction. Interestingly, no change in IR 

or NMR spectra of 2.1a are observed in the presence KCl as apparently the adduct 2.1a.KCl 

does not form. Salt adducts of organo-rare earth compounds can complicates their chemistry. 

For example, the 1H NMR spectra of [Lu(CH(SiMe3)2)3] and [Lu(CH(SiMe3)2)3(µ-Cl)K] are 

identical, so the presence and quantity of the KCl-adduct is not easily determined.12b The 

diagnostic νSiH and 1JSiH in 2.1a are clearly useful here for detecting the presence of ‘ate’ 

salts of yttrium. Additionally, compound 2.1a is robust and does not undergo β-hydride 

elimination. When a solution of 2.1a is heated at 60 °C in benzene-d6, no change is observed 

after 1 day. After two days at 100 °C, HC(SiHMe2)3 has formed as the only product with 

58% of 2.1a remaining (as determined by 1H NMR spectroscopy). 

 

2.2. Synthesis and characterization of tris(dimethylsilyl)methyl lanthanum and lutetium 

compounds. 

 Similarly, the solvent-free homoleptic tris(alkyl) lutetium and lanthanum analogs 

M[C(SiHMe2)3]3 (1; M = Lu (2.1b), La (2.1c)) are synthesized with the same salt elimination 

approach of 2.1a using the corresponding lanthanide halides (eq 2.2). Notably, the reaction 

time for 2.1c (1.5 h) is much shorter than both 2.1a and 2.1b. 

 

LnX3(THF)n  +  3 KC(SiHMe2)3
H H

H

C
SiMe2

SiMe2

C Ln
Me2Si

Me2Si C

SiMe2
SiMe2H

SiHMe2
H

Me2HSi

Me2HSi

H

benzene, r.t.

Ln = Lu, X = Cl, n = 3
     = La, X = I, n = 4

Ln = Lu (2.1b) 43%, La (2.1c) 84%

(2.2)

- 3 KX

- n THF
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The compounds are isolated by extraction with pentane and crystallization as colorless to 

pale yellow block crystals in good yield. In the 1H NMR spectra, the complexes show one set 

of doublet for SiMe2 group (2.1b: δ 0.41, 3JHH = 3.3 Hz; 2.1c: δ 0.37, 3JHH = 3.2 Hz) and one 

multiplet resonance of SiH (2.1b: δ 4.04, 1JSiH = 134 Hz; 2.1c: δ 4.15, 1JSiH = 137 Hz) at 

room temperature. The similarity of the 1H NMR spectra of 2.1b and 2.1c compared to 2.1a 

suggested that both 2.1b and 2.1c could be fluxional at ambient temperature; thus, they were 

subject to variable-temperature NMR experiment. Low temperature NMR spectroscopy 

indicates that each -C(SiHMe2)3 alkyl ligand interacts with Ln center through two β-agostic 

interactions. 1H NMR spectra of 2.1b and 2.1c in toluene-d8 were recorded from 298 to 190 

K. As the temperature was lowered, the SiH resonance broadened to the coalescence point at 

233 K, while the SiMe2 resonance remained relatively sharp. At 203 K, the resonances were 

sufficiently resolved and two SiH resonances and three SiMe2 resonances were observed. 

The downfield SiH resonance (2.1b: δ 4.77, 1JSiH = 183 Hz; 2.1c: δ 4.78, 1JSiH = 186 Hz) is 

assigned to the terminal SiH, while the other upfield SiH resonance (2.1a: δ 3.40, 1JSiH = 109 

Hz; 2.1b: δ 3.61, 1JSiH = 105 Hz; 2.1c: δ 4.04, 1JSiH = 114 Hz) corresponds to the β-agostic 

Ln---H—Si. The 2:1 ratio in 1H NMR integration of the SiH resonances reveals six non-

classical (3-center-2-electron) SiH groups and three terminal (2-center-2-electron) SiH 

moieties. Both 1H and 13C{1H} NMR spectra at 190 K contain three SiMe resonances. The 

COSY experiments suggested two of the SiMe resonances are the diastereotopic β-agosic 

SiMe groups. In 13C{1H} NMR spectra at 190 K, three SiMe resonances were observed at 

4.14, 3.76 and 2.36 ppm for 2.1b and 4.42, 3.40, and 2.25 ppm for 2.lc. Also, only one type 

of Ln-bounded C resonances by 13C{1H} NMR spectroscopy were detected for 2.1b (δLuC at 
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25°C: 16.8) and 2.1c (δLaC  at 25 °C: 31.8). In comparison, The Ln-bounded C resonances 

were observed at 57.4 ppm for Lu[CH(SiMe3)2]3
4d and 75.2 ppm for La[CH(SiMe3)2]3,4c 

which are significantly downfield compared to those of Ln[C(SiHMe2)3]3. We reason such 

upfield chemical shift on Ln-C due to the electron delocalization throughout the entire 

agostic C(SiHMe3)3 ligand framework (negative hyperconjugative delocalization).8 

Furthermore, while the 1JSiH vary significantly between agostic and nonagostic SiHs, the 29Si 

NMR chemical shifts do not differ much. For example, the 29Si NMR resonances of the 

agostic SiH are -14.6 and -9.3 ppm and those of nonagostic SiH are -13.3 and -18.5 ppm for 

2.1b and 2.1c at 190 K, respectively. 

Two absorption bands are observed in IR (2.1b: 2107 and 1859 cm-1; 2.1c: 2108 and 

1826 cm-1). The integration of the two bands is roughly 1:2 ratio that suggests the series of 

complexes contain one nonagostic SiH and two agostic SiHs for each –C(SiHMe2)3 ligand. 

The spectroscopic assignment is further supported by the crystal structures of 2.1b and 2.1c. 

Multiple samples of crystals of 2.1a were studied by X-ray diffraction. Although high-

resolution data was obtained, a suitable solution could not be found. Furthermore, while the 

general molecular features of compounds 2.1b and 2.1c are similar (from spectroscopy above 

and X-ray diffraction studies), the crystallographic motifs are not equivalent. Compound 2.1c 

crystallizes in a triclinic P-1 space group with a single molecule in the asymmetric unit and 

two molecules in the unit cell, whereas compound 2.1b crystallizes in P21/n space group with 

4 independent molecules in the asymmetric unit and 16 molecules per unit cell.  
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Figure 2.2. ORTEP diagram of La[C(SiHMe2)3]3 (2.1c). Ellipsoids are plotted at 50% 

probability. Hydrogen atoms bonded to carbon are not illustrated. Hydrogen atoms bonded to 

silicon were located objectively in the Fourier difference map. Significant interatomic 

distances (Å): La1-C1, 2.6953(17); La1-C2, 2.6791(16); La1-C3, 2.6850(16); C1-Si1, 

1.8389(17); C1-Si2, 1.8275(17). Significant interatomic angles (°): La1-C1-Si1, 88.30(6); 
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La1-C1-Si2, 88.54(6); La1-C1-Si3, 126.16(8); C1-La1-C2, 119.70(5); C1-La1-C3, 

119.23(5); C2-La1-C3, 120.99(5). 

 The X-ray structure of 2.1b is illustrated in figure 2.2, and the lutetium tris(alkyl) 

2.1b is isostructural. The structural feature is consistent with two β-agostic SiH interaction 

on each C(SiHMe2)3 ligand, evident by the short La-Si β -agostic distance (avg. 3.229 A) and 

small La-C-Siβ-agostic angle (avg. 89.34 °). The La-C distances of 2.1c are 2.6953(17), 

2.6791(16), 2.6850(16) Å. The other homoleptic La trisalkyls resolved by X-ray include 

La[CH(SiHMe2)2]3, La(CH2Ph)3(THF)3 and La(CH2C6H4-4-Me)3(THF)3. The La-C distances 

of 2.1c are not significantly different than those of La(CH2Ph)3(THF)3
4e (2.645(2) Å) and 

La(CH2C6H4-4-Me)3(THF)3 (avg. 2.626(2) Å).4g However, the La-C bond lengths are longer 

than those of La[CH(SiMe3)2]3 (2.515(9) A) by ~0.16 Å.4c The average torsion angle ∠La-C-Si-

H ranges of the agostic SiHMe2 is 7.10 °, which is significantly distorted from the nonagostic 

SiHMe2 group (avg.∠La-C-Si-H = 42.05 °). Another important feature of La[C(SiHMe2)3]3 

is its planarity on the metal center (Σ∠C-La-C: 359.92(15)°), deviated from the pyramidal 

geometry common to Ln trisalkyl or trisamido complexes, ex. La[CH(SiMe3)2]3, which was 

suggested to minimize the ligand-ligand repulsions. However, in case of Ln[C(SiHMe2)3]3, 

the adoption of planarity helps maximize the metal-ligand interaction by β-SiH agostic 

interactions. Meanwhile, the sum of the angles of Si-C-Si angles for each -C(SiHMe2)3 are 

351.0 °, 349.2 °, and 352.0 °. This implies the C center of each -C(SiHMe2)3 is rather planar 

than tetrahedral (would be ~328 °), thus, this also suggests the strong La—H—Si diagostic 

interactions greatly distort the hybridization of the orbital on the C center. Such planarity 

with two SiHMe2 gorups of each C(SiHMe2)3 ligand pointing to La center and one SiHMe2 
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pointing away La center also minimizes the inter-ligand repulsion. The average La-H 

distance on the agostic La—H—Si interaction is 2.47(2) Å, but the Si-H distances of the 

agostic SiH (avg. 1.49(2) Å) is in average slightly elongated compared to nonagostic SiH 

(1.36(2), 1.40(2), 1.45(2) Å). 

 Similar structural features are also observed in the crystal structure of 2.1b. It also 

features short Lu-Sib-agostic distance (avg. 3.020 Å) and small Lu-C-Si b-agostic angle (avg. 87.20 

°) that are consistent of two β-agostic SiH interaction on each C(SiHMe2)3 ligand on Lu. The 

average Lu-Si distance and Lu-C-Si angle for the nonagostic Lu-C-Si group are 3.924 Å and 

129.29 °. Furthermore, The average Lu-H distance on the agostic Lu—H—Si interaction is 

2.317 Å, but the Si-H distances do not vary much between the agostic SiH and nonagostic 

SiH. The average Lu-C distance of 2.1b is 2.502(2). There are only ample examples of 

homoletptic trisalkyl Lu complexes in literature resolved by X-ray crystallography. Within 

those, Lu-C bonds in 2.1b are about ~0.15 Å longer than those in Lu(CH2SiMe3)3(THF)2 

(2.364-2.380(18) Å)4h and ~0.1 Å longer than those in Lu(CH2Ph)3(THF)3 (2.404(7)-2.413(5) 

Å). 4i Notably, THF molecules were not obtained in the coordination sphere in the complexes 

from smaller (Y, Lu) to biggest lanthanides (La), which suggests the sterically hindered 

C(SiHMe2)3 group effectively protect the metal ions.  
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Figure 2.3. ORTEP diagram of Lu[C(SiHMe2)3]3 (2.1b). Ellipsoids are plotted at 35% 

probability. Hydrogen atoms bonded to carbon are not illustrated. Hydrogen atoms bonded to 

silicon were located objectively in the Fourier difference map. Significant interatomic 

distances (Å): La1-C1, 2.6953(17); La1-C2, 2.6791(16); La1-C3, 2.6850(16); C1-Si1, 

1.8389(17); C1-Si2, 1.8275(17). Significant interatomic angles (°): La1-C1-Si1, 88.30(6); 

Lu1
H3s

H1s

C1

Si3
Si1

Si2
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La1-C1-Si2, 88.54(6); La1-C1-Si3, 126.16(8); C1-La1-C2, 119.70(5); C1-La1-C3, 

119.23(5); C2-La1-C3, 120.99(5). 

 

2.3. Synthesis and characterization of bis(dimethylsilyl)methyl scandium ate 

compounds. 

 Furthermore, we attempted to synthesize the related homoleptic scandium trisalkyl, 

but the desired compound was not obtained. The reaction of ScCl3(THF)3 with either two or 

three equiv. of KC(SiHMe2)3 in benzene yields bisalkyl ate-Sc-LiCl adduct, 

Sc[C(SiHMe2)3]2(µ-Cl)2Li(THF)2 with LiCl bridged between Sc-Cl (confirmed by X-ray 

structure, see supplementary information). The origin of the lithium is believed to come from 

contamination in the synthesis of benzyl potassium (n-BuLi + KOtBu + toluene) used to 

deprotonate HC(SiHMe2)3 in that particular experiment. Similar LiCl coordination to 

lanthanide metal alkyl was previously observed.4j  

Another attempt to synthesize homoletpic tris(alkyl) ScC[C(SiHMe2)3]3 employed lithium-

free KC(SiHMe2)3(tmeda) to avoid lithium contaimation. Instead, the KCl-ate dimer adduct 

[Sc[C(SiHMe2)3]2(µ-Cl)2K(tmeda)2]2 (2.2-KCl-tmeda) formed as pale yellow crystals, but 

its good solubility in pentane contributed the low isolation yield in 20.5% (eq 2.3).  

 

The 1H NMR spectrum in benzene-d6 contained a multiplet at 4.86 ppm (Si–H, 1JSiH = 156 

Hz) and a doublet at 0.61 ppm (Si–CH3, 3JHH = 3.1 Hz). The 13C{1H} NMR also contains one 

benzene
Sc

(Me2HSi)3C

(Me2HSi)3C
Cl
Cl K N

N (2.3)

- 3 KCl
 r.t., 20 h

2.2-KCl, 21%

ScCl3(THF)3

2 KC(SiHMe2)3(TMEDA)
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SiMe resonance at 2.85 ppm, while the other Ln[C(SiHMe2)3]3 exhibits more upfield 

13C{1H} NMR chemical shift on LnC resonance than other homoleptic Ln trisalkyls, ScC 

resonance of 2.2-KCl-tmeda was detected at 34.0 ppm. In comparison, the ScC resonance of 

Sc[CH2SiMe2Ph]3THF2
26 is quite comparable at 37.0 ppm, but that of [Li3ScMe6(THF)1.2]27 

is significantly more upfield at 14.2 ppm. That suggests the incorporation of an alkali metal 

salt and being dimeric greatly affect the electronic property in the alkyl ligand.  

Two absorptions at 2090 and 1844 cm-1 (KBr) observed in the infrared spectrum were 

attributed to SiH vibrations. The IR data and low 1JSiH coupling constant suggest agostic 

interaction involving the SiH moieties and Sc center. X-ray quality crystals were obtained 

from a concentrated pentane solution of 2.2-KCl-tmeda cooled to -30 °C. Although there is 

disorder on the crystal structure, the dimeric 2.2-KCl-tmeda (SAD238) containing bridging 

motif between Sc-Cl and two KCl molecules are unambiguously established. 2.2-KCl-tmeda 

forms an ate complex with a alkali metal halide capped with one TMEDA in a bidentate 

coordination mode (see supplementary information).  

 

2.4. Reactions of 1 with one equiv. of B(C6F5)3. 

 Alkyl group abstraction by organometallic Lewis acids represents the most general 

methodology to generate cationic complexes that are important catalysts in polymerization. 

However, β-H abstraction by Lewis acid is represents a rare event compared to the alkyl 

group abstraction.28 We have found previously that M[C(SiHMe2)3]2THF2 (M: Ca, Yb) react 

with B(C6F5)3 via a β-H abstraction pathway to give zwitterionic hydroborate species. Similar 

to Ca and Yb, the reaction of 2.1c with 1 equiv. of B(C6F5)3 in benzene cleanly rapidly yields 

La[C(SiHMe2)3]2[HB(C6F5)3] (2.3) and 0.5 equiv. of cyclosilabutane 
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[(Me2HSi)2C=SiMe2]2,17b a head-to-tail dimer of silene (Me2HSi)2C=SiMe2 (eq 2.4). 

Although the conversion is quantitative by NMR spectroscopy, the isolation yield is low as 

2.3 is sparingly soluble in pentane that hammers its isolation from the disilacyclobutane by-

product. 

  

The 1H NMR spectrum contained a slightly upfield-shifted SiMe2 group at 0.21 ppm 

and a downfield-shifted SiH resonance at 4.45 ppm (1JSiH = 135.2 Hz). The 1JSiH constant of 

[La(C(SiHMe2)3)2][HB(C6F5)3] is smaller than the isoelectronic Yb[C(SiHMe2)3]2(THF)2 

(133.5 Hz vs. 150.4 Hz), reflecting a more electron and coordinatively unsaturated metal 

center in the absence of the coordination of Lewis bases (ie. THF). Two νSiH bands were 

detected in IR at 2109 and 1787 cm-1 in an approximately 1:2 ratio that suggests the β-SiH 

diagostic structure in 2.1c maintains in 2.3. The β-H abstraction was also evident by the 

observation of a doublet resonance in 11B NMR spectrum (δ -18.0, 1JBH = 62.0 Hz). 

Interestingly, the 11B NMR resonance is more downfield and the 1JBH coupling constant is 

smaller in comparison to other organometallic compounds containing non-coordinated 

HB(C6F5)3. Also, one low energy νBH band was observed at 2261 cm-1 that supports a B---H--

-La bridging motif in 2.3.  

 Although 2.1c is structurally similar to 2.1a (at least spectroscopically) and 2.1b, 

reactions of B(C6F5)3 and 2.1a and 2.1b result in dissimilar organometallic products. By 

La[C(SiHMe2)3]3
2.3, 23%

(2.4)La[C(SiHMe2)3]2[HB(C6F5)3]

r.t., 30 min

C
Me2Si C

SiMe2

Me2HSi
Me2HSi

SiHMe2
SiHMe2

benzene

B(C6F5)3
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-0.5
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monitoring a micromolecular scale reaction in benzene-d6 at room temperature, very small 

amount of the disilacyclobutane was detected, while both 2.1a and 2.1b were fully consumed 

(eq 2.5).   

 

 

In the 1H NMR spectra, two doublets (2.4a, 0.28 ppm (3JHH = 3.5 Hz), 0.16 ppm (3JHH 

= 3.0 Hz); 2.4b, 0.26 ppm (3JHH = 3.6 Hz), 0.19 ppm (3JHH = 3.1 Hz)), one singlet (2.4a, 0.43 

ppm; 2.4b, 0.41 ppm), and two broad singlets (2.4a, 0.70 and 0.52 ppm; 2.4b, 0.69 and 0.52 

ppm) integrated as 18:18:6:6:6 were observed. Also, three sets of SiH resonances were also 

detected (2.4a, 4.33 ppm (1JSiH = 188.1 Hz), 4.18 ppm (1JSiH = 131.9 Hz), 4.12 ppm, (1JSiH = 

91.4 Hz); 2.4b, 4.92 ppm (1JSiH = 84.8 Hz), 4.55 ppm (1JSiH = 131.0 Hz), 4.32 ppm (1JSiH = 

187.6 Hz)). The COSY experiments show cross peaks between the two upfield SiMe2 

doublets (18 H each) and two of the SiH resonances (1JSiH 131-188 Hz), and another cross 

peak between the two broad singlets (6 H each) and the SiH resonance with low 1JSiH (~90 

Hz). Also, a resonance at ~3 ppm in 1H NMR spectrum was observed that shows correlation 

to a broad 11B NMR resonance at -16.4 ppm in 1H-11B HMQC experiment, which indicates 

the products contain HB(C6F5)3. These results support that one SiH group in 2.1a and 2.1b is 

abstracted by B(C6F5)3 to generate two diastereotopic SiHMe2 groups and SiMe2 group. 

Without detection of significant amount of the disilacyclobutane, the β-H abstraction product 

Ln[C(SiHMe2)3]3
H

H
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SiMe2

SiMe2

(Me2HSi)3C
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of –C(SiHMe2)3 ligand, we propose the products as 

[Y{C(SiHMe2)3}2C(SiHMe2)SiMe2][HB(C6F5)3] (2.4a) and 

[Lu{C(SiHMe2)3}2C(SiHMe2)SiMe2][HB(C6F5)3] (2.4b). 1H-29Si HMBC experiments 

suggest the Ln-C-Si moiety unlikely carries silene-type character. For example, the 29Si 

NMR chemical shifts of the SiMe2 group are 0.2 ppm for 2.4a and 0.7 ppm for 2.4b, and the 

13C NMR shifts of C(SiMe2) carbon are 28.9 and 28.3 ppm for 2.4a and 2.4b, respectively. 

Therefore, we cannot rule out possible F---Si+Me2 interaction. Attempts to grow X-ray 

quality crystals only resulted in amorphous solid precipitation. The proposed β-H abstraction 

pathway without silene elimination in 2.4a and 2.4b was further confirmed by addition of 1 

equiv. of DMAP (N,N-dimethylaminopyridine) to a benzene-d6 solution of 2.4a that gives 

2.1a quantitatively and presumably DMAP-B(C6F5)3 Lewis adduct (eq 2.6).29 

 

A control reaction between Y[C(SiHMe2)3]3 and DMAP-B(C6F5)3 does not lead to 

any β-abstraction. And it suggests the reversible β-H shuttling process between Si and B.  

 

2.5. Reactions of 1 with two equiv. of B(C6F5)3. 

 Reactions of 2.1 and 2 equiv. of B(C6F5)3] are less trivial. In all cases, the reactions 

afford dicationic [Ln{C(SiHMe2)3}][{HB(C6F5)3}2] (Ln = Y (2.6a), Lu (2.6b), La (6c); eq 

2.7).  
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The room temperature 1H NMR spectra contain only resonances for the SiMe (2.6a, 

0.13 ppm; 2.6b, 0.13 ppm; 2.6c, 0.00 ppm) and SiH (2.6a, 4.62 ppm, 1JSiH = 120 Hz; 2.6b, 

5.12 ppm, 1JSiH = 136 Hz; 2.6c, 4.38 ppm, 1JSiH = 135 Hz). Notably, the 1JSiH coupling 

constant of 2.6c is only slightly lower than mono-zwitterionic 2.4, although metal center in 

2.6c is expected to be more electrophilic (formally a dicationic species). Similar to 2.4 and 

2.5, the 11B NMR resonances for 2.6 are more downfield than literature reported 

noncontacted ion-pair, therefore, 2.6 may better be categorized as dizwitterionic compounds. 

The unusually upfield 13C resonances of C(SiHMe2)3 in 1 were not observed here for 2.6 

(2.6a, 55.3 ppm; 2.6b, 50.0 ppm; 2.6c, 56.9 ppm), although the 1JYC coupling constant 

remains low (15.7 Hz).  Furthermore, reactions of 3 equiv. of B(C6F5)3 with 2.1 only yielded 

2.6. In comparison, reaction of 2 equiv. of B(C6F5)3 with Yb[C(SiHMe2)3]2(THF)2 leads to 

alkyl group-free dizwitterionic Yb product.30 

 

Conclusion 

 New solvent-free homoleptic trisalkyl lanthanide compounds containing C(SiHMe2)3 

ligand were synthesized, which contained nine β-hydrogens. However, these compounds are 

resistant towards β-H elimination even in elevated temperatures. Two features in these 

complexes inhibit β-hydride elimination: first, three ‘ancillary’ bulky C(SiHMe2)3 ligands 

Ln[C(SiHMe2)3]3
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create a crowded lanthanide center. Second, the product of elimination would give a silene 

(Me2HSi)2C=SiMe2 that is not stabilized by π-donation from a metal center. Six SiH β-

agostic interactions were detected and characterized by spectroscopy and crystallography that 

inhibit β-H elimination. However, addition of Lewis acid B(C6F5)3 facilitates β-hydrogen 

abstraction to give “olefinic” organic product (Me2HSi)2C=SiMe2 and hydridoborate 

organometallic counterparts. More importantly, reaction of B(C6F5)3 with free ligand 

HC(SiHMe2)3 did not lead to any observable reaction. This suggests β-SiH hydrogens are 

activated by lanthanide centers and exhibit hydridic character on the basis of their reactions 

with Lewis acids. Compounds 2.1 contain open coordination sites on Lewis acidic metal 

centers and accessible β-hydrogens that form agostic interactions. However, these alkyls are 

clearly deactivated against β-elimination. Most likely, the M···Si interactions and 

delocalization of charge on the C(SiHMe2)3 ligand, as evidenced by X-ray structures and IR 

spectroscopy, increase the barrier to β-hydride elimination. Our observations also confirmed 

with Bercaw’s postulation that β-agostic interaction provides ground state stabilization 

against β-H elimination.31  

 

Experimental 

General. All manipulations were performed under a dry argon atmosphere using standard 

Schlenk techniques or under a nitrogen atmosphere in a glovebox unless otherwise indicated. 

Water and oxygen were removed from benzene, toluene, pentane, diethyl ether, and 

tetrahydrofuran solvents using an IT PureSolv system. Benzene-d6 and tetrahydrofuran-d8 

were heated to reflux over Na/K alloy and vacuum-transferred. The compounds 
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ScCl3(THF)3,32 LaI3(THF)4,33 LuCl3(THF)3, KC(SiHMe2)3,30 KC(SiHMe2)3(TMEDA),30 

B(C6F5)3
34

 were prepared following literature procedures.  

1H, 13C{1H}, 11B and 29Si{1H} NMR spectra were collected on an Agilent MR400 

spectrometer. 11B NMR spectra were referenced to an external sample of BF3
.Et2O. 15N 

chemical shifts were determined either by 1H-15N HMBC experiments on a Bruker Avance II 

700 spectrometer with a Bruker Z-gradient inverse TXI 1H/13C/15N 5mm cryoprobe or by 1H-

15N CIGARAD experiments on an Agilent MR400 spectrometer;	  15N chemical shifts were 

originally referenced to liquid NH3 and recalculated to the CH3NO2 chemical shift scale by 

adding -381.9 ppm. Assignments of resonances are supported by 1H-1H and heteronuclear 

correlation NMR experiments. Infrared spectra were measured on a Bruker IFS66v FTIR. 

Elemental analyses were performed using a Perkin-Elmer 2400 Series II CHN/S. X-ray 

diffraction data was collected on a Bruker APEX II diffractometer. 

 

Y[C(SiHMe2)3]3 (2.1a). Anhydrous YCl3 (0.046 g, 0.24 mmol) and KC(SiHMe2)3 (0.163 g, 

0.71 mmol) were stirred in 10 ml of benzene at 25 ºC for 12 h. The benzene was removed 

under vacuum, and the resulting brown residue was extracted with pentane (3 × 10 ml). The 

pentane was allowed to evaporation, affording a sticky yellow solid. This solid was re-

recystallized at -30 °C from a minimal amount of pentane to obtain 0.13 g of 2.1a (0.20 

mmol, 82%) as colorless microcrystals. 1H NMR (benzene-d6, 400 MHz, 25 °C): δ 3.85 (m, 3 

H, 1JSiH = 134 Hz, SiHMe2), 0.394 (d, 18 H, 3JHH = 3.2 Hz, SiCH3). 1H NMR (THF-d8, 400 

MHz, 25 °C): δ 3.70 (m, 3 H, 1JSiH = 137.4 Hz, SiHMe2), 0.315 (d, 18 H, 3JHH = 3.2 Hz, 

SiCH3). 1H NMR (toluene-d8, 400 MHz, -83 °C): δ 4.70 (3 H, 1JSiH = 190 Hz, SiHMe2), 3.40 

(6 H, 1JSiH = 109 Hz, SiHMe2), 0.472 (36 H, SiCH3), 0.344 (18 H, SiCH3). 13C{1H} NMR 
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(benzene-d6, 100 MHz, 25 °C): δ 3.96 (SiCH3), 17.3 (d, 1JYC = 9.8 Hz, YC). 13C{1H} NMR 

(THF-d8, 100 MHz, 25 °C): δ 3.67 (SiCH3), 17.5 (d, 1JYC = 9.8 Hz, YC). 13C{1H} NMR 

(toluene-d8, 100 MHz, -83 °C): δ 16.07 (d, 1JYC = 9.9 Hz, YC), 4.60 (SiCH3), 4.39 (SiCH3), 

2.92 (SiCH3).  29Si{1H} NMR (benzene-d6, 79.5 MHz, 25 °C): δ -13.3 (SiHMe2). 29Si{1H} 

NMR (THF-d8, 79.5 MHz, 25 °C): δ -15.3 (SiHMe2).29Si{1H} NMR (toluene-d8, 79.5 MHz, -

83 °C): δ -12.3 (SiHMe2), -15.2 (SiHMe2). IR (KBr): 2954 s, 2899 s, 2105 s (SiH), 1846 s 

(SiH), 1599 w, 1493 w, 1416 m, 1253 s, 1203 m, 1069 s, 957 s, 887 s, 883 s, 779 s, 690 s cm-

1. IR (THF, cm-1): 2980 s, 2682 w, 2102 w (SiH), 1967 w (THF), 1844 w (SiH), 1460 s, 1365 

m, 1289 m, 1252 s, 1181 s, 1069 s, 957 s, 837 s, 690 m. Calcd for C7H21Si3Y: C, 38.37; H, 

9.66. Found: C, 38.80; H, 9.21. EI-MS (m/z, assignment, %): 467 ([M – (C(SiHMe2)3)]+, 8), 

276 ([M – (C(SiHMe2)3)2]+, 10), 188 ([C(SiHMe2)2(SiMe2)]+, 100), 129 

([C(SiHMe2)(SiMe2)]+, 18), 174 (68), 72 ([CH(SiHMe2)]+, 16), 59 ([SiHMe2]+, 11). CI-MS 

(m/z, %, assignment): 656 ([M]+, 2), 467 ([M – H - (C(SiHMe2)3)]+, 14), 189 ([C(SiHMe2)3 – 

H]+, 100), 176 (100).  

[Lu(C(SiHMe2)3)3] (2.1b). LuCl3(THF)3 (0.486 g, 0.977 mmol) and KC(SiHMe2)3 (0.687 g, 

3.005 mmol) were stirred in 10 ml of benzene at 25 °C for 12 h. The benzene was removed 

under vacuum, and the resulting brown residue was extracted with pentane (3 × 5 ml). The 

pentane was allowed to evaporation, affording a sticky yellow solid. This solid was re-

recystallized at -30 °C from a minimal amount of pentane to obtain g of 2.1b as colorless 

microcrystals. (0.315 g, 0.424 mmol, 43.4%). 1H NMR (benzene-d6, 600 MHz, 25 °C): δ 

4.04 (m, 1JSiH = 134.1 Hz, 9 H, SiH), 0.41 (d, 3JHH = 3.3 Hz, 54 H, SiMe).  1H NMR (toluene-

d8, 600 MHz, -80 °C): δ 4.77 (m, 1JSiH = 182.5 Hz, 3 H, SiH), 3.61 (6 H, 1JSiH = 104.6 Hz, 
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SiH), 0.52 (s br, 18 H, SiCH3), 0.49 (s br, 18 H, SiCH3), 0.37 (18 H, SiCH3). 13C{1H} NMR 

(benzene-d6, 150 MHz, 25 °C): δ 16.8 (LuC), 3.9 (SiMe). 13C{1H} NMR (toluene-d8, 150 

MHz, -80 ºC): δ 13.99 (LuC), 4.14 (anagostic SiMe), 3.76 (agostic SiMe), 2.36 (agostic 

SiMe).  29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -13.8. 29Si{1H} NMR (toluene-d8, 

119.3 MHz, -80 ºC): δ -13.3 (anagostic SiH), -14.6 (agostic SiH). IR (KBr, cm-1): 2953 m, 

2899 m, 2107 s br (νSiH), 1859 s br (νSiH), 1417 w, 1253 s, 1073 s br, 957 s, 885 s br, 833 s, 

779 s, 690 s. Anal. Calcd for C21H63Si9Lu: C, 33.93; H, 8.54. Found: C, 34.15; H, 8.20. 

[La(C(SiHMe2)3)3] (2.1c). LaI3(THF)4 (0.365g, 0.452 mmol) and KC(SiHMe2)3 (0.310 g, 

1.356 mmol) were stirred in 10 ml of benzene at 25 ºC for 1.5 h. The benzene was removed 

under vacuum, and the resulting brown residue was extracted with pentane (3 × 5 ml). The 

pentane was allowed to evaporation, affording a sticky yellow solid of spectroscopically pure 

2.1c (0.269 g, 0.380 mmol, 84.0 %). This solid was re-recystallized at -30 °C from a minimal 

amount of pentane to obtain 2.1c as colorless crystals. 1H NMR (benzene-d6, 600 MHz, 25 

°C): δ 4.15 (m, 1JSiH = 136.5 Hz, 9 H, SiH), 0.37 (d, 3JHH = 3.2 Hz, 54 H, SiMe2). 1H NMR 

(toluene-d8, 600 MHz, -80 °C): δ 4.78 (m, 1JSiH = 185.7 Hz, 3 H, SiH), 4.04 (6 H, 1JSiH = 

113.8 Hz, SiH), 0.55 (s br, 18 H, SiCH3), 0.49 (s br, 18 H, SiCH3), 0.42 (18 H, SiCH3). 

13C{1H} NMR (benzene-d6, 150 MHz, 25 °C): δ 31.8 (LaC), 3.6 (SiMe). 13C{1H} NMR 

(toluene-d8, 150 MHz, -80 ºC): δ 30.15 (LaC), 4.42 (anagostic SiMe), 3.40 (agostic SiMe), 

2.25 (agostic SiMe).  29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -13.1. 29Si{1H} 

NMR (toluene-d8, 119.3 MHz, -80 ºC): δ -9.3 (agostic SiH), -18.5 (anagostic SiH). IR (KBr, 

cm-1): 2953 s, 2900 m, 2108 s (νSiH), 1826 s br (νSiH), 1590 w, 1415 w, 1254 s, 1025 s br, 889 
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s br, 835 s, 777 s, 689 s. Anal. Calcd for C21H63Si9La: C, 35.66; H, 8.98. Found: C, 36.56; H, 

9.24.  

[Sc(C(SiHMe2)3)2Cl2K(tmeda)] (2.2-KCl). ScCl3(THF)3 (0.205 g, 2.194 mmol) and 

KC(SiHMe2)3(TMEDA) (0.109 g, 4.388 mmol) were stirred in 40 ml of benzene at 25 ºC for 

20 h. The benzene was removed under vacuum, and the light yellow residue was extracted 

with pentane (2 × 20 ml). The pentane was concentrated to 10 ml and cooled to -30 °C to 

yield 2.2-KCl as pale yellow crystals (0.108 g, 0.166 mmol, 20.5%). 1H NMR (benzene-d6, 

600 MHz, 25 °C): δ 4.86 (m, 1JSiH = 155.7 Hz, 6 H, SiH), 1.95 (s, 4 H, NCH2), 1.94 (s, 12 H, 

NMe), 0.61 (d, 3JHH = 3.1 Hz, 36 H, SiMe). 13C{1H} NMR (benzene-d6, 150 MHz, 25 °C): δ 

57.77 (NCH2), 46.01 (NMe), 33.97 (ScC), 2.85 (SiMe). 29Si{1H} NMR (benzene-d6, 119.3 

MHz, 25 °C): δ -16.8. 15N{1H} NMR (C6D6, 61 MHz): δ -360.9. IR (KBr, cm-1): 2952 s, 

2899 m, 2830 m, 2780 m, 2090 s br (νSiH), 1844 m br (νSiH), 1462 m, 1295 m, 1251 s, 1024 s 

br, 879 s br, 840 s, 781 s, 673 s. Anal. Calcd for C22H62KSi6N2Cl2Sc: C, 38.96; H, 9.21; N, 

4.13. Found: C, 39.55; H, 8.96; N, 4.42. 

[La{C(SiHMe2)3}2][HB(C6F5)3] (2.3). B(C6F5)3 (0.090 g, 0.127 mmol) was added to a 

benzene (4 ml) solution of 1c (0.068 g, 0.134 mmol) in small portions. The resulting yellow 

mixture was stirred at room temperature for 30 min. The solvent was evaporated under 

reduced pressure to give a yellow paste. The residue was washed with pentane (2 x 5ml) and 

the volatiles were evaporated to dryness in vacuo to give 2.3 as an off-white solid (0.031 g, 

0.030 mmol, 23.3%). 1H NMR (benzene-d6, 600 MHz, 25 °C): δ 4.45 (m, 1JSiH = 135.2 Hz, 6 

H, SiH), 0.21 (d, 3JHH = 3.4 Hz, 36 H, SiMe). 13C{1H} NMR (benzene-d6, 150 MHz, 25 °C): 

δ 150.2 (br, C6F5), 148.7 (br, C6F5), 141.0 (br, C6F5), 139.0 (br, C6F5), 137.3 (br, C6F5), 48.1 
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(LaC), 2.2 (SiMe). 11B NMR (benzene-d6, 119.3 MHz, 25 °C): δ -18.0 (d, 1JBH = 62.0 Hz). 

19F NMR (benzene-d8, 564 MHz, 25 °C): δ -137.0 (s br, 6 F, ortho-F), -158.7 (s br, 3 F, 

para-F), -163.3 (s br, 6 F, meta-F).  29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -11.1 

(SiHMe2). IR (KBr, cm-1): 2958 m, 2904 w, 2261 m br (νBH), 2109 m br (νSiH), 1787 m br 

(νSiH), 1646 m, 1603 w, 1516 s, 1467 s br, 1372 m, 1283 s, 1258 s, 1110 s br, 1079 s br, 959 s 

br, 896 s br, 837 s br, 786 s, 673 m. Anal. Calcd for BC32F15H43Si6La: C, 37.28; H, 4.20. 

Found: C, 37.81; H, 4.00. 

[Y(C(SiHMe2)3)2C(SiHMe2)SiMe2][HB(C6F5)3] (2.4a). 1H NMR (benzene-d6, 600 MHz, 25 

°C): δ 4.33 (m, 3 H, 1JSiH = 188.1 Hz, SiHMe2), 4.18 (m, 3 H, 1JSiH = 131.9 Hz, SiHMe2), 

4.12 (m br, 2 H, 1JSiH = 91.4 Hz, SiHMe2), 3.40-2.79 (m br, 1 H, HB), 0.70 (s br, 6 H, 

C(SiHMe2)2), 0.52 (s br, 6 H, C(SiHMe2)2), 0.43 (s, 6 H, SiMe2), 0.28 (d, 18 H, 3JHH = 3.5 

Hz, YC(SiHMe2)3), 0.16 (d, 18 H, 3JHH = 3.0 Hz, YC(SiHMe2)3). 13C{1H} NMR (benzene-d6, 

100 MHz, 25 °C): δ 150.3 (br, C6F5), 148.8 (br, C6F5), 141.1 (br, C6F5), 139.4 (br, C6F5), 

139.0 (br, C6F5), 137.3 (br, C6F5), 31.9 (YC(SiHMe2)3), 28.9 (YC(SiHMe2)2SiMe2), 4.4 

(C(SiHMe2)2) 3.9 (C(SiHMe2)2), 8.9 (SiMe2), 1.7 (YC(SiHMe2)3), 2.5 (YC(SiHMe2)3). 11B 

NMR (benzene-d6, 119.3 MHz, 25 °C): δ -16.8 (s br). 19F NMR (benzene-d8, 564 MHz, 25 

°C): δ -135.5 (s br, 6 F, ortho-F), -157.7 (s br, 3 F, para-F), -161.3 (s br, 6 F, meta-F).  

29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ 0.2 (SiMe2), -4.1 (C(SiHMe2)2), -10.0 

(YC(SiHMe2)3), -16.4 (YC(SiHMe2)3). IR (KBr, cm-1): 2958 s, 2907 m, 2252 s br (νBH), 2160 

s (νSiH), 2139 s (νSiH), 1790 s br (νSiH), 1648 s, 1607 m, 1517 s, 1467 s br, 1375 s, 1282 s, 

1258 s, 1192 m, 1115 s br, 1085 s br, 995 s br, 898 s br, 833 s br, 787 s, 683 s. Anal. Calcd 

for BC39F15H63Si9Y: C, 40.06; H, 5.43. Found: C, 40.68; H, 4.72. 
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[Lu(C(SiHMe2)3)2C(SiHMe2)SiMe2][HB(C6F5)3] (2.4b). 1H NMR (benzene-d6, 600 MHz, 

25 °C): δ 4.92 (m, 2 H, 1JSiH = 84.8 Hz, C(SiHMe2)2SiMe2), 4.55 (m, 3 H, 1JSiH = 131.0 Hz, 

SiHMe2), 4.32 (m br, 3 H, 1JSiH = 187.6 Hz, SiHMe2), 3.90-3.20 (m br, 1 H, HB), 0.69 (s br, 

6 H, C(SiHMe2)2), 0.52 (s br, 6 H, C(SiHMe2)2), 0.41 (s, 6 H, SiMe2), 0.26 (d, 18 H, 3JHH = 

3.6 Hz, C(SiHMe2)3), 0.19 (d, 18 H, 3JHH = 3.1 Hz, C(SiHMe2)3). 13C{1H} NMR (benzene-d6, 

100 MHz, 25 °C): δ 150.34 (br, C6F5), 148.80 (br, C6F5), 141.14 (br, C6F5), 139.00 (br, 

C6F5), 139.0 (br, C6F5), 137.38 (br, C6F5), 33.16 (LuC(SiHMe2)3), 28.32 

(LuC(SiHMe2)2SiMe2), 4.97 (C(SiHMe2)2) 4.52 (C(SiHMe2)2), 8.80 (SiMe2), 2.55 

(C(SiHMe2)3), 1.71 (C(SiHMe2)3), -1.16 (C(SiHMe2)3). 11B NMR (benzene-d6, 119.3 MHz, 

25 °C): δ -15.8 (d, 1JBH = 66.5 Hz). 19F NMR (benzene-d8, 564 MHz, 25 °C): δ -135.5 (s br, 6 

F, ortho-F), -157.7 (s br, 3 F, para-F), -161.3 (s br, 6 F, meta-F).  29Si{1H} NMR (benzene-

d6, 119.3 MHz, 25 °C): δ 0.7 (SiMe2), -1.7 (C(SiHMe2)2), -9.2 (C(SiHMe2)3), -17.8 

(C(SiHMe2)3). 

[LaC(SiHMe2)3][HB(C6F5)3]2 (2.5c). B(C6F5)3 (0.130 g, 0.184 mmol) was added to a 

benzene (4 ml) solution of  2.1c (0.193 g, 0.377 mmol) in small portions. The resulting 

yellow mixture was stirred at room temperature for 30 min. The solvent was evaporated 

under reduced pressure to give a yellow paste. The residue was washed with pentane (3 x 5 

ml) and the volatiles were evaporated to dryness in vacuo to give 2.5c as an off-white solid 

(0.226 g, 0.167 mmol, 90.6%). 1H NMR (benzene-d6, 600 MHz, 25 °C): δ 4.38 (m, 1JSiH = 

134.7 Hz, 3 H, SiH), 2.27-2.96 (br q, 1 H, HB), 0.00 (d, 3JHH = 3.6 Hz, 18 H, SiMe). 13C{1H} 

NMR (benzene-d6, 150 MHz, 25 °C): δ 149.9 (br, C6F5), 148.4 (br, C6F5), 141.2 (br, C6F5), 

139.5 (br, C6F5), 138.9 (br, C6F5), 137.2 (br, C6F5), 56.9 (LaC), 1.4 (SiMe). 11B NMR 
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(benzene-d6, 119.3 MHz, 25 °C): δ -17.7 (d, 1JBH = 58.4 Hz). 19F NMR (benzene-d8, 564 

MHz, 25 °C): δ -137.0 (br, 6 F, ortho-F), -158.7 (br, 3 F, para-F), -163.3 (6 F, meta-F).  

29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -10.3. IR (KBr, cm-1): 2961 m, 2249 vbr 

(νBH), 2116 m br (νSiH), 1647 m, 1605 w, 1517 s, 1467 s br, 1376 m, 1269 m, 1115 s br, 957 s 

br, 900 s br, 841 s, 790 s, 673 m. Anal. Calcd for B2C48F30H35Si3La: C, 40.41; H, 2.47. 

Found: C, 40.84; H, 2.59. 

[YC(SiHMe2)3][HB(C6F5)3]2 (2.5a).  B(C6F5)3 (0.107 g, 0.209 mmol) was added to a 

benzene (2 ml) solution of  2.1a (0.064 g, 0.097 mmol) in small portions. The resulting 

yellow mixture was stirred at room temperature for 30 min. The solvent was evaporated 

under reduced pressure to give a yellow paste. The residue was washed with pentane (3 x 5 

ml) and the volatiles were evaporated to dryness in vacuo to give 2.5a as a white solid (0.097 

g, 0.074 mmol, 76.2%). 1H NMR (benzene-d6, 600 MHz, 25 °C): δ 4.62 (m, 1JSiH = 120.0 Hz, 

3 H, SiH), 2.94-2.33 (br q, 1 H, HB), 0.13 (s br, 18 H, SiMe). 1H{11B} NMR (benzene-d6, 

125 MHz, 25 ºC): δ 2.65 (s, br, HB). 13C{1H} NMR (benzene-d6, 150 MHz, 25 °C): δ 150.38 

(br, C6F5), 148.83 (br, C6F5), 139.89 (br, C6F5), 138.90 (br, C6F5), 137.28 (br, C6F5), 55.32 

(d, 1JYC = 15.7 Hz, YC), 1.24 (SiMe). 11B NMR (benzene-d6, 119.3 MHz, 25 °C): δ -16.1 

(br). 19F NMR (benzene-d8, 564 MHz, 25 °C): δ -135.8 (s vbr, 6 F, ortho-F), -155.2 (s br, 3 

F, para-F), -161.4 (s br, 6 F, meta-F).  29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -

7.3. IR (KBr, cm-1): 2963 w, 2341 w br (νBH), 2120 w br (νSiH), 1647 m, 1609 w, 1520 s, 

1466 s br, 1370 m, 1288 m, 1270 m, 1196 w, 1096 s br, 972 s br, 895 s, 838 s br, 806 s, 773 

m, 738 m, 687 m. 
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[LuC(SiHMe2)3][HB(C6F5)3]2 (2.5b). B(C6F5)3 (0.206 g, 0.403 mmol) was added to a 

benzene (4 ml) solution of  2.1b (0.139 g, 0.187 mmol) in small portions. The resulting 

yellow mixture was stirred at room temperature for 30 min. The solvent was evaporated 

under reduced pressure to give a yellow paste. The residue was washed with pentane (3 x 5 

ml) and the volatiles were evaporated to dryness in vacuo to give 2.5b as a white solid (0.145 

g, 0.104 mmol, 55.8%). 1H NMR (benzene-d6, 600 MHz, 25 °C): δ 5.12 (m, 1JSiH = 136.3 Hz, 

3 H, SiH), 3.86-3.03 (br q, 1 H, HB), 0.13 (s br, 18 H, SiMe). 1H{11B} NMR (benzene-d6, 

125 MHz, 25 ºC): δ 3.57 (s, br, HB). 13C{1H} NMR (benzene-d6, 150 MHz, 25 °C): δ 150.43 

(br, C6F5), 149.78 (br, C6F5), 148.91 (br, C6F5), 147.95 (br, C6F5), 138.88 (br, C6F5), 137.31 

(br, C6F5), 50.02 (br, LuC), 1.50 (SiMe). 11B NMR (benzene-d6, 119.3 MHz, 25 °C): δ -15.5 

(br). 19F NMR (benzene-d8, 564 MHz, 25 °C): δ -136.1 (s vbr, 6 F, ortho-F), -154.9 (s br, 3 

F, para-F), -161.3 (s br, 6 F, meta-F).  29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -

6.1. IR (KBr, cm-1): 2962 w, 2287 w vbr (νBH), 2117 w br (νSiH), 1647 m, 1607 w, 1519 s, 

1467 s br, 1375 m, 1288 m, 1269 m, 1097 s br, 972 s br, 838 s br, 774 m, 687 m. 
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Supplementary material 

Table 1. Rate constants for agostic and nonagostic SiH exchange obtained from simulation 
of 13C{1H} NMR spectra over the temperature range 190 – 260 K. 3 
 

 

 
 
 

 
Figure 1. Stack plot of methyl region of 13C{1H} NMR spectra, acquired from 290 – 190 K. 
 
 
 

T (K) k (s-1) 
190 0 
200 1.47 
210 12.1 
220 59.9 
230 231 
240 785 
250 2350 
260 7710 
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Figure 2. Eyring plot of the VT 13C NMR data from gNMR program.3 
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Determination of Potassium and Chlorine by LA-ICP-MS 

ICP-MS was employed to qualitatively determine whether chlorine and potassium were 

present as part of a stoichiometric compound. Measurements are taken using a Finnigan 

Element 1 ICP-MS (Table 1). Due to the air sensitivity of 2, solution phase ICP-MS is not a 

feasible method, and instead laser ablation (LA-ICP-MS) methods were investigated. A 

pressed pellet of the sample was ablated with a LSX-500 (CETAC Technologies, Omaha 

NE) laser ablation system under an argon atmosphere. 

Ablation was achieved by rastering the sample at 10 Hz with a 100 µm spot size. The 

material was ablated for 150 seconds at 9 mJ per pulse. Pure argon carrier gas was used at 

1.03 L/minute, adjusted for maximum sensitivity. Five separate measurements were taken, 

each was background corrected and the data was averaged for reporting. 

To determine whether chlorine and potassium were present at a high enough content to be 

part of the molecular structure of the sample, yttrium and silicon were also measured as 

internal standards. However, since no appropriate matrix-matched external standard exists, a 

different method of approximating an external standard is necessary. Therefore, an aqueous 

standard was prepared from stock solutions (Plasmachem Associates Inc, Bradley Beach NJ). 

The external standard contained 20.0 ppb Y and Si, and 22.8 ppb K and Cl in 1% (v/v) nitric 

acid. An Apex desolvation system (Elemental Scientific Inc, Omaha NE) was then used to 

remove solvent and approximate a dry load before entering the plasma. Sample gas rate was 

0.80 L/minute during sample uptake with an additional 0.175 L/min added after desolvation, 

adjusted for maximum sensitivity and elimination of polyatomics. 

The atomic ratios in the sample of Y/K, Si/K, Y/Cl and Si/Cl are all sufficiently high to lead 

to the conclusion that potassium and chlorine are not present in the material in a 
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stoichiometric amount (Table 2). The raw data show that silicon and yttrium were far more 

abundant in the sample than in the external standard. Likewise the ratio data show chlorine 

and potassium were far less present in the sample than the primary elements. Five separate 

trials of each measurement are averaged in the data. The most uncertain ratio found is Y/Cl, 

which shows chlorine still to be present at 1.1% the abundance of yttrium. Measurements by 

LA-ICP-MS confirm that potassium and chlorine are only contained in the substance at trace 

amounts. 

Table 1      ICP-MS operating conditions 
ICP-MS device Finnigan Element 1 
Forward Power 1200 W 
Reflected Power 8-9 W 
Cooling Gas 16.00 L min-1 
Auxiliary Gas 0.80-0.85 L min-1 

Sample Gas 0.95 L min-1 aqueous, 1.03 L min-1 LA 
Resolution 4000 (medium resolution) 
Isotopes Measured 28Si, 35Cl, 39K*, 89Y 
Table 1:  * 39K+ was integrated only over half the peak to avoid a common interference ion, 1H38Ar+. The 
integrated signal was then doubled to readjust the data. 
 
Table 2      Atomic ratios of present and trace elements 
2a. Raw Data Sample (cps) Ext. Std. (cps) Sample/Std. 2b. Ratios Average St. Dev. RSD 

Si 2.47e6 1.14e4 2.17e2 Y/K 104000 9000 8.71 

Cl 2.60e5 1.90e5 1.37e0 Si/K 217000 34000 15.9 

K 1.24e6 1.07e9 1.16e-3 Y/Cl 88.1 9.0 10.2 

Y 4.74e8 4.52e6 1.05e2 Si/Cl 182 18 9.61 
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Ortep diagram for 2-LiCl-THF2.  

	  

 

Ortep diagram for 2-KCl-tmeda. 

 

 

 

 



	  

 

49	  

Chapter 3: Intermolecular β-hydrogen abstraction in ytterbium, calcium and 

potassium tris(dimethylsilyl)methyl compounds. 

KaKing Yan, George Schoendorff, Brianna M. Upton, Arkady Ellern, Theresa L. Windus, 

and Aaron D. Sadow 

Modified from a paper published in J. Am. Chem. Soc.2 and a paper published in 

Organometallics3 

Department of Chemistry and US Department of Energy Ames Laboratory, Iowa State 

University, Ames IA, 50011, USA 

	  
Abstract. A series of organometallic compounds containing the tris(dimethylsilyl)methyl 

ligand are described. The potassium carbanions KC(SiHMe2)3 and {KC(SiHMe2)3TMEDA}2 

are synthesized by deprotonation of the hydrocarbon HC(SiHMe2)3 with potassium benzyl. 

{KC(SiHMe2)3TMEDA}2 crystallizes as a dimer with two types of 3-center-2-electron K-H-

Si interactions: side-on coordination of SiH (∠K-H-Si = 102(2)°) and more obtuse K-H-Si 

structures (∠K-H-Si ~ 150°). The divalent calcium and ytterbium compounds 

M{C(SiHMe2)3}2L 
(M = Ca, Yb; L = THF2 or TMEDA) are prepared from MI2 and 2 equiv 

of KC(SiHMe2)3. Low 1JSiH coupling constants in the NMR spectra, low energy νSiH bands in 

the IR spectra, and short M-Si distances and small M-C-Si angles in the crystal structures 

suggest β-agostic interactions on each C(SiHMe2)3 ligand. The IR assignments of 

M{C(SiHMe2)3}2L 
(L = THF2 or TMEDA) are supported by DFT calculations. The 

compounds M{C(SiHMe2)3}2L 
react with 1 or 2 equiv of B(C6F5)3 to give 1,3-

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2 J. Am. Chem. Soc. 2009, 131, 15110-15111. 
3 Organometallics 2013, 32, 1300-1316. 
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disilacyclobutane {Me2Si-C(SiHMe2)2}2 and MC(SiHMe2)3HB(C6F5)3L or 

M{HB(C6F5)3}2L, respectively. In addition, M{C(SiHMe2)3}2L compounds react with BPh3 

to give β-H abstracted products. The compounds M{C(SiHMe2)3}2THF2 react with SiMe3I to 

yield Me3SiH and disilacyclobutane as the products of β-H abstraction, while 

M{C(SiHMe2)3}2TMEDA and Me3SiI form a mixture of Me3SiH and the alkylation product 

Me3SiC(SiHMe2)3 in a 1:3 ratio.  

 

Introduction 

Isolable and thermally robust organotransition-metal compounds tend not to contain 

β-hydrogen-containing alkyl ligands, as these groups are susceptible to intramolecular 

reaction pathways including β-hydrogen elimination and β-hydrogen abstraction.1 However, 

this easily-identified structural feature is not the only requirement for classical intramolecular 

β-H elimination; at least one vacant orbital or coordination site must be located cis to the 

alkyl ligand, the accepting orbital must have the appropriate energy, the symmetry of the 

orbitals involved should be matched throughout the reaction, and the overall thermodynamics 

must favor elimination and/or subsequent products. The pathway for β-hydrogen elimination 

of an alkyl ligand is the microscopic reverse of olefin insertion, and thus both the forward 

and reverse directions of these reactions are chemically important.2  

Likewise, there are specific requirements for β-hydrogen abstraction. Intramolecular 

β-hydrogen abstraction requires a sufficiently basic X– ligand, also located cis to the alkyl 

ligand, to allow the conjugate acid HX to be a leaving group. Note that β-elimination and 

intramolecular β-abstraction are electronically dissimilar in terms of the formal polarization 
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of the β-hydrogen: a hydride is transferred to the metal center in the former reaction, whereas 

a proton is transferred in the latter transformation. In an interesting contrast to transition 

metal chemistry, many main group and rare earth alkyls are reticent to undergo β-hydrogen 

eliminations and abstractions despite highly polarized M-C bonds that give strongly basic 

ligands, potentially open coordination sites resulting from flexible coordination geometries 

and labile metal-ligand interactions, and often highly Lewis acidic metal centers.  

For example, β-hydrogen elimination of alkyllithiums takes place at 130-150 °C in 

refluxing hydrocarbons;3 the sodium congeners react more rapidly, requiring less forcing 

conditions,4 while compounds such as tert-buyl potassium readily eliminate isobutylene as 

one of a number of reaction pathways.5 Likewise, β-H-containing dialkylmagnesium 

compounds form olefins upon thermolysis, however n-butylcalcium chloride persists in 

refluxing tetrahydrofuran.6 Coordinatively unsaturated organolanthanides also undergo β-

elimination less readily than organotransition-metal analogs.7 In a representative 

example, isobutylene elimination from isolable Cp2ErCMe3(THF) is facilitated by LiCl at 

elevated temperatures.8 Despite the hints that group 1, group 2 and rare earth alkyls 

containing β-hydrogen are metastable, most main group and rare earth organometallic 

compounds still avoid gratuitous β-hydrogen in their ligands.9 Thus, β-hydrogen-free 

benzyl,10 allyl,11 CH2SiMe3,12 CH(SiMe3)2,13 and the ultra-bulky trisyl C(SiMe3)3 ligands14 

and their derivatives are commonly employed in starting material syntheses and in the 

preparation of homoleptic alkyl compounds. Such ligands have allowed the preparation of 

dialkyl calcium and ytterbium compounds, such as Ca{C(SiMe3)3}2,15 Yb{C(SiMe3)3}2,16 
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Ca{C(SiMe3)2Ph}2,10 Ca{CH(SiMe3)2}2(C4H2O2)2,17 and Yb{C(SiMe3)2SiMe2X}2 (X = 

OMe, CH2CH2OEt, CH=CH2, hexahydro-2H-pyrimido[1,2-a]pyrimidine).18 

However, β-hydrogens are important in chemical transformations, particularly 

catalytic reactions involving β-hydrogen abstraction such as Meerwein-Ponndorf-Verley 

carbonyl reductions/Oppenauer alcohol oxidations and Tishchenko ester syntheses (Scheme 

3.1).19  

 

Scheme 3.1. Main group and rare earth-catalyzed (A) Meerwein-Ponndorf-Verley 

reduction/Oppenauer oxidation and (B) Tishchenko ester formation that are proposed to 

involve β-hydrogen abstractions. 

These reactions involve β-hydrogen on main group and rare earth alkoxides rather 

than alkyls. The important point here is that β-hydrogens are particularly reactive, even 

though the elimination pathway is not facile in such main group and rare earth metal 

alkoxides. Secondly, β-agostic alkyl compounds provide key information as models for 

intermediates in olefin insertion reactions.20 β-hydrogen-containing silazides, such as 

N(SiHMe2)t-Bu and N(SiHMe2)2, have rich rare earth and early transition-metal chemistry 

that centers on the spectroscopic and structural features and reactivity of the SiH 
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moiety.21,22,23 Thus, a significant amount of chemistry comes from β-SiH containing amido, 

β-CH containing alkoxide, and β-CH containing alkyl compounds. 

Fewer alkyl groups contain β-SiH moieties, and therefore we targeted ligands for rare 

earth and main group compounds that contain M-C bonds and β-SiH groups. Lappert 

described the preparation and the reaction of Me2HSiCH2MgBr and RhCl(PPh3)3 that gives 

RhH(PPh3)4.24 Eaborn has prepared analogs of trisyl HC(SiMe3)3 containing dimethylsilyl 

groups HC(SiHMe2)3 and HC(SiHMe2)(SiMe3)2.25 Ladipo demonstrated that the central CH 

is acidic and readily deprotonated by lithium diisopropylamide.26  

Recently, we reported homoleptic tris(alkyl)yttrium complex Y{C(SiHMe2)3}3 and 

bis(alkyl) calcium(II) and ytterbium(II) compounds M{C(SiHMe2)3}2THF2 (M = Ca, Yb) 

containing the C(SiHMe2)3 ligand.27 These molecules contain spectroscopic and structural 

signatures associated with β-agostic Si-H-M interactions, but do not undergo β-H elimination 

even though they are (at least formally) coordinatively unsaturated. Upon thermolysis to 100 

°C, only HC(SiHMe2)3 is observed. Although the classical intramolecular β-hydrogen 

elimination is inhibited in the sterically hindered -C(SiHMe2)3, addition of external Lewis 

acids results in abstraction of the β-hydrogen rather than the C(SiHMe2)3 group. This 

abstraction is distinguished from the intramolecular β-hydrogen abstraction described above, 

in that the hydrogen is formally removed as a hydride rather than as a proton. 

A few examples of intermolecular β-hydrogen abstractions from alkyl ligands have 

been reported, particularly for aluminum and zinc alkyls.28 Recently, β-hydrogen abstractions 

from zinc alkyls were shown to be favored by pre-coordination of the organometallic 

compound and the Lewis acid.29 Therefore, we wanted to explore the structures of starting 
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materials and β-abstraction products and the effects of the Lewis acid and ancillary ligands in 

our calcium and ytterbium system. We have observed interesting structural and spectroscopic 

effects in these organometallic compounds containing the C(SiHMe2)3 ligands, and we have 

discovered that the M-C bond (rather than the β-SiH) reactivity is enhanced by TMEDA as 

an ancillary ligand. 

 

Results and discussion  

3.1. Synthesis of KC(SiHMe2)3 and {KC(SiHMe2)3TMEDA}2.  

The reaction of HC(SiHMe2)3 and potassium benzyl in THF for 18 h provides 

KC(SiHMe2)3 (3.1) as a red solid (eq 3.1). The red material is insoluble in pentane, and the 

compound solidifies upon washing with that solvent.  

 

The 1H NMR spectrum of KC(SiHMe2)3 contained resonances at 4.59 ppm (1JSiH = 154 Hz) 

and 0.46 ppm (3JHH = 3.2 Hz) assigned to SiH and SiMe groups, respectively; the 13C{1H} 

NMR spectrum contained signals at 2.61 and 5.19 ppm; and the 29Si{1H} NMR spectrum 

contained one signal at -23.3 ppm. Signals for residual or coordinated THF are not detected, 

and combustion analysis is consistent with the formulation KC(SiHMe2)3. Thus, NMR 

spectroscopy is consistent with the presence of a C3 axis that relates the three SiHMe2 groups 

in 3.1. The unexpected red color, the slightly low 1JSiH coupling constant, and the IR 

spectrum with νSiH bands at 2108 and 1973 cm-1 hint at an interesting structure. A UV-vis 

spectrum of 3.1 dissolved in benzene contained a stronger band (λmax: 352 nm, ε = 450 

HC(SiHMe2)3   +   KCH2C6H5 KC(SiHMe2)3   +   C6H5CH3    (3.1)
THF, 18 h

3.1
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Lmol-1cm-1) and a broad and weaker band better described as a shoulder that tails from 450 

to 550 nm (ε = 32.1 Lmol-1cm-1 at 480 nm).  

{KC(SiHMe2)3TMEDA}2 ({3.1·TMEDA}2) is prepared by addition of TMEDA to 

KC(SiHMe2)3 in benzene, and this compound is a red solid that is soluble in pentane and 

benzene. The solution-phase NMR spectra are incommensurate with the results of an X-ray 

structure determination (the solid-phase structure is shown in equation 3.2), and this 

discrepancy suggests a fluxional solution-phase structure. 

 

As in 3.1, the 1H, 13C{1H}, and 29Si NMR spectra of (1·TMEDA)2 suggest a three-fold 

rotation axis that relates the SiHMe2 groups in the alkyl ligand. Thus, the 1H NMR spectrum 

of (3.1·TMEDA)2 contained resonances at 4.80 ppm (1JSiH = 154 Hz) and 0.52 ppm (3JSiH = 

3.5 Hz); the 13C{1H} NMR spectrum contained signals at 5.32 and 5.19 ppm, assigned to 

SiMe and KC groups, respectively; and the 29Si{1H} NMR spectrum contained one signal at -

23.7 ppm.  As in the TMEDA-free potassium alkyl, the 1H NMR data (1JSiH = 154 Hz) and 

FTIR νSiH bands (2105, 2035, 1962 cm-1 in KBr) suggest potassium-silylhydride interactions. 

Assignment of the νSiH signals was facilitated by the corresponding spectrum of  (3.1-

d2·TMEDA)2, in which new peaks at 1533, 1462, and 1414 cm-1 were observed and the 

bands assigned to νSiH were absent.  However, 1H NMR spectra acquired even at 185 K were 

broad, and a spectrum consistent with a static structure was not observed.  
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X-ray quality crystals are grown from concentrated pentane solution, and a solution 

from the diffraction study reveals that (3.1·TMEDA)2 is dimeric in the solid state (Figure 

3.1). The two KC(SiHMe2)3 units of the dimer are related by a crystallographically imposed 

inversion center. Each potassium center is coordinated by a bidentate TMEDA ligand, the 

central carbon and one 'side-on' Si-H moiety from the C(SiHMe2)3 ligand, and two hydrogens 

from two H-Si groups in the second C(SiHMe2)3 group of the dimer. 

 

Figure 3.1. ORTEP diagram of {KC(SiHMe2)3TMEDA}2 ({3.1·TMEDA}2). Ellipsoids are 

plotted at 35% probability. Hydrogen atoms bonded to carbon are not illustrated. Hydrogen 
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atoms bonded to silicon were located objectively in the Fourier difference map. Significant 

interatomic distances (Å): K1-C1, 3.030(5); K1-H3s, 2.80(5); K1-Si3, 3.450(2); K1-Si1#, 

3.983(2); K1-H1s#, 2.68(5); K1-Si2#, 4.096(2); K1-H2s#, 2.85(4). Significant interatomic 

angles (°): K1-C1-Si1, 95.8(2); K1-C1-Si2, 98.1(2); K1-C1-Si3, 87.2(2); K1-H1s#-Si1#, 

156(3); K1-H2s#-Si2# 149(3); K1-H3s-Si3, 102(2). 

The potassium-carbon distance of 3.030(5) Å is shorter than the related distance in 

potassium trisyl KC(SiMe3)3 of 3.10(1) Å; the structure of KC(SiMe3)3 consists of linear 

chains of alternating C(SiMe3)3 groups and K atoms.14c The K-C distance in chains of 

KC(SiHMe2)(SiPhMe2)2 of 3.167(8) Å is also longer;25b in that compound, there are close 

potassium contacts to the silicon (K…Si, 3.457 Å) and hydrogen (K…H, 2.57(9) Å). The 

potassium in the literature compound is also coordinated by two phenyl groups of the next 

alkyl potassium repeat unit. The K-C interatomic distances in these compounds are within the 

sum of van der Waals radii of C and K (4.45 Å).30 The central carbon are typically planar in 

tris(silyl) carbanions as well as phenylsubstituted carbanions;31 thus, the carbon and three 

subsitutents are nearly planar in (1·TMEDA)2, and the sum of the Si-C-Si angles is 358.8°. 

There are three non-equivalent close contacts between potassium and hydrogen 

(bonded to silicon) in (3.1·TMEDA)2. The side-on interaction involves short K…H and short 

K…Si interatomic distances of 2.80(5) and 3.450(2) Å. For comparison, the sum of H and K 

van der Waals radii are 3.84 Å, and the sum of H and K covalent radii are 2.34 Å.32 

Likewise, the sum of Si and K van der Waals radii are 4.85 Å, and the sum of Si and K 

covalent radii is 3.23 Å. The side-on interaction is further identified by an acute K1-C1-Si3 

angle of 87.2(2)°, while the other K1-C1-Si1 and K1-C1-Si2 angles are greater than 90° at 
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95.8(2) and 98.1(2)°. As a result, the plane of the CSi3 moiety is tilted toward the agostic SiH 

with respect to the potassium-carbon vector. 

Four K…H–Si end-on interactions connect the two KC(SiHMe2)3 units to form the 

dimeric structure of (3.1·TMEDA)2, and two of these interactions are equivalent to the two 

other interactions by crystallographically imposed symmetry. Thus, the K1-Si1# distance is 

3.983(2) Å, and the K1-Si2# distance is 4.096(2). The bridging hydrogen atoms were located 

in the electron-density map, and the related K1-H1s# and K1-H2s# distances are 2.68(5) and 

2.85(5) Å. The K1-H1s#-Si1# angle of 156(3)° is greater than the K1-H2s#-Si2# angle of 

149(3). Thus, the potassium compound (3.1·TMEDA)2 contains two types of three-center-

two-electron potassium-hydrosilyl interactions that are best described as agostic and 

anagostic.33 The two potassium atoms of the dimer are separated by a distance of 4.890(2) Å, 

which is within the sum of van der Waals radii (5.50 Å) but longer than the sum of covalent 

radii (4.06 Å); a K–K bond is not chemically reasonable in (3.1·TMEDA)2.  

The connectivity of this structure contrasts with that of LiC(SiHMe2)3THF2 and 

LiC(SiMe3)3TMEDA that are disproportionated Li dimers [Li(L)4][Li(C(SiHMe2)3)2].14,26 

The potassium alkyl KC(SiHMe2)(SiMe2Ph)2 contains a similar K(η2-SiH) interaction with a 

K…H distance of 2.57(9) A.25b  

 

3.2. Synthesis of M{C(SiHMe2)3}2THF2 and M{C(SiHMe2)3}2TMEDA (M = Ca, Yb). 

     Bis(tris(dimethylsilyl)methyl)calcium and ytterbium compounds are synthesized 

by salt metathesis reactions of MI2 and KC(SiHMe2)3. Reactions in tetrahydrofuran provide 

the THF adducts Ca{C(SiHMe2)3}2THF2 (3.2·THF2, 58.7%) and Yb{C(SiHMe2)3}2THF2 

(3.3·THF2, 49.6%).Error! Bookmark not defined.b The diamine adducts Ca{C(SiHMe2)3}2TMEDA 
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(3.2·TMEDA, 23.7%) and Yb{C(SiHMe2)3}2TMEDA  (3.3·TMEDA, 29.8%) are prepared 

from MI2, 2 equiv of KC(SiHMe2)3, and excess TMEDA in benzene (eq 3.3). 

 

In general, the spectroscopic properties of M{C(SiHMe2)3}2TMEDA and 

M{C(SiHMe2)3}2THF2 are similar, but a few features associated with the Si-H groups appear 

to be influenced by the donor ligand and metal center. The 1H NMR spectra for 

M{C(SiHMe2)3}2TMEDA (M = Ca, Yb) each contained one SiH resonance (Ca: δ 4.81, 1JSiH 

= 154 Hz; Yb: δ 4.76 1JSiH = 148 Hz), and these spectral features are similar to those of the 

THF analogues M{C(SiHMe2)3}2THF2 (Ca: δ 4.78, 1JSiH = 152 Hz; Yb: δ 4.78 1JSiH = 150 

Hz). The lowest 1JSiH coupling constant was detected for the ytterbium compound 

3.3·TMEDA, while the largest 1JSiH was observed for calcium 3.2·TMEDA. Although these 

values are likely affected by several time-averaged factors resulting from fluxional exchange, 

3.3·TMEDA consistently exhibits the extreme of spectroscopic values (see below). The 29Si 

NMR spectra of TMEDA and bis(tetrahydrofuran) compounds 3.3 and 3.4 each contained a 

single resonance at ~ –20 ppm.   Additionally, singlet resonances in both 1H and 13C{1H} 

NMR spectra of 3.2·TMEDA and 3.3·TMEDA, assigned to the N-methyl and methylene 

groups of the TMEDA ligand, suggested bidentate coordination of TMEDA to ytterbium and 

calcium metal centers, respectively. 

M
Me2Si

H

Me2HSi
Me2HSi Si

Me2

H SiHMe2
SiHMe2

N
N3 TMEDA

benzene
r.t., 12 h
- 2 KI

MI2
+

2 KC(SiHMe2)3

M = Ca (3.2-TMEDA) 23.7%
M = Yb (3.3-TMEDA) 29.8%

(3.3)



	  

 

60	  

Three slightly broad bands were observed in the IR spectra of 3.2·TMEDA and 

3.3·TMEDA in the region associated with SiH stretching modes (Table 3.1). Three bands 

contrast the two νSiH bands for KC(SiHMe2)3. The IR spectra of 3.2-d6·TMEDA and 3.3-

d6·TMEDA provide further support for the νSiH assignments (see Table 3.1). Additionally, the 

NMR spectra suggest equivalent SiHMe2 groups; the comparison of IR and NMR spectra 

indicates fluxionality on the NMR timescale. We assigned the two higher energy bands to 

terminal and weakly activated Si-H, whereas the lowest energy bands are associated with the 

Si-H bonds of silicon and hydrogen atoms that most closely approach the metal centers. 

These assignments are supported by DFT calculations (see below). The frequencies of the 

terminal SiH (high νSiH) are approximately constant for all compounds, but the low energy 

νSiH bands vary significantly. The signals are similar for THF-coordinated Ca and Yb 

compounds (~1900 cm-1), lower energy in Ca{C(SiHMe2)3}2TMEDA (1861 cm-1), and lowest 

in Yb{C(SiHMe2)3}2TMEDA (1846 cm-1). Based on the inequivalent SiH bands in the IR 

spectra, we attempted to resolve the 1H NMR spectra of 3.2-3.3·THF2 and 3.2-3.3·TMEDA 

with variable-temperature measurements from 185-298 K in toluene-d8. However, spectra 

acquired even at 195 K contained equivalent and broad resonances associated with the 

SiHMe2 groups. 

Table 3.1. Infrared spectroscopic data for tris(dimethylsilyl)methyl potassium, calcium, and 

ytterbium with THF and TMEDA ligands (KBr, cm-1). 

Compound high νSi

H 
intermediate νSiH low νSiH 

HC(SiHMe2)3:25a  2090 n.a. n.a. 
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HC(SiDMe2)3 1534 n.a. n.a. 

KC(SiHMe2)3 (3.1) 2108 n.a. 1973 

KC(SiDMe2)3 (3.1-d3) 1532 n.a. 1417 

{KC(SiHMe2)3TMEDA}2 
({3.1·TMEDA}2) 

2105 2035 1962 

{KC(SiDMe2)3TMEDA}2                          
({3.1-d3·TMEDA}2) 

1533 1462 1414 

Ca{C(SiHMe2)3}2THF2 (3.2·THF2) 2107 2066 1905 

Ca{C(SiDMe2)3}2THF2 (3.2-d6·THF2) 1530 1493 1409 

Ca{C(SiHMe2)3}2THF2                             asym: 

(3.2CALC ·THF2)                               sym: 

2087 

2090  

2050  

2050  

1887  

1881  

Yb{C(SiHMe2)3}2THF2 (3.3·THF2) 2101 2065 1890 

Yb{C(SiDMe2)3}2THF2 (3.3-d6·THF2) 1506 sh 1492 1410 

Yb{C(SiHMe2)3}2THF2                     

(3.3CALC ·THF2)  C1-symmetric                                   

2074  

2090  

2047  

2051  

1893 

1878  

3.2·TMEDA 2105 2038 1861 

3.2-d6·TMEDA 1510 sh 1493 1411 

3.3·TMEDA 2080 2038 1846 

3.3-d6·TMEDA 1505 sh 1494 1380 

CaC(SiHMe2)3HB(C6F5)3THF2 (3.4·THF2) 2077 2042 1957 

YbC(SiHMe2)3HB(C6F5)3THF2 (3.5·THF2) 2074 n.a. 1921 

 (3.4·TMEDA) 2094 2026 1918 

 (3.5·TMEDA) 2094 2027 1899 

 

Recrystallization of Yb{C(SiHMe2)3}2TMEDA from a concentrated pentane solution 

at -30 °C provides X-ray quality crystals, and an ORTEP diagram is shown in Figure 2. 
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Although previously reported THF-adducts 3.2·THF2 and 3.3·THF2 have similar structures 

to the ytterbium diamine adduct described here, the features of the M–C(SiHMe2)3 

interactions (Tables 3.2 and 3.3) interestingly correlate with spectroscopic trends (Table 3.1) 

for the THF and TMEDA adducts. 

 

Figure 3.2. ORTEP diagram of Yb{C(SiHMe2)3}2TMEDA (3.3·TMEDA). Carbon atoms on 

the TMEDA are plotted as points and hydrogen atoms on TMEDA and silyl methyl groups 

are not illustrated. Interatomic distances (Å): Yb1-C7, 2.68(1); Yb1-C14, 2.67(1); Yb1-Si1, 

3.374(4); Yb1-Si2, 3.191(4); Yb1-Si3, 3.977(4); Yb1-Si4, 3.559(4); Yb1-Si5, 4.002(4); Yb1-

Si6, 3.142(4); Yb1-H2s, 2.4(1); Yb1-H6s, 2.5(1). Interatomic angles (°): N1-Yb1-N2, 

71.5(3); C7-Yb1-C14, 121.8(3); Si1-C7-Si2, 116.7(6); Si1-C7-Si3, 117.2(6); Si2-C7-Si3, 
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114.4(6); Si4-C14-Si5, 114.0(6); Si4-C14-Si6, 113.2(2); Si5-C15-Si6, 114.8(6); Yb1-H2s-

Si2, 44(4); Yb1-H6s-Si6, 52(4).  

The formally four-coordinate ytterbium center adopts a distorted tetrahedral geometry 

containing an acute ∠N-Yb-N angle of 71.5(3)° and an obtuse ∠C-Yb-C angle of 121.8(3)°. 

All of the SiHMe2 groups in the C(SiHMe2)3 ligands are oriented with hydrogen directed 

toward the interior of the molecule and the methyl groups pointing outward. The hydrogen 

atoms bonded to silicon were located objectively in the difference Fourier map; the positions 

of the SiMe2 atoms and the electron density map provide a reasonable estimate of the 

hydrogen position, subject to the normal limitations associated with X-ray diffraction. Still, 

the angles and distances of the C(SiHMe3)3 ligands show distortions associated with β-

agostic structures. In particular, three categories of Yb-Si distances are easily identified as 

long (~4 Å), intermediate (3.4-3.5 Å), and short (3.14-3.19 Å). For comparison, the Yb-Si 

distance in Cp*YbSi(SiMe3)3 is 3.032(2) Å.34 The Yb-C-Si angles in 3.3·TMEDA may also 

be categorized as obtuse (~120°), intermediate (95-102), and acute (86-88°), and these angles 

correlate with the Yb-Si distances. However, the C-Si distances in the CSi3 moieties (C7-Si1, 

C7-Si2, C7-Si3 and C14-Si4, C14-Si5, C14-Si6) are identical within 3σ error. 
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Table 3.2. Significant interatomic distances from the single crystal diffraction studies of 

Ca{C(SiHMe2)3}2THF2 (3.2·THF2), Yb{C(SiHMe2)3}2THF2 (3.3·THF2), 

Yb{C(SiHMe2)3}2TMEDA (3.3·TMEDA), CaC(SiHMe2)3HB(C6F5)3)THF2 (3.4·THF2), and 

YbC(SiHMe2)3HB(C6F5)3THF2 (3.5·THF2), as well as from density function theory 

modeling of Ca{C(SiHMe2)3}2THF2 (3.2calc·THF2) and Yb{C(SiHMe2)3}2THF2 

(3.3calc·THF2). 

Compound agostic  

M-Si 

intermediate 

M-Si 

long 

M-Si 

M-C bond 

Ca{C(SiHMe2)3}2THF2 
(3.2·THF2) 

Ca1-Si2 
3.216(2) 

Ca1-Si3 
3.571(2) 

Ca1-Si1 
3.642(3) 

Ca1-C7 
2.616(7) 

 (3.2calc·THF2) 3.209 3.660 3.721 2.579 

Yb{C(SiHMe2)3}2THF2 
(3.3·THF2) 

Yb1-Si1 
3.180(1) 

Yb1-Si3 
3.515(2) 

Yb1-Si2 
3.617(2) 

Yb1-C1 
2.596(4) 

(3.3calc·THF2) C1 3.272    
3.286 

3.624      
3.654 

3.785   
3.699 

2.602    
2.598      

Yb{C(SiHMe2)3}2TMEDA 
(3.3·TMEDA)  

Yb1-Si6 
3.142(4) 

Yb1-Si1 
3.374(4) 

Yb1-Si3  
3.977(4) 

Yb1-C7 
2.68(1) 

Yb1-Si2 
3.191(4) 

Yb1-Si4 
3.559(4) 

Yb1-Si5 
4.002(4) 

Yb1-C14 
2.67(1) 

CaC(SiHMe2)3HB(C6F5)3)THF2 
(3.4·THF2) 

Ca1-Si3 
3.097(1) 

Ca1-Si2 
3.097(1) 

Ca1-Si1 
3.912(1) 

Ca1-C1 
2.566(3) 

YbC(SiHMe2)3HB(C6F5)3THF2 
(3.5·THF2) 

Yb1-Si1 
3.1016(7) 

Yb1-Si2 
3.0925(7) 

Yb1-Si3 
3.937(1) 

Yb1-C27 
2.593(2) 
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Table 3.3. Significant interatomic angles from the single crystal diffraction studies of 

Ca{C(SiHMe2)3}2THF2 (3.2·THF2), Yb{C(SiHMe2)3}2THF2 (3.3·THF2), 

Yb{C(SiHMe2)3}2TMEDA (3.3·TMEDA), CaC(SiHMe2)3HB(C6F5)3THF2 (3.4·THF2) and 

YbC(SiHMe2)3HB(C6F5)3THF2 (3.5·THF2), as well as from density function theory 

modeling of Ca{C(SiHMe2)3}2THF2 (3.2calc·THF2) and Yb{C(SiHMe2)3}2THF2 

(3.3calc·THF2). 

Compound agostic  

M-C-Si 

intermediate 

M-C-Si 

obtuse 

M-C-Si 

Ca{C(SiHMe2)3}2THF2 (3.2·THF2) Ca1-C7-Si2    
90.7(3) 

Ca1-C7-Si3 
105.1(3) 

Ca1-C7-Si1 
108.4(3) 

Ca{C(SiHMe2)3}2THF2 (3.2calc·THF2) 90.730 109.358 111.747 

Yb{C(SiHMe2)3}2THF2 (3.3·THF2) Yb1-C1-Si1 
90.6(1) 

Yb1-C1-Si3  
103.9(2) 

Yb1-C1-Si2   
108.7(2)  

Yb{C(SiHMe2)3}2THF2 (3.3calc·THF2) C1 92.407     
93.037 

106.949  
108.099 

113.896  
110.556 

Yb{C(SiHMe2)3}2TMEDA (3.3·TMEDA)  Yb1-C14-Si6 
86.2(4) 

Yb1-C7-Si1 
95.1(5) 

Yb1-C7-Si3 
120.7(5) 

Yb1-C7-Si2 
88.1(4) 

Yb1-C14-Si4 
102.0(5) 

Yb1-C14-Si5 
123.3(5) 

CaC(SiHMe2)3HB(C6F5)3THF2 (3.4·THF2) Ca1-C1-Si3 
88.2(1) 

Ca1-C1-Si2 
88.1(1) 

Ca1-C1-Si1 
125.2(1) 

YbC(SiHMe2)3HB(C6F5)3THF2 
(3.5·THF2) 

Yb1-C27-Si1 
87.43(9) 

Yb1-C27-Si2 
87.22(9) 

Yb1-C27-Si3 
125.3(1) 

 

In 3.3·TMEDA, the SiHMe2 groups associated with the most acute M-C-Si angles, 

Yb-C7-Si2 and Yb-C14-Si6, also have small Yb-C-Si-H torsion angles showing that the Yb-

C and Si-H bonds are co-planar. In particular, the Yb1-C14-Si6-H6s torsion angle is 3.75°, 
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and the Yb1-C7-Si2-H2s is 3.31°. The torsion angles for the other Yb-C-Si-H are greater 

than 20°. Together, short Yb-Si distances and acute Yb-C-Si angles, along with small Yb-C-

Si-H torsion angles and short Yb-H distances, provide structural support for two mono-

agostic C(SiHMe2)3 ligands bonded to ytterbium center in 3.3·TMEDA. Similar features are 

observed in 3.2·THF2 and 3.3·THF2.   

In fact, comparisons with THF adducts of Ca and Yb reveal that the ytterbium 

TMEDA adduct contains shorter M-Si distances, even though the ionic radius of six-

coordinate Ca(II) (1.00 Å) is 0.02 Å shorter than that of Yb(II) (1.02 Å).35 For example, the 

shortest Yb-Si distance in 3.3·TMEDA is 3.142(4) Å, whereas the shortest M-Si distances in 

THF adducts are 3.216(2) Å (Ca) and 3.180(1) Å (Yb). Likewise, the most acute M-C-Si 

angle is found in the ytterbium TMEDA adduct of 86.2(4)° in comparison to the Ca value of 

90.7(3)° and Yb angle of 90.6(1)° in the THF adducts. These structural features nicely 

parallel the trends observed in the IR, where 3.3·TMEDA contains the lowest energy νSiH. 

The M-C distances, however, are long in the TMEDA adduct (Yb-C7, 2.68(1); Yb-C14,  

2.67(1) Å). These interatomic distance are longer by ~0.2 Å than those found in the 

corresponding C(SiMe3)3 compound Yb{C(SiMe3)3}2 (2.490(8) and 2.501(9) Å)16 and even 

~0.1 Å longer than in Yb{C(SiHMe2)3}2THF2 (2.596(4) Å).  

Clearly, the donor ligands THF and TMEDA influence the spectroscopic and 

structural properties of compounds 3.2 and 3.3, particularly the characteristics associated 

with the tris(dimethylsilyl)methyl-metal interaction. We were therefore curious which donor 

would bind preferentially. Reaction of 1 equiv of TMEDA and 3.2·THF2 in benzene-d6 

quantitatively provides 3.2·TMEDA and 2 equiv of THF (eq 3.4).  
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In contrast, addition of excess THF (>5 equiv) to 3.3·TMEDA provides the mixed donor 

compound {Yb[C(SiHMe2)3]2THF}2TMEDA ({3.3·THF}2TMEDA), which is also isolated 

in quantitative yield (eq 3.5). 

 

The thermal stabilities of 3.3·TMEDA and 3.3·THF2 were examined to further 

compare the effects of THF and TMEDA as ligands in these bis(alkyl) divalent metal 

compounds. Thermolysis of both compounds at 120 °C in benzene-d6 yields the hydrocarbon 

HC(SiHMe2)3 as the only 1H NMR spectroscopically active material; however  3.3·TMEDA 

is consumed in 6 h, whereas the THF adduct requires 96 h to form HC(SiHMe2)3. The source 

of the hydrogen HC(SiHMe2)3 is unknown. The deuterated solvent is dried and distilled from 

NaK alloy prior to thermolysis, and the interior surface of a Teflon-sealed J. Young style 

NMR tube is silylated with CHCl3/Me3SiCl. These compounds are highly air- and moisture 

sensitive, and benzene-d6 solutions are 90% decomposed to HC(SiHMe2)3 upon 30 s of air 

exposure. Their persistence in sealed NMR tubes at room and moderate temperatures (60 °C) 

argues against adventitious hydrolysis in the high temperature reactions. Thermolysis of 

3.3·(THF-d8)2 provides HC(SiHMe2)3, ruling out THF as the source of hydrogen. 

Thermolysis of Yb{C(SiDMe2)3}2THF2 affords HC(SiDMe2)3; this experiment rules out the 
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H
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silicon-hydride as the source of hydrogen by intramolecular or intermolecular β-hydrogen 

abstraction. A related decomposition of Cp*La(CH(SiMe3)2)2THF produces H2C(SiMe3)2, in 

which the proton source is proposed to be the C5Me5 ligand; that is not a possibility in this 

case.36  

3.3. Density Functional Theory Calculations of Ca{C(SiHMe2)3}2THF2 and 

Yb{C(SiHMe2)3}2THF2.  

Both Ca{C(SiHMe2)3}2THF2 (3.2·THF2) and Yb{C(SiHMe2)3}2THF2 (3.3·THF2) 

were modeled using Density Functional Theory (DFT) employing the B3LYP functional. 

DFT optimizations were performed for gas-phase species and compared with solid state 

results to help elucidate the locations of the hydrogens. The calculations also facilitate 

assignments of infrared bands to particular structural motifs; indeed, the calculations show 

that the SiH groups with short M-SiH distances also have low energy νSiH bands. The large 

size of the compounds limits the methods available for the calculations; X-ray coordinates 

were used as the starting geometries for optimizations. Our first calculations employed the 

constraint of C2 symmetry. C2-optimized structures contain very small imaginary frequencies 

in the Hessian calculations (3.2calc·THF2: –19, –28 cm-1; 3.3calc·THF2: –20, –24, –38 cm-1). 

These imaginary frequencies correspond to a rotational motion of the SiH(CH3)2 groups 

around the C-Si bonds that results in breaking of the C2 symmetry. The Yb complex 

3.3calc·THF2, re-optimized without symmetry constraints (C1 symmetry) to examine the effect 

of this rotation, retains the imaginary frequencies (–35, –23, and –18 cm-1). Further geometry 

optimizations were not performed because the magnitudes of the imaginary frequencies are 

small and the computational cost for these calculations are large. Furthermore, the small 

magnitude of the imaginary frequencies indicates that this region of the potential energy 
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surface is relatively flat, thus a structure with a positive definite Hessian is difficult to locate.  

Also, because the potential energy surface (PES) is relatively flat, the imaginary modes 

introduce only a small error in the calculated energy.  Finally, the C1-optimized Yb complex 

and C2-optimized 3.3calc·THF2 have similar νSiH values, similar Si-H distances, and similar 

Si-C distances. 

Despite these minor difficulties, the optimized gas-phase structures reproduce the 

general features of the structures obtained from crystallography (see Tables 3.2 and 3.3 for 

crystallographic and DFT-calculated distances and angles). Each C(SiHMe2)3 ligand contains 

one SiHMe2 group with short M-H and M-Si distances and acute M-C-Si angles consistent 

with a β-agostic SiH. The optimized Ca-C distance of 2.58 Å is shorter than the experimental 

distance in 3.2·THF2 of 2.616(7) Å (see Table 3.2), whereas the calculated Yb-C distance 

(2.60 Å) is similar to the experimental distance 2.596(4) Å. The shortest optimized M-Si 

distances in each molecule are reproduced well for Ca and slightly longer than experiment 

for Yb (Ca-Si: calc. 3.21, expt. 3.216(2) Å; Yb-Si: calc. 3.27, expt. 3.180(1) Å). 

The DFT calculations support a relationship between Si-H and Yb-H distances. The 

calculation of 3.2calc·THF2 clearly shows a long Si-H distance is associated with a short Ca-

H distance; likewise 3.3calc·THF2 contains long Si-H distances for the hydrogen atoms that 

have close contacts to the ytterbium center. Furthermore, the calculated vibrational 

frequencies (see Table 3.1) show that the longest Si-H distances are the moieties with the 

lowest energy νSiH. However, the Si-H distances in the X-ray structures are identical within 

3σ error. Although 3.3·THF2 contains a seemingly long Si-H distance for the hydrogen that 

has a short Yb-H distance, that observation may be fortuitous.  
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Table 3.4. M-H and Si-H distances in 3.2·THF2, 3.2calc·THF2, 3.3calc·THF2 and 3.3calc·THF2. 

Compound Si-H M-H 
3.2·THF2 Si1-H1s: 1.42(6) Ca1-H1s: 3.37(2) 

Si2-H2s: 1.39(6) Ca1-H2s: 2.53(7) 
Si3-H3s: 1.46(6) Ca1-H3s: 3.86(6) 

3.2calc·THF2 (C2 symmetry) 1.541 2.562 
1.507 3.936 
1.500 3.744 

3.3·THF2 Si1-H1s: 1.48(3) Yb1-H1s: 2.50(3) 
Si2-H2s: 1.36(4) Yb2-H2s: 3.56(4) 
Si3-H3s: 1.42(4) Yb3-H3s: 3.59(4) 

3.3calc·THF2 (C1 symmetry) 1.541 and 1.538 2.651 and 2.679 
1.500 and 1.502 3.881 and 3.665 
1.506 and 1.507 3.916 and 3.991 

3.3·TMEDA Si1-H1s: 1.6(1) 
Si4-H4s: 1.4(1) 

Yb1-H1s: 2.9(1) 
Yb1-H4s: 3.4(1) 

Si2-H2s: 1.5(1) 
Si6-H6s: 1.6(1) 

Yb1-H2s:  2.4(1) 
Yb1-H6s: 2.5(1) 

Si3-H3s: 1.4(1) 
Si5-H5s: 1.6(1) 

Yb1-H3s: 4.2(1) 
Yb1-H5s: 4.0(1) 

	  
For comparison, in-depth studies of monoagostic and diagostic tetramethyldisilazide 

compounds of lanthanum, lutetium, yttrium, and scandium reveal ~0.05 Å lengthened Si-H 

distances.23d In computationally-modeled compounds such as {H2Si(C5H4)2}LaN(SiHMe2)2, 

the β-diagostic interaction is described as a donor-acceptor pair, with both the Si and H 

contributing to the donor orbitals and the lanthanum s and d orbitals as the acceptor. 

In the present system, the Kohn-Sham orbitals show that the HOMO and HOMO-1 (-

0.1828 and -0.1919 Hartree) are largely centered on the carbon bonded to the calcium center. 

An Edminston-Ruedenberg energy localization of the orbitals provides a localized orbital 

picture (the HOMO is shown in Figure 3.3a).37 The next lower set of orbitals involves 

bonding from the central carbon to the silicon centers, followed by Si-C bonding to the 

methyl groups. The Si-H bonding orbitals are still lower in energy. The Kohn-Sham 
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canonical orbitals corresponding to terminal silicon-hydrogen bonding are grouped by energy 

in two sets (-0.4790 and -0.4779 Hartree; -0.3147 and -0.3136 Hartree); the Si-H bonds 

associated with the β-agostic structures are barely stabilized versus the latter set (-0.3231 and 

-0.3175 Hartree) and significantly higher energy than the former.  

 

 

Figure 3.3. Rendered image of localized orbitals of the HOMO (A) and occupied Si-H 

bonding orbital associated with the β-agostic SiH (B) are illustrated. Ca, Si, C, O and H are 

shown as light green, teal, grey, red and white, respectively.  The localized orbital is shown 

in green. 

3.4. β-Hydrogen Abstraction Reactions. 

Reactions of M{C(SiHMe2)3}2L2 and B(C6F5)3.  

A B
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The identity of the organic thermolysis product as HC(SiHMe2)3 argues against β-

hydrogen elimination as the kinetically favored reaction pathway. While β-hydrogen 

eliminations are notoriously slow for rare earth and main group metal compounds as noted in 

the introduction, 3.2-3.3·THF2 and 3.2-3.3·TMEDA contain (presumably) hydridic β-

hydrogen bonded to silicon and Lewis acid sites on the metal that might act as intramolecular 

hydride acceptors via β-elimination or through intermolecular reactions involving β-hydride 

abstraction. Therefore, reactions of 3.2-3.3·THF2 and 3.2-3.3·TMEDA with the Lewis acids 

B(C6F5)3, BPh3, and Me3SiI were explored to test nucleophilicity of the central carbanion 

versus the peripheral β-hydrogen. 

Reactions of 3.2-3.3·THF2 and B(C6F5)3 occur through β-hydrogen abstraction to 

form MC(SiHMe2)3{HB(C6F5)3}THF2 (M = Ca (3.4·THF2); Yb (3.5·THF2)), as previously 

communicated.27d Similarly, the TMEDA adducts and B(C6F5)3 react to give MC(SiHMe-

2)3{HB(C6F5)3}TMEDA (M = Ca (3.4·TMEDA); Yb (3.5·TMEDA)) and 0.5 equiv of 1,3-

disilacyclobutane {Me2Si-C(SiHMe2)2}2, which is the head-to-tail dimer of the silene 

Me2Si=C(SiHMe2)2 (eq 3.6). 

	  
These reactions are best monitored initially by 11B NMR spectroscopy, in which sharp 

upfield doublet resonances (3.4·THF2: –21.3 ppm, 1JBH = 76.2 Hz; 3.4·TMEDA: –21.8 ppm, 

1JBH = 75.0 Hz; 3.5·THF2: –20.8 ppm, 1JBH = 72.8 Hz; 3.5·TMEDA: –21.4 ppm, 1JBH = 71.6 
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Hz) are consistent with formation of an anionic, four-coordinate boron center that is bonded 

to hydrogen. In the 1H{11B} NMR spectra, singlets were assigned to the boron hydride 

(3.4·THF2: 2.63 ppm; 3.4·TMEDA: 2.64 ppm; 3.5·TMEDA: 3.22 ppm), and cross-peaks in 

1H-11B HMQC experiments supported these assignments. The general NMR features of the 

C(SiHMe2)3 ligand were similar in 3.4-3.5·THF2 and 3.4-3.5·TMEDA. In the 1H NMR 

spectra, upfield doublets (~0.3 ppm, 3JSiH ~ 3 Hz) were assigned to methyl groups of the 

SiHMe2, whereas the SiH multiplets were characterized by signals from 4.4 – 4.6 (1JSiH 145-

149 Hz). Table 3.5 lists the SiH resonances and 1JSiH coupling constants for the dialkyl 

compounds and the (alkyl)hydridoborate complexes for comparison. The signals in the 

zwitterionic compounds are ca. 0.2 ppm upfield in comparison to the dialkyl, and the 

coupling constants are reduced by ~5 Hz. 

 

Table 3.5. Spectroscopic features of dialkyl and monoalkyl ytterbium and calcium 

compounds. 

Compound δ SiH 1JSiH Compound δ SiH 1JSiH 

3.2·THF2 4.78 152.1 3.4·THF2 4.55 148.9 

3.3·THF2 4.78 150.4 3.5·THF2 4.61 146.4 

3.2·TMEDA  4.81 154 3.4·TMEDA 4.44 144.9 

3.3·TMEDA 4.76 148 3.5·TMEDA 4.51 147.0 

 

Interestingly, the trend in the IR spectra is somewhat opposite to that of the NMR, in 

that the νSiH bands in the zwitterionic compounds appeared at higher energy relative to their 

dialkyl precursors (see Table 3.1). Three νSiH signals were observed in 3.4·THF2 and 3.4-
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3.5·TMEDA, but only two bands were observed for 3.5·THF2. As in the dialkyl compounds, 

the lowest energy bands were assigned to the β-agostic SiH. The spectrum for the ytterbium 

compound 3.5·TMEDA contained the lowest energy band, and the trend of stretching 

frequency for the zwitterionic compounds 3.5·TMEDA < 3.4·TMEDA ~ 3.5·THF2 < 

3.4·THF2 is similar to the dialkyl compounds 3.3·TMEDA < 3.2·TMEDA < 3.3·THF2 < 

3.2·THF2. 

X-ray quality crystals were obtained for 3.4·THF2 and 3.5·THF2, and the general 

structural features and connectivity of these zwitterionic compounds are similar (see Figure 

3.4 for the ORTEP diagram of 3.4·THF2)27b Based on the similar structural features of these 

two crystallographically characterized compounds and the similar overall spectroscopic 

features for 3.4-3.5·THF2 and 3.4-3.5·TMEDA, the connectivity of these compounds is 

assigned as shown in equation 3.6. 
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Figure 3.4. ORTEP diagram of CaC(SiHMe2)3{κ3-H,o-F,o-F-HB(C6F5)3}THF2 (3.4·THF2). 

See Tables 3.2, 3.3, and 3.4 for significant interatomic distances and angles. 

The solid-state structure of 3.4·THF2 confirms that calcium interacts with one 

HB(C6F5)3 group and one tris(dimethylsilyl)methyl ligand, as well as two THF ligands. The 

Ca-C distance for 3.4·THF2 (2.566(3) Å) is 0.05 Å shorter than the neutral compound 

3.2·THF2 (2.616(7) Å). This contrasts to the pair of Yb analogs, in which the Yb-C distances 

are identical in the neutral and zwitterionic compounds. Additionally, the zwitterionic nature 

of 3.4·THF2 affects Ca-Si and Ca-O distances. For example, the Ca1-Si3 distance of 3.097(1) 

Å (associated with the proposed β-agostic structure) is ~0.1 Å shorter than that of the agostic 

Ca1-Si2 distance in 3.2·THF2 (3.216(2) Å). The hydrogen bonded to silicon (H3s) was 

located in the Fourier difference map at the position expected for a roughly tetrahedral silicon 
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center. That SiH is directed toward the Ca center such that the Ca1-C1-Si3-H3s torsion angle 

is -3(1)°. Furthermore, a second short calcium-silicon distance (Ca1-Si2 = 3.097(1) Å) is also 

observed; however in this case, the torsion angle is 37(1)°.  

The Ca center is further coordinated by two ortho-F atoms from two C6F5 groups in a 

bidentate HB(C6F5)3 ligand, with Ca-F distances of 2.412(2) and 2.437(2) Å. The hydrogen 

bonded to boron was located objectively in the difference Fourier map, and its position is 

consistent with one expected for a tetrahedral boron center. From this, the H1g-Ca1 distance 

of 2.45(3) Å is significantly (0.45 Å) longer than the sum of covalent radii of Ca and H (1.99 

Å), suggesting that the Ca-H interaction is likely weak. The νBH in this series of compounds 

(Table 3.6) also suggested weak M…H…B interaction (see below). A similar structural motif 

was reported for the coordination of HB(C6F5)3 to a samarium(III) center in Cp*2Sm{κ3-

H,F,F-HB(C6F5)3}.38 In that compound, the Sm-H distance is 2.45(5) Å, the B-H distance is 

1.18(5) Å and the infrared spectrum contains a νBH band at 2290 cm-1. 

Reactions of 3.2-3.3·THF2 and 2 equiv of B(C6F5)3 in benzene provide 

M{HB(C6F5)3}2THF2 (M = Ca (3.6·THF2); Yb (3.7·THF2)) along with 1 equiv of 1,3-

disilacyclobutane {Me2Si-C(SiHMe2)2}2 (eq 3.7). The "dizwitterionic" TMEDA adducts 

(3.6·TMEDA) and (3.7·TMEDA) are prepared analogously from 3.2-3.3·TMEDA. These 

products are consistent with β-abstraction of one hydrogen from each C(SiHMe2)3 ligand. 

Expectedly, the monoalkyl compounds 3.4 and 3.5 react with one equiv of B(C6F5)3 to 

provide 3.6 and 3.7. 
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The TMEDA adducts of 3.6 and 3.7 precipitate from benzene whereas {Me2Si-

C(SiHMe2)2}2 is soluble, thus allowing facile separation of products. However, the poor 

solubility of 3.6-3.7·TMEDA in aromatic and aliphatic solvents limits solution-phase 

characterization. 

The νBH stretching frequencies in monoalkyl hydridoborate compounds 3.4-3.5 and 

bis(hydridoborates) 3.6-3.7 vary from 2293 to 2383 cm-1 (Table 3.6). For comparison, the 

νBH in Cp*2Sc(κ2-C6F5)BH(C6F5)2 is 2410 cm-1,39 and in that compound an X-ray structural 

analysis indicates that the boron-hydride distance is to long to allow a scandium-hydrogen 

bonding interaction. The νBH values are generally blue-shifted in the bis(hydridoborate) 

compounds versus the mono(hydridoborate) compounds. The exception is 3.6·THF2, in 

which the νBH is 21 cm-1 lower energy. The variation in the νBH values suggests that there is 

some M…H…B interaction in these compounds (which is also suggested by X-ray 

crystallography). However, the fluxionality of these compounds limits further conclusions on 

the strength of the interaction. 
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Table 3.6. Comparison of B-H stretching bands (KBr, cm-1) from IR spectra of mono and 

bis(hydridoborate) compounds.  

MC(SiHMe2)3{HB(C6F5)3}L2  νBH M{HB(C6F5)3}2L2 νBH 

3.4·THF2 2329 3.6·THF2 2308 

3.5·THF2 2310 3.7·THF2 2377 

3.4·TMEDA    2302 3.6·TMEDA 2383 

3.5·TMEDA 2293 3.7·TMEDA 2305 
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Figure 3.5. ORTEP diagram of Yb{κ3-HB(C6F5)3}2TMEDA (3.7·TMEDA). Ellipsoids are 

plotted at 35% probability, and hydrogen atoms on the TMEDA ligand are not illustrated for 

clarity. 

Both bis(hydridoborate) Yb complexes 3.7·THF2 and 3.7·TMEDA crystallize from 

benzene solution. X-ray crystallography reveals that the Yb center is coordinated to four 

ortho-F atoms from four C6F5 rings (two from each HB(C6F5)3 ligand) as well as a bidentante 

TMEDA ligand or two THF ligands in the two compounds (Figure 3.5). As in the 

mono(hydridoborate) structures discussed above, the boron-hydrogen point toward the 

ytterbium centers. The crystallographically-characterized calcium analog 3.6·THF2 is 

isostructural with 3.7·THF2. 

The SiH groups in 3.2-3.3·THF2 and 3.2-3.3·TMEDA have sufficient nucleophilic 

character to react with the strong Lewis acid B(C6F5)3, but the SiH moieties do not react with 

calcium(II) or ytterbium(II) centers in any of the neutral, cationic, or dicationic compounds 

3.2-3.7·THF2 or 3.3-3.7·TMEDA even though the THF and TMEDA ligands are sufficiently 

labile to undergo substitution. The only hint of possible β-elimination comes from the 

thermolysis of 3.4·THF2, which gives HC(SiHMe2)3 and the disilacyclobutane species in a 

4:3 ratio after 5 d at 80 °C.  Disilacyclobutane could form through a β-elimination process, 

although dissociation of B(C6F5)3 from (Me2HSi)3CCaHB(C6F5)3 followed by β-abstraction 

is more likely.  

 

Reactions of M{C(SiHMe2)3}2L2 and 1 equiv BPh3.  
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The compounds 3.2-3.3·THF2 and 3.2-3.3·TMEDA also react with the much weaker 

Lewis acid BPh3. This observation is unexpected because, as noted above, the calcium(II) 

and ytterbium(II) centers in 3.2-3.7 are not sufficient Lewis acids to mediate β-hydrogen 

elimination or abstraction. The M(HBPh3) and MHB(C6F5)3 products from the abstractions 

have dissimilar connectivity in the solid state (see below). In addition, BPh3 abstractions 

afford a mixture of species whereas B(C6F5)3 provides a single product. In addition, the 

product distributions from reactions of BPh3 and 3.2-3.3·TMEDA in comparison to 3.2-

3.3·THF2 and BPh3 are different. For example, 3.3·TMEDA and BPh3 react in benzene to 

give 0.5 equiv of Yb(HBPh3)2TMEDA (3.9·TMEDA), leaving 0.5 equiv of 3.3·TMEDA 

unreacted (eq 3.8). In contrast, 3.2-3.3·THF2 and 1 equiv of BPh3 react to give a mixture of 

dialkyl starting material, MC(SiHMe2)3(HBPh3)(THF)n (3.10-3.11·THFn)  and 

M(HBPh3)2THF (3.8-3.9·THF) in a 1:2:1 ratio, along with disilacyclobutane (eq 3.9). 

 

 

The products 3.8-3.9·TMEDA precipitate or crystallize from the reaction mixtures 

and are isolated from 3.8-3.9·TMEDA by filtration. Unfortunately, the compounds 3.8-

3.9·TMEDA are insoluble in pentane, benzene, toluene and THF, precluding 

characterization in those solvents. In contrast to the IR spectra of the HB(C6F5)3 compounds, 
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the IR spectra of 3.8-3.9·TMEDA contained four νBH bands (3.8·TMEDA: 2059, 2027, 

2008, and 1943 cm-1; 3.9·TMEDA: 2054, 2024, 2006, and 1940 cm-1). Despite the relatively 

simple X-ray structure (see below), these signals suggest there are multiple types of M…H…B 

interactions in these two compounds in the solid state. 

X-ray quality crystals of 3.9·TMEDA are obtained from the reaction mixture, and an 

X-ray diffraction study confirmed the identity of the product (Figure 3.6). 

	  
Figure 3.6. ORTEP diagram of Yb(HBPh3)2TMEDA (3.9·TMEDA). Ellipsoids are plotted 

at 35% probability, and hydrogen atoms bonded to C6H5 and TMEDA groups are not drawn 

for clarity. Selected interatomic distances (Å): Yb1-H1b, 2.22(5); Yb1-H2b, 2.39(4); Yb1-

C6, 2.772(4); Yb1-C25, 2.667(4); Yb1-C26, 2.843(4); B1-H1b, 1.19(5); B2-H2b, 1.22(5); 

Yb1

B1 B2
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C19
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Yb1-B1, 2.930(5); Yb1-B2, 3.065(4); B1-C6, 1.643(6); B1-C7, 1.621(6); B1-C13, 1.600(6); 

B2-C19, 1.623(6); B2-C25, 1.648(6); B2-C31, 1.624(6). 

The structure of 3.9·TMEDA contains a bidentate TMEDA ligand and two HBPh3 

ligands that have short distances to ytterbium through hydrogen and boron as well as ipso- 

and ortho-aryl carbons. Interestingly, the related THF adduct 3.9·THF contains only one 

molecule of THF coordinated to ytterbium (Figure 3.7). The HBPh3-ytterbium close 

interatomic contacts in 3.9·THF include the H on boron (Yb1-H1b, 2.45(3); Yb1-H2b, 

2.22(3) Å), the boron center (Yb1-B1 and Yb1-B2, 2.675(3) Å), and two of the three ipso-

carbons in each HBPh3 group (Yb1-C6, 2.793(3); Yb1-C18, 2.614(3); Yb1-C24, 2.750(3); 

Yb1-C36, 2.780(3) Å). Coordination of an anion to BPh3 tends to lengthen the B-C bonds 

from 1.58 Å in BPh3 by 0.05 Å.40,41,42 This lengthening effect is further enhanced for the 

phenyl groups of 3.9·TMEDA and 3.9·THF in which there is a Yb-Cipso close contact. In 

3.9·TMEDA for example, the pendant phenyl group has a B-C13 distance of 1.600(6) Å, 

whereas the B-C6 distance for the coordinated phenyl is 1.643(6) Å. Likewise, in 3.9·THF, 

coordinated (B2-C36) and non-coordinated (B2-C30) phenyl have distances 1.648(4) and 

1.608(4) Å, respectively. 
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Figure 3.7. ORTEP diagram of Yb(HBPh3)2THF (3.9·THF). Ellipsoids are plotted at 35% 

probability, and hydrogen atoms bonded to C6H5 and THF groups are not drawn for clarity. 

Selected interatomic distances (Å): Yb1-H1b, 2.45(3); Yb1-H2b, 2.22(3); Yb1-B1, 2.675(3); 

Yb1-B2, 2.675(3); Yb1-C5, 2.871(3); Yb1-C6, 2.793(3); Yb1-C18, 2.614(3); Yb1-C24, 

2.705(3); Yb1-C36, 2.780(3); B1-C6, 1.642(4). 

We know of only two other structurally-characterized compounds that contain the 

[HBPh3] unit. Reaction of (C5H3t-Bu2)2CeH and BPh3 gives (C5H3t-Bu2)2CeHBPh3 which 

contains a Ce-H-B angle of 139(1)°, a Ce…B distance of 3.423(3) Å, and a B-H distance of 

1.26 Å.42 Additionally, the ruthenium compound Ru(η6-C6H5)(BHPh3)(PMe3)3 contains a 

terminal boron hydrogen; the IR in that case reveals a band at 2270 cm-1 assigned to the 

νBH.43 
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Additionally, a number of BPh4
–-containing ytterbium(II) and calcium(II) compounds 

are known,44 and BPh4
– is often non-coordinating in these compounds. However, BPh4

– is 

known to coordinate to Yb(II) in Yb(η6-C6H5)(η4-C6H5)BPh2-type structures, where the 

shortest Yb-C distance is 2.833(3) Å.45 In Yb{N(SiMe3)(SiMe2CH2BPh2(η2-C6H5)2)}THF2, 

short Yb-Cipso distances (2.635(3) and 2.792(3) Å) are similar to the Yb(II)-C distance in 3.9-

TMEDA.45 Deacon pointed out that these Yb(II)-Cipso distances are in the range observed for 

bridging Yb-Ph-Yb.46  

The monoalkyl compounds 3.10-3.11·THFn are not isolable but are characterized in 

solution by 1H NMR signals that are distinct from those of the isolable and fully 

characterized 3.2-3.3·THF2. In particular, the 1H NMR spectrum of calcium 3.10·THFn 

contained resonances at 4.51 ppm (1JSiH = 152.7 Hz) and 0.41 ppm (3JHH = 3.5 Hz), assigned 

to the SiH and SiMe2 groups, respectively.  

The species 3.8-3.9·THF and 3.8-3.9·TMEDA are independently prepared by the 

reactions of 2 equiv of BPh3 and 3.3-3.4·THF2 (eq 3.10). Unlike insoluble TMEDA adducts, 

3.8-3.9·THF are soluble in benzene. 

 
The best procedure to isolate 3.8-3.9·THF involves evaporation of the reaction 

mixture followed by pentane washes to remove the 1,3-disilacyclobutane {Me2Si-

C(SiHMe2)2}2 by-product. One broad resonance was observed in the 11B NMR spectra of 

3.8·THF (-6.0 ppm), while a broad doublet was detected for 3.9·THF (-4.0 ppm, 1JBH = 56 
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Hz). In the 1H{11B} NMR spectrum, singlet resonances were assigned to the boron hydride 

(3.8·THF: 3.18 ppm; 3.9·THF: 3.66 ppm), and cross-peaks in 1H-11B HMQC experiments 

supported these assignments. Two νBH bands (2021 cm-1 and 1936 cm-1) were observed in IR 

spectrum for 8·THF, but only one νBH band (2003 cm-1) was detected for 3.9·THF.  

 

Reaction of M{C(SiHMe2)3}2L2 and Me3SiI.  

As with borane Lewis acids, reactions of 3.2·THF2 or 3.3·THF2 and one equiv of 

Me3SiI in benzene-d6 results in β-hydrogen abstraction yielding HSiMe3 and the 

disilacyclobutane (eq 3.11). The HSiMe3 is characterized by a multiplet at 4.18 ppm and a 

doublet at 0.01 ppm in 1H NMR spectra of reaction mixtures. Only half of the dialkyl starting 

material is consumed in the reaction, and a white precipitate is formed that is likely a THF 

adduct of YbI2 based on the reaction stoichiometric and the observations for the 

transformations involving BPh3. 

 

Notably, neither Me3Si–C(SiHMe2)3 nor the silylether iodide Me3SiO(CH2)4I product 

from THF ring opening are formed in these reactions. Alternatively, 

Cp*La{CH(SiMe3)2}2THF and Me3SiI were reported to react to give Me3SiO(CH2)4I and 

Cp*La{CH(SiMe3)2}2.36 The observation of HSiMe3 and disilacyclobutane indicates that 
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Me3SiI reacts with the β-H rather than the carbanion C(SiHMe3)3 through β-H abstraction, 

similar to reactions with boron-based Lewis acids.  

Interestingly, the reaction of Me3SiI and 3.2-3.3·TMEDA provides Me3Si–

C(SiHMe2)3 as the major organic product (eq 3.12). HSiMe3 and the disilacyclobutane 

{Me2Si-C(SiHMe2)2}2 are formed as minor products (5:2:1), as determined by integration of 

1H NMR spectra of reaction mixtures. Again, an insoluble white precipitate is formed (likely 

MI2) and only half of the dialkyl starting material is consumed. 

 
Thus, the central carbon of the -C(SiHMe2)3 ligands in the TMEDA adducts are 

accessible for interaction with Me3SiI. In the ytterbium case, TMEDA adduct contained 

shorter Yb-Si distances and a longer Yb-C distance than the corresponding THF adducts. 

Furthermore, the lowest energy νSiH bands were observed with 3.3·TMEDA in comparison 

to 3.2-3.3·THF2. However, 3.2·TMEDA also gives Si-C bond formation, even through that 

compound contains similar distances and spectroscopic features to the THF adducts. 

 

Reaction of KC(SiHMe2)3 and B(C6F5)3.  

The bonding interactions between the tris(dimethylsilyl)methyl ligand and calcium(II) 

or ytterbium(II) have significant polarity. The potassium compound 1 is also highly polar, 
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and its reactions with B(C6F5)3 and Me3SiI were investigated for comparison with the 

calcium and ytterbium compounds. 

β-Hydrogen abstraction readily occurs in the reaction of B(C6F5)3 and KC(SiHMe2)3 

to yield a benzene-insoluble pink solid KHB(C6F5)3 (3.13) and disilacyclobutane {Me2Si-

C(SiHMe2)2}2 (eq 3.13). The product readily dissolves in THF, and 3.13 was characterized in 

that solvent. Resonances at 3.71 ppm and -27.3 ppm (1JBH = 93 Hz) in the 1H{11B} and 11B 

NMR spectra were assigned to the hydrogen bonded to boron and the boron center, 

respectively, and these data are consistent with a hydridoborate moiety. In the IR spectrum, a 

peak at 2382 cm-1 was detected that is similar to the boron-hydrogen stretching frequencies in 

the calcium and ytterbium hydridoborate compounds described above. 

 

Furthermore, reaction of KHB(C6F5)3 and 2 equiv of TMEDA provides the 

monomeric species KHB(C6F5)3TMEDA2 (3.13·TMEDA2). The TMEDA ligand gives 

solubility to the potassium salt allowing characterization in benzene-d6. The β-SiH 

abstraction product is evident as 11B NMR spectrum revealed a doublet resonance at -24.7 

ppm (1JBH = 85 Hz), while the hydrogen bonded to boron was assigned to a resonance at 3.46 

ppm in 1H NMR spectrum. The νBH band at 2381 cm-1 is almost identical to the TMEDA-free 
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3.13. The monomeric nature of 3.13·TMEDA2 in the solid state is unambiguously 

demonstrated by an X-ray crystallographic structure determination (Figure 3.8). 

 

Figure 3.8. ORTEP diagram of K{HB(C6F5)3}TMEDA2 (3.13·TMEDA2). Ellipsoids are 

plotted at 35% probability, and hydrogen atoms on the TMEDA ligands are not illustrated for 

clarity. 

The K center is coordinated to two ortho-F from the two C6F5 rings to form a 

zwitterionic complex. The structural features of the metal-hydridoperfluorophenylborate 

interaction to ytterbium, calcium and potassium are similar in dicationic 3.7·TMEDA, 

monoalkyl 3.5·THF2, and 3.13·TMEDA2. Thus, the reactivity of B(C6F5)3 and ionic 
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tris(dimethylsilyl)methyl metal compounds involves abstraction of β-hydrogen to give the 

κ3-HB(C6F5)3M compounds. 

Because the ytterbium compound 3.3·TMEDA and the lithium alkyl LiC(SiHMe2)3 

provide silicon-carbon bond formation upon reaction with Me3SiCl,26 and KC(SiHMe2)3 

reacts with MI2 to give M-C bond formations, the reaction of the potassium alkyl and Me3SiI 

was investigated. However, the reaction of KC(SiHMe2)3 and Me3SiI gives HSiMe3 and 

disilacyclobutane as the soluble products; Me3Si–C(SiHMe2)3 is not formed. 

 

Conclusion 

The β-hydrogen in the tris(dimethylsilyl)methide ligand influences the reaction 

pathways in reactions of its organometallic compounds with Lewis acids. Two pathways 

have been observed: β-hydrogen abstraction and ligand group transfer. The favored pathway 

depends strongly on the identity of the Lewis acid center, but it is also influenced by 

ancillary ligands and the metal center(s) involved. Thus, reactions of KC(SiHMe2)3 and MI2 

salts (M = Ca, Yb) result in ligand transfer through salt metathesis. 

M{C(SiHMe2)3}2TMEDA and Me3SiI give a mixture of alkylation and β-hydrogen 

abstraction, whereas M{C(SiHMe2)3}2THF2 and Me3SiI react solely through the β-

abstraction pathway. Borane electrophiles, such as B(C6F5)3 and BPh3, react with the SiH. 

The alkylation pathways appear most facile when the partners are sterically less hindered 

(i.e., MI2 salts), and β-hydrogen abstraction occurs with bulky Lewis acids (i.e., B(C6F5)3). 

Recently, we have observed a similar effect in the reactions of β-hydrogen containing 

silazides such as LiN(SiHMe2)2 and LiN(SiHMe2)t-Bu with zirconium halides, where the 
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sterically most hindered reaction partners give zirconium hydride products rather than 

silazido zirconium species.47  

There are similarities between these intermolecular abstraction reactions and 

intramolecular β-elimination: both form metal-hydrides and both result in the expulsion of an 

unsaturated organic fragment from the metal alkyl. In the current transformations, a calcium 

or ytterbium hydridoborate are the products, and dissociation of B(Aryl)3 from the M-H-

B(Aryl)3 species would provide a metal hydride, to give final products equivalent with 

intramolecular β-elimination. Furthermore, it is worth noting that the B(C6F5)3 and BPh3 

Lewis acids provide the needed empty orbital that is apparently not present in the calcium or 

ytterbium alkyl compounds that would allow intramolecular β-elimination or a bimolecular 

β-abstraction. Considering these points, this abstraction of a β-hydrogen by an external 

Lewis acid can also be described as a Lewis acid mediated β-hydrogen elimination (Scheme 

3.2).  

 
Scheme 3.2. β-hydrogen elimination and intermolecular β-abstraction. 

Thus, structural models for intermediates in these β-abstraction reactions are 

important for understanding the reaction pathway. Intramolecular three-center-two-electron 
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interactions between β-CH bond and metal centers (i.e., β-agostic interactions) are proposed 

to provide insight into the pathway for β-elimination and its microscopic reverse, olefin 

insertion. As noted in the introduction, these abstraction reactions have similar features to 

intramolecular elimination reactions, as they provide metal hydride and unsaturated organic 

products. Thus, it is interesting to consider the role of the β-agostic interactions in the 

potassium, calcium, and ytterbium tris(dimethylsilyl)methyl compounds on the 

intermolecular β-abstraction reaction. The bridging Si-H groups in the dimeric potassium 

compound {KC(SiHMe2)3TMEDA}2, where a third SiH group approaches a potassium 

center in a side-on β-agostic type interaction, provides a structural model for an arrested 

intermolecular β-hydrogen abstraction. The "intramolecular" β-agostic interaction in this 

structure does not interact with the second potassium center, and this may suggest that the 

reactions of Lewis acids with the ytterbium and calcium alkyl compounds involve abstraction 

of the terminal SiH groups, rather than the SiH's involved in three-center-two-electron 

bonding. The presence of the intramolecular silicon-hydrogen-calcium close contacts in this 

structure, however, may be significant, either for increasing the nucleophilicity of the 

remaining SiH groups or simply as a spectroscopic and structural marker that shows 

significant nucleophilic character of all the SiH groups in these hydrosilylalkyl ligands. 

 

Experimental 

General Procedures. All reactions were performed under a dry argon atmosphere using 

standard Schlenk techniques, or under a nitrogen atmosphere in a glovebox unless otherwise 

indicated. Dry, oxygen-free solvents were used throughout. Benzene, toluene, pentane, and 
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tetrahydrofuran were degassed by sparging with nitrogen, filtered through activated alumina 

columns, and stored under N2. Benzene-d6, toluene-d8, THF-d8 were vacuum transferred 

from Na/K alloy and stored under N2 in the glovebox. Anhydrous CaI2 was purchased from 

Aldrich and used as received. All organic reagents were purchased from Aldrich. Anhydrous 

YbI2,48
 B(C6F5)3,49 and HC(SiHMe2)3

25a were prepared as described in literature procedures. 

We previously reported the following compounds in the supporting information of references 

27 in initially communicated work: KC(SiHMe2)3 (3.1), Ca{C(SiHMe2)3}2THF2 (3.2·THF2), 

Yb{C(SiHMe2)3}2THF2 (3.3·THF2), CaC(SiHMe2)3{HB(C6F5)3}THF2 (3.4·THF2), 

YbC(SiHMe2)3{HB(C6F5)3}THF2 (3.5·THF2), Ca{HB(C6F5)3}2THF2 (3.6·THF2), 

Yb{HB(C6F5)3}2THF2 (3.7·THF2), and Yb(HBPh3)2THF (3.9·THF). 1,1,3,3-tetramethyl-

2,2,4,4-tetrakis(dimethylsilyl)-1,3-disilacyclobutane was identified by comparison with 

literature values26 and X-ray crystallography (see SI). 1H, 13C{1H}, 11B, 19F, and 29SI NMR 

spectra were collected on Agilent MR-400, Bruker DRX-400, or Bruker AVIII 600, Bruker 

AVII 700 spectrometers. 15N chemical shifts were determined by 1H-15N HMBC experiments 

on a Bruker AVII 600 spectrometer with a Bruker Z-gradient inverse TXI 1H/13C/15N 5mm 

cryoprobe; 15N chemical shifts were originally referenced to an external liquid NH3 standard 

and recalculated to the CH3NO2 chemical shift scale by adding -381.9 ppm. 29Si{1H} NMR 

spectra were recorded using DEPT experiments, and assigments were verified by 1H 

COESY, 1H-13C HMQC, 1H-13C HMBC, and 1H-29Si HMBC experiments. UV-vis spectral 

data were measured on a Shimadzu 3101 PC spectrophotometer. Elemental analysis was 

performed using a Perkin-Elmer 2400 Series II CHN/S by the Iowa State Chemical 

Instrumentation Facility. 
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Computational Details. All electronic structure calculations were performed with the 

NWChem computational chemistry software suite.50 The 6-311++G** basis set was used for 

H, C, N, O, and Ca.51 The small core Stuttgart relativistic effective core potential (RECP) and 

associated basis set was used for Yb,52 and the large core Stuttgart RECP and associated 

basis set was used for Si.53 Density functional theory with the B3LYP54 functional was used 

for both the geometry optimizations and the Hessian (frequency) calculations. The 

vibrational frequencies were calculated with the harmonic oscillator approximation. C1 and 

C2 symmetries were used in the geometry optimization calculations. 

HC(SiDMe2)3. Lithium aluminum deuteride (1.548 g, 36.88 mmol) was suspended in diethyl 

ether (50 mL) in a 100 mL Schlenk flask, and the reaction vessel was cooled to 0 °C. A 

diethyl ether solution (20 mL) of HC(SiBrMe2)3 (5.249 g, 12.29 mmol) was added slowly. 

After the addition, the reaction mixture was stirred at room temperature for 12 h and then 

heated to reflux for 2.5 h. Saturated ammonium chloride solution (15 mL) was added slowly 

at 0 °C to quench the reaction mixture. The resulting mixture was filtered to remove 

insoluble salts. The organic phase was separated and washed with water (2 × 10 mL) and 

brine (1 × 10 mL) and dried with anhydrous sodium sulfate. Evaporation of diethyl ether 

provided HC(SiDMe2)3 as a spectroscopically pure colorless oil (2.252 g, 11.6 mmol, 

94.7%). 2H NMR (CDCl3, 93.0 MHz, 25 °C): δ 4.15 (br s, SiD).  

Tris(dimethylsilyl)methylpotassium-d3. KC(SiDMe2)3 (3.1-d3). The procedure for the 

synthesis of KC(SiHMe2)3 was followed:27 THF (30 mL) was added to a mixture of 

HC(SiDMe2)3 (1.841 g, 9.51 mmol) and KCH2Ph  (1.239 g, 9.51 mmol) in a 100 mL Schlenk 

flask. The dark red mixture was stirred at room temperature for 12 h, and all volatile 

materials were removed under reduced pressure. The resulting reddish brown gummy solid 
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was dissolved in minimal amount of toluene and cooled to -30 °C to afford KC(SiDMe2)3 

(1.910 g, 8.25 mmol, 86.7%) as red needles. 2H NMR (benzene-H6, 93.0 MHz, 25 °C): δ  

4.59 (br s, SiD).   IR (KBr, cm-1): 1532 (νSiD), 1417 (νSiD). 

{KC(SiHMe2)3TMEDA}2 {3.1·TMEDA}2. Excess TMEDA (0.35 mL, 2.33 mmol) was 

added to KC(SiHMe2)3 (0.175 g, 0.77 mol) dissolved in benzene. The red mixture was stirred 

for 30 min at room temperature. The volatiles were evaporated under reduced pressure, and 

the resulting gummy solid was extracted with pentane (10 mL). The pentane extract was 

concentrated and cooled to -30 °C for recrystallization to obtain yellow needles of 

{KC(SiHMe2)3TMEDA}2 {3.1·TMEDA}2. (0.093 g, 0.271 mmol, 35.2%). 1H NMR 

(benzene-d6, 400 MHz, 25 °C): δ 4.80 (m, 3 H, 1JSiH = 154 Hz, SiH), 1.78 (s, 4 H, NCH2), 

1.74 (s, 12 H, NMe2), 0.52 (d, 18 H, 3JHH = 3.5 Hz, SiMe2). 13C{1H} NMR (benzene-d6, 100 

MHz, 25 °C): δ 57.33 (CH2), 45.68 (NCH3), 14.69 (KC), 5.33 (SiCH3). 29Si{1H} NMR 

(benzene-d6, 79.5 MHz, 25 °C): δ -23.7 (SiHMe2). IR (KBr, cm-1): 2946 s, 2828 m, 2105 m 

(νSiH), 2035 m br (νSiH), 1962 m (νSiH), 1580 w, 1469 m, 1361 w, 1296 w, 1250 s, 1154 w, 

1000 s br, 895 s, 781 s, 699 w, 665 w. Anal. Calcd for C13H37KSi3N2: C, 45.28; H, 10.82; N, 

8.12. Found: C, 44.95; H, 11.32; N, 7.28. Mp 47-53 °C. 

{KC(SiDMe2)3TMEDA}2 {3.1-d3·TMEDA}2. The procedure for {KC(SiHMe2)3TMEDA}2 

was followed, using KC(SiDMe2)3 (0.168 g, 0.724 mmol) and TMEDA (0.33 mL, 2.18 

mmol) to give KC(SiDMe2)3(TMEDA) (0.144 g, 0.414 mmol, 57.5%). 2H NMR (benzene-

H6, 93.0 MHz, 25 °C): δ  4.83 (br s, SiD). IR (KBr, cm-1): 1533 (νSiD), 1462 (νSiD), 1414 

(νSiD). 
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Ca{C(SiHMe2)3}2TMEDA (3.2·TMEDA). CaI2 (0.384 g, 1.31 mmol) and KC(SiHMe2)3 

(0.598 g, 2.62 mmol) were suspended in benzene (10 mL), and TMEDA (0.39 mL, 2.62 

mmol) was added. The mixture was allowed to stir at room temperature for 12 h. Evaporation 

of the benzene, extraction of the residue with pentane (2 × 10 mL), concentration in vacuo, 

and cooling to -30 °C overnight provided yellow crystals of Ca{C(SiHMe2)3}2TMEDA 

(3.2·TMEDA) (0.166 g, 0.310 mmol, 23.7%). Alternatively, 3.2·TMEDA can be prepared 

from CaI2 (0.165 g, 0.562 mmol) and 3.1·TMEDA (0.388 g, 1.124 mmol) in benzene (10 

mL); stirring for 12 h followed by identical workup gave 51.7% yield (0.156 g, 0.291 mmol). 

1H NMR (benzene-d6, 600 MHz, 25 °C): δ 4.81 (m, 3 H, 1JSiH = 154 Hz, SiHMe2), 1.80 (s, 12 

H, NCH3), 1.76 (s, 4 H, NCH2), 0.53 (d, 18 H, 3JHH = 3.3 Hz, SiCH3). 13C{1H} NMR 

(benzene-d6, 150 MHz, 25 °C): δ 57.3 (NCH2), 45.7 (NCH3), 5.34 (1JSiC = 47 Hz, SiCH3), 

2.48 (CaC). 29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -23.6 (SiHMe2). IR (KBr, cm-

1): 2949 s br, 2896 s br, 2828 m, 2105 m br (νSiH), 2038 m br (νSiH), 1861 m br (νSiH), 1599 

w, 1468 s, 1297 m, 1249 s, 942 s br, 889 s br, 836 s br, 775 s, 670 s. Anal. Calcd for C20H58 

Si6N2Ca: C, 44.88; H, 10.92; N, 5.23. Found: C, 44.77; H, 10.83; N, 5.23. Mp 138-140 °C. 

Ca{C(SiDMe2)3}2THF2 (3.2-d6·THF2).  The procedure was similar to the one for the 

preparation of Ca{C(SiHMe2)3}2THF2,27b using CaI2 (0.157 g, 0.535 mmol) and 

KC(SiDMe2)3 (0.248 g, 1.07 mmol) to give Ca{C(SiDMe2)3}2THF2 (0.205 g, 0.360 mmol, 

67.4%). 2H NMR (benzene-H6, 93.0 MHz, 25 °C): δ 4.71 (br s, SiD).  IR (KBr, cm-1): 1530 

(νSiD), 1493 (νSiD), 1409 (νSiD). 

Yb{C(SiDMe2)3}2THF2 (3.3-d6·THF2). The procedure was similar to the one for 

Yb{C(SiHMe2)3}2THF2,27b using YbI2 (0.145 g, 0.340 mmol) and KC(SiDMe2)3 (0.158 g, 
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0.680 mmol) to give Yb{C(SiDMe2)3}2THF2 (0.163 g, 0.234 mmol, 68.9%). 2H NMR 

(benzene-H6, 93.0 MHz, 25 °C): δ 4.77 (br s, SiD). IR (KBr, cm-1): 1506 (νSiD), 1492 (νSiD), 

1410 (νSiD). 

Ca{C(SiDMe2)3}2TMEDA (3.2-d6·TMEDA). The procedure was similar to that for 

Ca{C(SiHMe2)3}2TMEDA using CaI2 (0.143 g, 0.485 mmol), KC(SiDMe2)3 (0.225 g, 0.970 

mmol), and TMEDA (0.15 mL, 0.970 mmol) to give Ca{C(SiDMe2)3}2TMEDA (0.232 g, 

0.434 mmol, 89.4%). 2H NMR (benzene-H6, 93.0 MHz, 25 °C): δ 4.71 (br s, SiD).  IR (KBr, 

cm-1): 1510 sh (νSiD),  1493 (νSiD), 1411 (νSiD). 

Yb{C(SiHMe2)3}2TMEDA (3.3·TMEDA). A mixture of KC(SiHMe2)3 (0.580 g, 2.54 

mmol) and YbI2 (0.542 g, 1.27 mmol) in benzene was allowed to react in the presence of 

TMEDA (0.38 mL, 2.5 mmol). A similar workup procedure as described above for 

3.2·TMEDA provided a deep red pentane extract; crystallization at -30 °C afforded red 

crystals of Yb{C(SiHMe2)3}2TMEDA (3.3·TMEDA) (0.253 g, 0.379 mmol, 29.8%). 

3.3·TMEDA can also be prepared from YbI2 (0.339 g, 0.795 mmol) and 3.1·TMEDA (0.548 

g, 1.590 mmol) in improved yield 70.5% (0.375 g, 0.560 mmol). 1H NMR (benzene-d6, 600 

MHz, 25 °C): δ 4.76 (m, 3 H, 1JSiH = 148 Hz, SiHMe2), 1.99 (s, 12 H, NMe), 1.72 (s, 4 H, 

NCH2), 0.492 (d, 18 H, 3JHH = 2.8 Hz, SiMe2). 13C{1H} NMR (benzene-d6, 150 MHz, 25 

°C): δ 57.38 (NCH2), 47.11 (NMe), 11.94 (YbC), 4.82 (1JSiC = 50 Hz, SiMe2). 29Si{1H} 

NMR (benzene-d6, 119.3 MHz, 25 °C): δ -17.9 (SiHMe2, JYbSi = 9.1 Hz). IR (KBr, cm-1): 

2949 s br, 2895 s br, 2843 m, 2802 m, 2080 s br (νSiH), 2038 s br (νSiH), 1846 s br (νSiH), 

1584 w, 1468 s, 1248 s, 1029 s, 938 s br, 884 s br, 835 s br, 773 s, 670 s. Anal. Calcd for 

C20H58 Si6N2Yb: C, 35.95; H, 8.75; N, 4.19. Found: C, 35.81; H, 8.74; N, 4.42. Mp 90-95 °C. 
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Yb{C(SiDMe2)3}2TMEDA (3.3-d6·TMEDA). The procedure was similar to the one for 

Yb{C(SiHMe2)3}2TMEDA using YbI2 (0.143 g, 0.335 mmol), KC(SiDMe2)3 (0.155 g, 0.670 

mmol), and TMEDA (0.10 mL, 0.670 mmol) to give Yb{C(SiDMe2)3}2TMEDA (0.164 g, 

0.244 mmol, 72.8%). 2H NMR (benzene-H6, 93.0 MHz, 25 °C): δ 4.79 (br s, SiD).  IR (KBr, 

cm-1): 1505 (νSiD), 1494 (νSiD), 1380 (νSiD). 

{Yb[C(SiHMe2)3]2THF}2TMEDA ({3.3·THF}2TMEDA). Excess THF (0.45 mL, 5.60 

mmol) was added to a benzene solution (5 mL) of 3.3·TMEDA (0.375 g, 0.560 mol) at room 

temperature. The red mixture was stirred for 30 min. Evaporation of the volatile materials 

provided a gummy solid of ({3.3·THF}2TMEDA) (0.381 g, 0.558 mmol, 99.6%). 1H NMR 

(benzene-d6, 600 MHz, 25 °C): δ 4.70 (m, 6 H, 1JSiH = 148 Hz, SiHMe2), 3.67 (br s, 4 H, 

OCH2CH2), 1.97 (s, 6 H, NMe), 1.77 (s, 2 H, NCH2), 1.36 (br s, 4 H, OCH2CH2), 0.49 (d, 36 

H, 3JHH = 2.1 Hz, SiMe2). 13C{1H} NMR (benzene-d6, 150 MHz, 25 °C): δ 69.46 (OCH2), 

57.46 (NCH2), 46.88 (NMe), 25.68 (OCH2CH2), 11.81 (YbC), 4.70 (1JSiC = 50 Hz, SiMe2). 

29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -18.4. IR (KBr, cm-1): 2951 s, 2896 s, 

2802 m, 2095 s br (νSiH), 2039 s br sh (νSiH), 1850 m br (νSiH), 1598 w, 1493 m, 1468 w, 

1249 s, 1028 s br, 937 s br, 890 s br, 834 s br, 773 s, 670 s. Anal. Calcd for C21H58Si6NOYb: 

C, 36.97; H, 8.57; N, 2.05. Found: C, 37.04; H, 9.01; N, 1.95. 

CaC(SiHMe2)3{HB(C6F5)3}TMEDA (3.4·TMEDA). Benzene (5 mL) was added to a 

mixture of Ca{C(SiHMe2)3}2TMEDA (0.052 g, 0.097 mmol) and B(C6F5)3 (0.050 g, 0.097 

mmol). The mixture was stirred for 45 min, and then the volatile components were 

evaporated under reduced pressure. The yellow solid was washed with pentane (3 × 5 mL) 

and dried under vacuum to yield CaC(SiHMe2)3{HB(C6F5)3}TMEDA as a white solid (0.055 
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g, 0.064 mmol, 65.7%). 1H NMR (benzene-d6, 600 MHz, 25 °C): δ 4.44 (m, 1JSiH = 144.9 Hz, 

3 H, SiH), 3.00-2.27 (br q, 1 H, HB), 1.70 (br s, 12 H, NMe), 1.51 (br s, 4 H, NCH2), 0.30 (d, 

3JHH = 3.4 Hz, 18 H, SiMe2). 1H{11B} NMR (benzene-d6, 600 MHz, 25 °C): δ 2.64 (br s, HB) 

(the other signals were unchanged from coupled 1H NMR spectrum). 13C{1H} NMR 

(benzene-d6, 150 MHz, 25 °C): δ 149.78 (br, C6F5), 148.30 (br, C6F5), 138.83 (br, C6F5), 

137.12 (br, C6F5), 56.72 (NCH2), 46.37 (br, NMe), 11.69 (CaC), 2.15 (SiMe2). 11B NMR 

(benzene-d6, 119.3 MHz, 25 °C): δ -21.8 (d, 1JBH = 75.0 Hz). 19F NMR (benzene-d8, 376 

MHz, 25 °C): δ -134.9 (br, 6 F, ortho-F), -159.0 (br, 3 F, para-F), -163.2 (6 F, meta-F).  

29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -18.9. IR (KBr, cm-1): 2962 m, 2897 m, 

2851 m, 2302 m br (νBH), 2094 m br (νSiH), 2026 m br (νSiH), 1918 m br (νSiH), 1646 m, 1603 

w, 1517 s br, 1467 s br, 1373 m, 1283 s, 1253 m, 1124 s, 1078 s, 1024 m, 965 s br, 835 s, 

790 s. Anal. Calcd for BC31F15H38Si3N2Ca: C, 43.36; H, 4.46; N, 3.26. Found: C, 43.15; H, 

4.38; N, 3.24. Mp 137-140 °C. 

YbC(SiHMe2)3{HB(C6F5)3}TMEDA (3.5·TMEDA). The procedure was similar to that of 

calcium analog 3.4·TMEDA above, with Yb{C(SiHMe2)3}2TMEDA (0.083 g, 0.124 mmol) 

and B(C6F5)3 (0.063 g, 0.124 mmol) affording 3.5·TMEDA as a yellow solid (0.075 g, 0.076 

mmol, 61.2%). 1H NMR (benzene-d6, 600 MHz, 25 °C): δ 4.51 (m, 1JSiH = 147.0 Hz, 3 H, 

SiH), 3.67-2.82 (br q, 1 H, HB), 1.71 (br s, 12 H, NMe), 1.55 (br s, 4 H, NCH2), 0.33 (d, 3JHH 

= 2.9 Hz, 18 H, SiMe2). 1H{11B} NMR (benzene-d6, 600 MHz, 25 °C): δ 3.22 (br s, HB) (all 

other resonances were identical to the 1H NMR spectrum). 13C{1H} NMR (benzene-d6, 150 

MHz, 25 °C): δ 149.88 (br, C6F5), 148.34 (br, C6F5), 140.84 (br, C6F5), 138.93 (br, C6F5), 

137.17 (br, C6F5), 56.65 (NCH2), 46.18 (br, NMe), 17.41 (YbC), 2.15 (SiMe2). 11B NMR 
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(benzene-d6, 119.3 MHz, 25 °C): δ -21.4 (d, 1JBH = 71.6 Hz). 19F NMR (benzene-d6, 376 

MHz, 25 °C): δ -134.7 (br, 6 F, ortho-F), -159.3 (br, 3 F, para-F), -163.7 (6 F, meta-F).  

29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -18.0. IR (KBr, cm-1): 2961 m, 2895 m, 

2849 m, 2293 m br (νBH), 2094 m br (νSiH), 2027 m br (νSiH), 1899 m br (νSiH), 1645 m, 1602 

w, 1516 s, 1466 s br, 1373 m, 1326 vw, 1282 m, 1253 m, 1110 s, 1076 s, 1024 m, 965 s br, 

894 s br, 837 s, 789 m. Anal. Calcd for BC31F15H38Si3N2Yb: C, 37.54; H, 3.86; N, 2.82. 

Found: C, 37.59; H, 3.61; N, 2.75. Mp 120-125 °C. 

Ca{HB(C6F5)3}2TMEDA (3.6·TMEDA). Ca{C(SiHMe2)3}2TMEDA (0.095 g, 0.177 mmol) 

and B(C6F5)3 (0.190 g, 0.371 mmol) were allowed to react in benzene (5 mL). As the mixture 

was stirred, a light yellow solid precipitated, and the mixture was stirred for an additional 10 

mins. The solid was isolated by filtration, washed with benzene (2 × 4 mL) and pentane (1 × 

4 mL), and dried under reduced pressure to yield Ca{HB(C6F5)3}2TMEDA as a white solid 

(0.147 g, 0.124 mmol, 70.3%). 1H NMR (THF-d8, 600 MHz, 25 °C): δ 4.02-3.33 (br q, 1 H, 

HB), 2.31 (br s, 4 H, NCH2), 2.15 (br s, 12 H, NMe). 1H{11B} NMR (THF-d8, 600 MHz, 25 

°C): δ 2.64 (br s, HB) (resonances assigned to TMEDA are identical in 1H and 1H{11B} 

NMR spectra). 13C{1H} NMR (THF-d8, 150 MHz, 25 °C): δ 150.05 (br, C6F5), 148.47 (br, 

C6F5), 139.37 (br, C6F5), 138.14 (br, C6F5), 136.14 (br, C6F5), 58.86 (NCH2), 46.23 (br, 

NMe). 11B NMR (THF-d8, 119.3 MHz, 25 °C): δ -27.3 (d, 1JBH = 93.2 Hz). 19F NMR (THF-

d8, 376 MHz, 25 °C): δ -136.8 (d, 3JFF = 20.4 Hz, 12 F, ortho-F), -169.5 (t, 3JFF = 17.7 Hz, 6 

F, para-F), -172.1 (t, 3JFF = 22.0 Hz, 12 F, meta-F). IR (KBr, cm-1): 2965 m, 2383 m br (νBH), 

1665 m, 1606 m, 1515 s, 1466 s br, 1373 m, 1274 s, 1113 s, 1086 s, 965 s br, 913 m, 828 m, 
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789 m, 768 m, 685 m, 666 m. Anal. Calcd for B2C42F30H18N2Ca: C, 42.67; H, 1.53; N, 2.37. 

Found: C, 43.09; H, 1.79; N, 2.00. Mp 205-211 °C. 

Yb{HB(C6F5)3}2TMEDA (3.7·TMEDA). The procedure was similar to the one for 

3.7·TMEDA, using Yb{C(SiHMe2)3}2TMEDA (0.095 g, 0.143 mmol) and B(C6F5)3 (0.153 

g, 0.299 mmol) to yield Yb(HB(C6F5)3)2TMEDA as an off-white solid (0.158 g, 0.120 mmol, 

84.1%). 1H NMR (THF-d8, 600 MHz, 25 °C): δ 4.03-3.32 (br q, 1 H, HB), 2.37 (s, 4 H, 

NCH2), 2.19 (s, 12 H, NMe). 1H{11B} NMR (THF-d8, 600 MHz, 25 °C): δ 2.64 (br s, HB) 

(resonances assigned to TMEDA are identical in 1H and 1H{11B} NMR spectra). 13C{1H} 

NMR (THF-d8, 150 MHz, 25 °C): δ 150.04 (br, C6F5), 148.51 (br, C6F5), 139.45 (br, C6F5), 

138.10 (br, C6F5), 136.52 (br, C6F5), 58.55 (NCH2), 46.05 (br, NMe). 11B NMR (THF-d8, 

119.3 MHz, 25 °C): δ -27.3 (d, 1JBH = 93.3 Hz). 19F NMR (THF-d8, 376 MHz, 25 °C): δ -

136.9 (d, 3JFF = 20.9 Hz, 12 F, ortho-F), -169.2 (t, 3JFF = 20.2 Hz, 6 F, para-F), -171.9 (t, 3JFF 

= 19.1 Hz, 12 F, meta-F). IR (KBr, cm-1): 3094 w, 2974 w, 2900 w, 2305 m br (νBH), 1647 

m, 1606 m, 1517 s, 1466 s br, 1374 m, 1281 m, 1123 s br, 1083 s, 957 s, 898 m, 789 m, 769 

m, 754 m, 685 m, 673 m. Anal. Calcd for B2C42F30H18N2Yb: C, 38.36; H, 1.38; N, 2.13. 

Found: C, 38.69; H, 1.24; N, 1.94.  Mp 163-170 °C. 

Ca(HBPh3)2TMEDA (3.8·TMEDA). Benzene (3 mL) was added to a mixture of 

Ca{C(SiHMe2)3}2TMEDA (0.077 g, 0.144 mmol) and BPh3 (0.070 g, 0.290 mmol). The 

colorless solution mixture was thoroughly mixed and allowed to stand at room temperature 

for 10 h to yield white crystals. The solution was decanted, and the off-white crystals were 

washed with benzene (3 mL), pentane (2 × 3 mL), and dried under vacuum to give 

3.8·TMEDA as a white, crystalline, benzene-insoluble solid (0.060 g, 0.094 mmol, 65.2%). 
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IR (KBr, cm-1): 3056 m, 2998 m, 2059 m (νBH), 2027 m (νBH), 2008 m (νBH), 1943 s (νBH), 

1577 m, 1478 m br, 1428 m, 1284 m, 1168 m br, 1066 m, 1027 m, 788 m, 734 s, 707 vs br. 

Anal. Calcd for B2C42H48N2Ca: C, 78.51; H, 7.53; N, 4.36. Found: C, 77.97; H, 7.90; N, 

3.60. Mp 240-245 °C (dec.). 

Yb(HBPh3)2TMEDA (3.9·TMEDA). The procedure followed the one for the calcium 

analog 3.8·TMEDA, using Yb{C(SiHMe2)3}2TMEDA (0.087 g, 0.130 mmol) and BPh3 

(0.063 g, 0.261 mmol) to give 3.9·TMEDA as a red, insoluble, crystalline solid (0.074 g, 

0.095 mmol, 73.2%). IR (KBr, cm-1): 3059 s, 3040 s, 2995 s, 2880 m, 2054 s (νBH), 2024 s 

(νBH), 2006 s (νBH), 1940 s (νBH), 1582 m, 1464 s, 1428 s, 1284 w, 1158 s br, 1065 m, 943 s, 

786 m, 733 s br, 706 s br. Anal. Calcd for B2C42H48N2Yb: C, 65.05; H, 6.24; N, 3.61. Found: 

C, 64.84; H, 6.04; N, 3.59. Mp 140-150 °C. 

Ca(HBPh3)2THF (3.8·THF). The procedure followed the one for the calcium TMEDA 

adduct 3.8·TMEDA, with Ca{C(SiHMe2)3}2THF2 (0.072 g, 0.127 mmol) and BPh3 (0.062 g, 

0.255 mmol) providing 3.8·THF as a white solid (0.057 g, 0.095 mmol, 74.5%). 1H NMR 

(benzene-d6, 600 MHz, 25 °C): δ 7.64 (br, 12 H, meta-C6H5), 7.24 (br, 12 H, ortho-C6H5), 

7.16 (br, 6 H, para-C6H5), 3.23 (m, 4 H, CH2CH2O), 1.15 (m, br, 4 H, CH2CH2O). 1H{11B} 

NMR (benzene-d6, 600 MHz, 25 °C): δ 3.18 (br, HB). 13C{1H} NMR (benzene-d6, 150 MHz, 

25 °C): δ 155.2 (ipso-CH), 139.3 (m-CH), o-CH and p-CH overlapped with C6D6, 69.8 

(CH2CH2O), 25.4 (CH2CH2O). 11B NMR (benzene-d6, 119.3 MHz, 25 °C): δ -6.0 (br). IR 

(KBr, cm-1): 3058 m, 2992 m, 2021 m br (νBH), 1936 m br (νBH), 1581 m, 1481 m, 1429 m, 

1257 w, 1184 m br, 1021 m, 978 m, 880 m br, 737 s, 703 vs. Anal. Calcd for B2C40H40OCa: 

C, 80.28; H, 6.74. Found: C, 76.09; H, 7.21. Mp 113-116 °C. 
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KHB(C6F5)3 (3.13). Benzene (5 mL) was added to a mixture of KC(SiHMe2)3 (0.107 g, 

0.469 mmol) and B(C6F5)3 (0.252 g, 0.492 mmol) and solution was stirred for 10 min. The 

orange color quickly faded away and a pale pink crystalline solid precipitated. The benzene 

solution was filtered and the solid was washed with benzene (2 × 5 mL) and pentane (1 × 4 

mL). The volatiles were evaporated under reduced pressure to yield a white solid (0.168 g, 

0.303 mmol, 64.7%). 1H NMR (THF-d8, 600 MHz, 25 °C): δ 4.04-3.38 (br q, 1 H, HB). 

13C{1H} NMR (THF-d8, 150 MHz, 25 °C): δ 150.1 (br, C6F5), 148.5 (br, C6F5), 139.5 (br, 

C6F5), 137.9 (br, C6F5), 136.5 (br, C6F5). 11B NMR (THF-d8, 119.3 MHz, 25 °C): δ -27.3 (d, 

1JBH = 92.5 Hz). 19F NMR (THF-d8, 376 MHz, 25 °C): δ -136.7 (d, 3JFF = 21.6 Hz, 6 F, o-F), 

-169.8 (t, 3JFF = 20.2 Hz, 3 F, p-F), -172.3 (t, 3JFF = 18.9 Hz, 6 F, m-F).  IR (KBr, cm-1): 3092 

w, 3037 w, 2964 w, 2819 w, 2586 vw, 2382 s br (νBH), 2224 vw, 2178 vw, 2132 vw, 2093 

vw, 2027 vw, 1644 vs, 1606 m, 1511 vs, 1450 vs, 1407 m, 1324 vw, 1273 vs, 1114 vs, 1086 

vs, 1021 m, 945 vs, 914 vs, 886 s, 843 w, 785 m, 769 s, 752 s, 733 w, 720 vw, 666 s. Anal. 

Calcd for BC18F15HK: C, 39.16; H, 0.18. Found: C, 40.15; H, 0.26. Mp 290-292 °C (dec.). 

KHB(C6F5)3TMEDA2 (3.14). KHB(C6F5)3 (0.090 g, 0.162 mmol) was suspended in benzene 

(2 mL) and excess TMEDA (73 ml, 0.486 mmol) was added to yield a clear solution. The 

mixture was stirred for 10 min and the volatiles were evaporated under reduced pressure to 

give KHB(C6F5)3TMEDA2 as a white solid (0.125 g, 0.159 mmol, 98.1%). X-ray quality 

crystals can be grown from a toluene solution of KHB(C6F5)3(TMEDA)2 at -30 C for 3 days. 

1H NMR (benzene-d6, 600 MHz, 25 ºC): δ 3.84-3.08 (br q, 1 H, HB), 1.90 (s, 8 H, NCH2), 

1.82 (s, 24 H, NCH3). 13C{1H} NMR (benzene-d6, 150 MHz, 25 °C): δ 150.0 (br, C6F5), 

148.5 (br, C6F5), 140.1 (br, C6F5), 138.5 (br, C6F5), 136.9 (br, C6F5), 57.5 (NCH2), 45.4 
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(NMe). 11B NMR (benzene-d6, 119.3 MHz, 25 °C): δ -24.7 (d, 1JBH = 83.1 Hz). ). 19F NMR 

(benzene-d6, 376 MHz, 25 °C): δ -135.9 (d, 3JFF = 21.8 Hz, 6 F, ortho-F), -163.2 (t, 3JFF = 

20.6 Hz, 3 F, para-F), -170.0 (t, 3JFF = 21.8 Hz, 6 F, meta-F). IR (KBr, cm-1): 2948 m, 2872 

m, 2832 m, 2792 m, 2712 m, 2381 m br (νBH), 1643 m, 1514 s, 1461 s, 1364 m, 1297 m, 

1278 m, 1099 s, 969 s, 907 m, 782 m, 764 m. Calcd for BC30F15H33K: C, 45.93; H, 4.24; N, 

7.14. Found: C, 46.02; H, 3.84; N, 6.87.  Mp 90-92 °C. 

 

Supplementary material 

X-‐ray	  crystallographic	  data	  for	  Ca(C(SiHMe2)3)2THF2	  (3.2·THF2).	  

	  
	  
Table 3.S1.  Crystal data and structure refinement for Ca(C(SiHMe2)3)2THF2 (3.2·THF2). 
Empirical	  formula	  	   C22H58CaO2Si6	  
Formula	  weight	  	   563.30	  
Temperature	  	   173(2)	  K	  
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Wavelength	  	   0.71073	  Å	  
Crystal	  system	  	   Monoclinic	  
Space	  group	  	   C2/c	  
Unit	  cell	  dimensions	   a	  =	  23.185(7)	  Å	   α=	  90°.	  
	   b	  =	  9.352(3)	  Å	   β=	  121.49(2)°.	  
	   c	  =	  18.826(6)	  Å	   γ	  =	  90°.	  
	  
X-‐ray	  crystallographic	  data	  for	  Yb(C(SiHMe2)3)2THF2	  (3.3·THF2).	  

 
Table 3.S2. Crystal data and structure refinement for Yb(C(SiHMe2)3)2THF2 (3.3·THF2). 
Empirical formula  C22H58O2Si6Yb 
Formula weight  696.26 
Temperature  293(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  C2/c 
Unit cell dimensions a = 22.792(12) Å α= 90°. 
 b = 9.284(4) Å β= 121.189(16)°. 
 c = 18.655(10) Å γ = 90°. 

X-‐ray	  crystallographic	  data	  for	  YbC(SiHMe2)3THF2[HB(C6F5)3]	  (3.5·THF2).	  
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Table 3.S3. Crystal data and structure refinement for [YbC(SiHMe2)3THF2][HB(C6F5)3] 
(3.5·THF2). 
Empirical formula  C33H38BF15O2Si3Yb 
Formula weight  1019.75 
Temperature  123(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a = 11.0583(7) Å α= 90°. 
 b = 23.1942(14) Å β= 97.0320(10)°. 
 c = 15.3710(9) Å γ = 90°. 
 

	  
X-‐ray	  crystallographic	  data	  for	  Ca[HB(C6F5)3]2THF2	  (3.6·THF2).	  
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Table 3.S4.  Crystal data and structure refinement for Ca[HB(C6F5)3]2THF2 (3.6·THF2). 
Empirical formula  C50H24B2CaF30O2 
Formula weight  1288.39 
Temperature  123(2) K 
Wavelength  0.71073 Å 
Crystal system  monoclinic 
Space group  C 2/c 
Unit cell dimensions a = 15.9249(9) Å α= 90°. 
 b = 15.7207(9) Å β= 107.8530(10)°. 
 c = 20.7711(12) Å γ = 90°. 
 

X-‐ray	  crystallographic	  data	  for	  (Me2SiC(SiHMe2)2)2.	  
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Table 3.S5.  Crystal data and structure refinement for (Me2SiC(SiHMe2)2)2. 
Empirical formula  C14H40Si6 
Formula weight  377.00 
Temperature  173(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 8.512(7) Å α= 104.555(19)°. 
 b = 8.569(7) Å β= 91.47(2)°. 
 c = 9.253(9) Å γ = 114.49(2)°. 
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Chapter 4: Abstraction reactions of Mixed di(alkyl) magnesium complexes containing 

Si-H functionality with Lewis acids 

Modified from a paper to be submitted to Organometallics 

KaKing Yan, Brianna M. Upton, Arkady Ellern, Aaron D. Sadow 

Department of Chemistry and US Department of Energy Ames Laboratory, Iowa State 

University, Ames IA, 50011, USA 

	  
Abstract. A series of monomeric neutral, zwitterionic and cationic magnesium alkyl 

compounds containing the tris(dimethylsilyl)methyl -C(SiHMe2)3, bis(dimethylsilyl)methyl  

-CH(SiHMe2)2, and bis(trimethylsilyl)methyl -CH(SiMe3)2 ligand are described. The 

magnesium mixed methyl alkyl complexes MeMgR(TMEDA) are synthesized by salt 

elimination of MeMgBr(TMEDA)  with LiR (R = C(SiHMe2)3, CH(SiHMe2)2, CH(SiMe3)2). 

The synthesis of MeMgCH(SiHMe2)2(TMEDA) results in contamination of 

BrMgCH(SiHMe2)2(TMEDA), which is resulted from possible Schlenk’s equilibrium from 

MeMgBr(TMEDA).   The abstraction reactions of MeMgR(TMEDA) (R = C(SiHMe2)3, 

CH(SiMe3)2) with electrophiles, such as SiMe3I, B(C6F5)3, PhB(C6F5)2 and [Ph3C][B(C6F5)4] 

were examined. Mg methyl group abstractions were predominated with all the electrophiles 

to give the corresponding zwitterionic or cationic Mg species, except in the reaction of 

MeMgC(SiHMe2)3(TMEDA) and B(C6F5)3, in which a 10:1 ratio of methyl group to β-SiH 

group abstraction was observed. The spectroscopic data suggests the isolated β-SiH 

containing zwitterionic or cationic Mg complexes do not process agostic Si—H—Mg 

interaction. 

 



	  

 

115	  

Introduction 

Organomagnesium compounds are important class of reagents in organic and 

organometallic chemistry. Despite their wide applications in organic synthesis, the 

understanding of the mechanism involving Grignard reagents is difficult to study, due to their 

complicated speciation and solution structures. The solution structure of Grignard reagents 

depends greatly on the nature of groups on Mg, solvent, concentration and temperature. For 

example, RMgX in Et2O exist in monomeric form in low concentration but in dimeric or high 

order in high concentration, despite their monomeric solid-state structure.1 In addition, the 

possibility of Schlenk’s equilibrium further complicates the actual species in solution. 2 

Therefore, the ability to synthesize well-defined monomeric Grignard reagent in solution 

would greatly provide deep insight on how to control their organic reaction pathways and 

thus selectivity. Notably, most studies on Grignard are focused on RMgX type where X is 

halide. Much less attention has been paid to heterolytic Mg compounds RMgX where X is 

not halide. Other heteroletpic magnesium compounds include Mg alkyl amide, n-

BuMg[NDiip(SiMe3)](THF)2, n-BuMgHMDS, and s-BuMgHMDS.3 These compounds 

exhibit interesting reactivity, for example, the last two compounds undergo β-H transfer 

reaction with ketone to give an mixed amide alkoxide ketone-reduced compound 

[{(Me3Si)2NMg[µ-OC(H)Ph2]·(O=CPh2)}2] and olefins.4 This interesting result suggested 

that β-H, not Mg alkyl, on Mg alkyl could be more nuclueophilic in nature.  

Recently reported that reaction of MC(SiHMe2)3)2THF (M = Ca, Yb) and B(C6F5)3 

proceed via SiH abstraction rather than abstraction of the entire alkyl group. 5 Furthermore, 

reactions with two equivalents of Lewis acid gives a 'double' abstraction product, where an H 

from each of the two -C(SiHMe2)3 ligands is abstracted. This selectivity was attributed partly 
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to steric effects, such that interaction of the electrophile with a sterically hindered carbanion 

is not possible, whereas the SiH groups are more easily accessed. It is worth considering that 

no reaction might occur with bulky alkyls and Lewis acids in the absence of SiH groups (e.g. 

M(C(SiMe3)3)2 (rephrase this). Thus, understanding the selectivity for reactions of metal 

alkyls with Lewis acids where alkyl abstraction is possible to gauge the relative 

nucleophilicity of β-SiH groups versus unhindered metal alkyls.  

Therefore, we are interested in preparing β-H containing organometallic Mg 

compounds to study their reactivity with Lewis acids in comparison to MgMe group. We 

have chosen to investigate heteroleptic magnesium dialkyl compounds, since Grignard 

reagents RMgBr, as their TMEDA adducts, are readily available in monomeric form in solid-

state.6 Although intermetallic anionic ligand exchange is possible for divalent rare earth and 

alkali earth metal MRR' compounds, we expected those reaction to be less important with the 

coordinatively saturated tetrahedral TMEDA derivatives. Despite this, few heteroleptic 

magnesium dialkyl compounds have been reported and/or crystallographically characterized 

[PhCH2MgMe(THF)2 is known to form from a reaction of MgMeCl and KBn, but this 

materal was structurally and analytically characterized.7 The most prominent complex is 

CpMgMe, which was formed from disproporation of Cp2Mg and Me2Mg, but it is also not 

structurally characterized.8 This mixed compound reacted further with aza-crown ether to 

give cationic species [(AEM)MgMe][Cp].9 Well-defined cationic magnesium alkyl 

compounds are rare. Another strategy to synthesize cationic magnesium alkyls is by reaction 

of cationic ancillary ligand or acid equipped with weakly coordinating anions with MgR2 to 

give [LMg(n-Bu)]+[BAr4]-10 and [(Et2O)Mg(n-Bu)]+[B(C6F5)4]-.11 However, direct 

abstraction of M-R group with Lewis acids was not reported to date for magnesium 
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chemistry. Here we report the synthesis of rare heteroleptic dialkyl magnesium compounds 

and our investigations of their reactivity with different borane-based Lewis acids to form 

cationic Mg alkyl compounds. 

 

Result and discussion. 

4.1. Synthesis of MeMgC(SiHMe2)3(TMEDA) (4.1). 

Salt metathesis reaction of KC(SiHMe2)3 and MeMgBr(TMEDA) in benzene for 12 h 

provides MgC(SiHMe2)3Me(TMEDA) (4.1; eq 4.1) as a light orange crystalline solid.  

 

The 1H NMR spectrum of 4.1 contained resonances at 4.75 ppm (1JSiH = 169.2 Hz), 

0.54 ppm (3JHH = 3.6 Hz) and 0.91 ppm, assigned to resonances of SiH, SiMe2 and MgMe, 

respectively. The SiH resonance appears at 4.75 ppm and the 1JSiH is 170 Hz. In comparison, 

the 1JSiH of HC(SiHMe2)3 is 184 Hz, and the 1H NMR chemical shift is 4.33 ppm. 

Furthermore, the tmeda ligand exhibits diastereotopic resonances for both NMe2 (2.03 and 

1.91 ppm) and NCH2 (1.65 and 1.59 ppm). This suggests both monodentate12 and bidentate 

coordination modes of TMEDA are possible solution structures. Meanwhile, the 13C{1H} 

NMR spectrum contained two signals for the NMe groups at 47.8 and 47.1 ppm and one 

board signal for the NCH2 group at 56.8 ppm. The two NMe signals in 1H NMR spectrum 

showed cross peaks with the two resonances of NMe groups in 13C spectrum in a 1H-13C 

HMBC experiment that unambiguously suggested that both NMe groups are diastereotopic 

N
Mg

N

Br Me

N
Mg

N

(Me2HSi)3C Me

KC(SiHMe2)3

benzene

- KBr

(4.1)

r.t., 4 h
4.1, 54.4%
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and both N atoms reside on the Mg center. The 29Si NMR of MgC(SiHMe2)3Me(TMEDA) 

contained one resonance at -20.3 ppm. In comparison, it is relatively closed to that of other 

TMEDA -C(SiHMe2)3 anions in KC(SiHMe2)3(TMEDA) (-23.7 ppm)13 and 

Ca[C(SiHMe2)3]2(TMEDA) (-23.6 ppm) 13. The IR spectrum showed two absorption bands 

for the SiH stretching bands at 2076 and 2044 cm-1. The stretching frequency of the SiH 

bands are lower than that of the free ligand HC(SiHMe2)3 at 2109 cm-1. Nevertheless, the 

high 1JSiH coupling constant and high SiH stretching frequency νSiH imply the Mg---H---Si 

interaction is not strong, in contrary to the Y[C(SiHMe2)3]3
14

 and M[C(SiHMe2)3]2THF2 (M 

= Ca, Yb), which exhibits strong β-SiH agostic interactions.5 

4.1 can be re-crystallized from a concentrated solution in pentane at -30 °C. Single 

crystal X-ray diffraction study of MgMeC(SiHMe2)3(TMEDA) showed its monomeric nature 

and the magnesium coordination number to be four and unambiguously showed that both N 

atoms coordinate to Mg center. 4.1 crystallizes with three crystallographically independent 

molecules in the unit cell (one is shown in Figure 4.1). The Mg-CH3 (ave.  2.14) and Mg-

C(SiHMe2)3 (ave 2.22) distances are identical within error for the three molecules, as are the 

C-Mg-C angles (ave. 120°). In the homoleptic MC(SiHMe2)3)2THF2 (M = Ca, Yb) 

compounds, short M-Si distances and M-C-Si-H torsion angles indicate structures with one 

β-agostic SiH per alkyl ligand. In contrast, the Mg-Si distances in 4.1 are longer than the 

sums of ionic or covalent radii for Mg and Si, although shorter than the sum of van der waals 

radii, which is much smaller than the diviation in the Ca-Si and Yb-Si that occur as a result 

of one short interaction due to the agostic interaction. Another structural support against β-

agostic SiH in the X-ray structure of 1 is the large torsion angles for M-C-Si-H, the smallest 

of which is 25.79° for Mg3-C29-Si8-HS8. 
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Figure 4.1. ORTEP diagram of one molecule of 4.1. Ellipsoids are drawn at 35% probability, 

and the only hydrogen atoms shown are bonded to silicon. The other two, 

crystallographically independent MeMgC(SiHMe2)3(TMEDA) molecules are not shown.  

 

4.2. Synthesis of MgC(SiHMe2)3I(TMEDA) (4.2). 

Reaction of 4.1 with SiMe3I in benzene cleanly afforded alkylGrignard 

MgIC(SiHMe2)3(TMEDA) (4.2) in good yield (eq 4.2). SiMe4 was observed to evolve in a 

micromolar scale reaction in benzene-d6.  
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The 1H, 13C and 29Si NMR spectra of 4.2 are very similar to 4.1, except in the absence 

of the MgMe resonance. The SiH and SiMe resonances were observed at 4.72 ppm (1JSiH = 

169.8 Hz) and 0.57 ppm (3JHH = 3.6 Hz), respectively in 1H NMR spectrum. Similar to 4.1, 

TMEDA ligand exhibits diastereotopic resonances for both NMe2 (2.20 and 1.99 ppm) and 

NCH2 (1.79 and 1.49 ppm). Also, the IR spectrum showed two stretching bands for νSiH, 

groups at 2078 and 2039 cm-1. Though lower stretching frequency, they are unlikely to 

contain any secondary interactions.  

 

4.3. Synthesis and characterization of [LiCH(SiHMe2)2](THF) (4.3-Li) and 

KCH(SiHMe2)2 (4.3-K). 

The tris(silyl)anion [KC(SiHMe2)3] described above is the 'SiH-functionalized' 

version of the extremely bulky trisyl potassium, we were interested in a less bulky 

bis(silyl)methyl anion [CH(SiHMe2)2]– as a SiH-containing derivative of 

bis(trimethylsilyl)methylpotassium. The CH(SiMe3)2 ligand15,16 and the N analog of SiH-

containing bis(dimethylsilyl)amido ligand N(SiHMe2)2
17 have been widely used in 

coordination chemistry in both main group and rare-earth chemistry. The incorporation of 

two SiMe3 groups for a sterically less hindered environment allow some interesting yet 

reactive compounds to be insolated. For example, the solvent-free homoleptic trisalkyl 

lanthanides Ln[CH(SiMe3)2]3
16 were synthesized that exclude coordination of solvent 

N
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N

(Me2HSi)3C Me

N
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N

(Me2HSi)3C I

SiMe3I
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- SiMe4

(4.2)

r.t., 1 h
4.2, 86.6%4.1
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molecules. Moreover, the steric bulk of the ligand also allows isolation of highly reactive 

moiety, for example, the highly active alkylperoxide group in Al alkylperoxide 

(Nacnac)AlOOtBu[CH(SiMe3)2]18 could be stabilized using CH(SiHMe2)2. The ability to 

engage in M---H---Si interaction allows stabilization of coordinatively unsaturated 

compounds. 19 In addition, the benefit of having α-H to anchor a β-SiH containing alkyl 

framework may allow us to study the how the β-SiH affect the acidity of the α-H (α-

abstraction reaction). 

However, attempts to prepare bis(dimethylsilyl)methyllithium by modification of the 

route to [LiCH(SiMe3)2] by transmetalation of BrHC(SiHMe2)2 with n-BuLi was previously 

reported to give [(SiHMe2)2CH]SiMe2CH2SiHMe.20 Instead, we pursued [CH(SiHMe2)2]– by 

deprotonation of H2C(SiHMe2)2 based on the effect of β-SiH groups on the acidity of an 

adjacent CH bond. For example, the acidity of HN(SiHMe2)2 (pKa 22.8) is higher than that 

of HN(SiMe3)2 (pKa 25.8).17b This trend appears to extend to carbon; thus, HC(SiMe3)3 is 

deprotonated by by MeLi in Et2O/THF mixtures giving 80% yield after 20 h at reflux21 

whereas HC(SiHMe2)3 is deprotonated under less forcing conditions at room temperature 

after 6 h by lithium diisopropylamide.22 The analog to the desired bis(dimethylsilyl)methyl 

anion, bis(trimethylsilyl)methyl anion can be prepared by deprotonation of H2C(SiMe3)2; 

however, forcing conditions require the use of t-BuLi in THF/HMPA mixtures.23 According 

to the trend in acidities, we expected that deprotonation of H2C(SiHMe2)2 could be 

accomplished under milder conditions in the absence of HMPA. In fact, treatment of 

H2C(SiHMe2)2 with t-BuLi in THF at -90 °C affords the desired [LiCH(SiHMe2)2] (eq 9.3). 

However, this deprotonation reaction is extremely sensitive to the nature of the base and 

conditions. Initial experiments showed that n-BuLi or Schlosser base (MeLi and KOt-Bu)24 
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give mixtures of unidentified products. Interestingly, when bis(dimethylsilyl)methane was 

treated with KCH2Ph, unexpected silyl group redistribution occurs to yield [KC(SiHMe2)3] as 

the major product. Reactions with t-BuLi in non-coordinating solvents such as pentane yield 

only trace amount of the desired lithiated product.  

 

The formulation of [LiCH(SiHMe2)2(THF)] is confirmed by NMR and IR 

spectroscopy as well as X-ray crystallography. The 1H NMR spectrum contained only one 

type of SiH group (δSiH 4.63), but the IR (KBr) spectrum of 4.3-Li contains two bands 

assigned to SiH stretching frequencies (νSiH 2108 and 1986 cm-1). In the solid state of 

[LiCH(SiHMe2)2THF], 4.3-Li forms a linear polymeric structure in the solid state (see 

Figure 4.1). Such arrangement is rare among lithium alkyl complexes, which typically form 

small clusters, although both [NaCH(SiMe3)2]n and [KCH(SiMe3)2]n form polymeric chain 

structure.25 Unlike solvent -free [LiCH(SiMe3)2], one molecule of THF is coordinated to 

lithium in 4.3-Li. Additionally, short Si—H—Li distances (2.23(4) Å) were observed for 

both SiH groups to the neighboring lithium center that continues a polymeric structure. Such 

agostic interaction explains the two νSiH bands corresponding to the two types of νSiH in IR.  

(4.3)
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Figure 4.2. ORTEP diagram of one molecule of [LiCH(SiHMe2)2(THF)] (4.3-Li). Ellipsoids 

are drawn at 35% probability, and the only hydrogen atoms shown are bonded to silicon. 

  

Treatment of 4.3-Li with 1 equiv. of KOtBu in pentane at room temperature affords 

THF-free [KCH(SiHMe2)2] (4.3-K) as a highly moisture and air-sensitive off-white 

amorphous solid after washing with pentane to remove lithium t-butoxide (eq 4.4). NMR 
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spectra of a freshly prepared sample of 4.3-K in benzene-d6 revealed that even at ambient 

temperature 4.3-K was slowly decomposed with formation of H2C(SiHMe2)2, but it is stable 

when stored at -30 oC in inert atmosphere. 

 

4.3-K is insoluble in aliphatic solvent and is only sparingly soluble in benzene. The 

1H NMR of 4.3-K in benzene-d6 contained resonances at 4.73 (1JSiH = 150.0 Hz), 0.35 and -

2.14 ppm that are assigned to SiH, SiMe2 and CH groups, respectively. The chemical shift of 

the CH group is shifted ca. 0.2 ppm upfield to that of 4.3-Li and about the same as that of 

KCH(SiMe3)2(THF)25. In contrast to the SiH resonance in 1H NMR, the IR spectrum of 4.3-

K contained two SiH stretching bands at νSiH 1854, and 1805 cm-1. The low solubility of 4.3-

K prevents any low-temperature NMR study. Furthermore, the combination of low solubility 

in aromatic solvent and the absence of THF coordination suggest 4.3-K in solid state may 

adopt a polymeric structure analogous to [KCH(SiMe3)2]n. 

 

4.4 Synthesis of Mg(CH(SiHMe2)2)Me(TMEDA) (4.4-Me) and 

Mg(CH(SiHMe2)2)Br(TMEDA) (4.4-Br). 

Unfortunately, the analogous salt metathesis reactions between MeMgBr(TMEDA) 

and LiCH(SiHMe2)2(THF) or KCH(SiHMe2)2 provide a mixture of the desired 

MeMgCH(SiHMe2)2(TMEDA) (4.4-Me) and MgBrCH(SiHMe2)2(TMEDA) (4.4-Br) in a 

4.37 : 1 ratio (eq 4.5) based on integration in 1H NMR spectrum.  

LiCH(SiHMe2)2(THF) (4.4)K C
H

SiHMe2
SiHMe2

n

KOtBu

r.t., 2 h

pentane

4.3-K, 61.6%- LiOtBu
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The observed product mixture can be explained by two scenarios: a) 4.4-Me formed 

reacts with the by-product LiBr to provide 4.4-Br; b) MeMgBr(TMEDA) undergoes partial 

disproportionation reaction to give a mixture of MeMgBr(TMEDA), MgBr2(TMEDA), and 

MgMe2(TMEDA) prior to the reaction with the Li alkyl. To test the first scenario, the NMR 

experiment of MeMgBr(TMEDA) and LiCH(SiHMe2)2(THF) in benzene-d6 was thermolyzed 

to 85 oC for 4 h after observing the ratio of mixture of 4.4-Me and 4.4-Br was developed. 

However, the product ratio was not affected. To avoid salt contamination, KCH(SiHMe2)2 

was used. KBr is expected to show less solubility than LiBr in benzene, thus less likely to 

react with 4.4-Me. The product ratio of 4.4-Me and 4.4-Br remains the same. Therefore, the 

pre-equilibrium of MeMgBr(TMEDA), MgBr2(TMEDA), and MgMe2(TMEDA) may prove 

problematic in the synthesis of 4.4-Me, though unexpected, it does not affect the synthesis of 

4.1. Although 4.4-Me cannot be isolated, its identity can be revealed from the 1H NMR 

spectrum, which contained resonances at 0.55 and 0.51 ppm for the diastereotopic SiMe2 

groups, 4.77 ppm (1JSiH = 163.2 Hz) for SiH group and -1.66 ppm for the CH group. The 

chemical shifts of the SiHMe2 group in 4.4-Me are not very different than those in 1. The 

most interesting feature is the similar 1JSiH between 4.1 and 4.4-Me. Apparently, although 4.1 

processes an extra SiHMe2 group, the electronic natures of in MeMgR(TMEDA) [R = 

CH(SiHMe2)2 and C(SiHMe2)3] are not very different.  
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A single crystal X-ray diffraction study of 4.4-Me showed its monomeric nature and 

the magnesium center unambiguously showed that both N atoms coordinate to Mg center in a 

tetrahedral fashion. 4.4-Me crystallizes with two crystallographically independent molecules 

in the unit cell (one is shown in Figure 4.3). The Mg-C bond distance in MgMe (2.130(2) Å) 

is a little shorter than the M-C bond in MgCH(SiHMe2)2 (2.174(2) Å). The Mg-C distance is 

within error identical to that of 4.1, but the M-C bond of the silylalkyl ligand in 4.4-Me is 

shorter than that of 4.1 by 0.05 Å. The MgMe group is located trans to the α-CH group of –

CH(SiHMe2)2, probably as a result from steric pressure imposed by the Me groups on tmeda. 

Both Hs on the SiHMe2 groups are 3.41(2) and 3.44(2) Å from the Mg center. Though 

pointing towards Mg, they are unlikely to engage in any secondary Mg—H—Si interactions, 

similar observation was also observed in Mg{N(SiHMe2)2}2THF2.26 The geometry of the 

central carbon in CH(SiHMe2)2 (338.3 °) is distorted from the sp3 hybridization (328°), 

resulting from the direct connection to two electropositive Si atoms.  
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Figure 4.3. ORTEP diagram of MeMgCH(SiHMe2)2(TMEDA) (4.4-Me). Ellipsoids are 

drawn at 35% probability. H atoms on TMEDA and on methyl groups are not included for 

clarity. Selected bond distances (Å): Mg2-Si5, 2.6414(9); Mg2-C32, 2.222(2); Mg-N3, 

2.210(2); Mg-N4, 2.213(2). Selected bond angles (°): Si5-Mg2-C32, 120.73(6); N3-Mg2-N4, 

82.67(8). 

 

Analytically pure 4.4-Br can be synthesized by addition of excess amount of SiMe3Br 

into a benzene solution of the mixture of 4.4-Me and 4.4-Br for 12 h. After removing the by-

product SiMe4 and excess SiMe3Br, 4.4-Br was isolated quantitively as a white crystalline 

solid (eq 4.6). 
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The 1H NMR spectrum of 4.4-Br contained one SiH resonance at 4.73 ppm (1JSiH = 

164.9 Hz), two diastereotopic SiMe resonances at 0.60 ppm (3JHH = 3.5 Hz) and 0.50 ppm 

(3JHH = 3.4 Hz) and one CH resonance at -1.63 ppm. Those chemical shifts are comparable to 

4.4-Me. Furthermore, the 29Si NMR shifts are almost identical (4-Me: 16.7 ppm; 4-Br: 16.9 

ppm). The high stretching frequency of SiH group in IR spectroscopy at 2068 cm-1 suggests 

there is no β-SiH agostic interaction with the Mg center either. This suggests that substitution 

of a methyl to a bromide group does not influence the overall electronic nature of the alkyl 

framework. Notably, it’s worthwhile to consider that the TMEDA ligand in both 4.4-Me and 

4.4-Br undergoes fast exchange process that results in board TMEDA resonances at room 

temperature, while this process was not observed in 4.1 that includes a more sterically 

hindered silylalkyl ligand. 

 

4.5. Synthesis of Mg(CH(SiMe3)2)Me(TMEDA) (4.5). 

The analogous Mg mixed alkyls compound without SiH group 

MeMgCH(SiMe3)2(TMEDA) (4.5) was prepared in similar route from MeMgBr(TMEDA) 

and LiCH(SiMe3)2 in 64.7% yield after recrystallization from pentane (eq 4.7).  
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The contamination of Br adduct was not observed in this case. 4.5 was observed as 

the sole product after re-crystallization. The 1H NMR and 13C NMR spectra were expected 

for the formulation of 4.5. One notable feature is that the TMEDA ligand showed as board 

resonances for NMe2 and NCH2 that implied the diamine ligand might undergo fast exchange 

at room temperature. 4.5 crystallizes with two independent molecules in the unit cell that 

have the same constitution and connectivity (only 1 is shown in Figure 4.4). There are slight 

differences in the distances and angles in the compounds that are likely chemically 

insignificant. For example Mg-CH3 (Mg1-C8, 2.279(2); Mg2-C26, 2.297(2)) and Mg-

CH(SiMe3)2 (Mg-C1, 2.186(2); 2.191(3)). 
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Figure 4.4. ORTEP diagram of MgMeCH(SiMe3)2(TMEDA) (4.5). Ellipsoids are drawn at 

35% probability. H atoms on TMEDA and on methyl groups are not included for clarity. 

Selected bond distances (Å): Mg2-Si5, 2.6414(9); Mg2-C32, 2.222(2); Mg-N3, 2.210(2); 

Mg-N4, 2.213(2). Selected bond angles (°): Si5-Mg2-C32, 120.73(6); N3-Mg2-N4, 82.67(8). 

 

4.6. Synthesis of MgICH(SiMe3)2(TMEDA) (4.6). 

Analoguous to the synthesis of 4.2, reaction of 4.5 with SiMe3I in benzene cleanly 

afforded alkylGrignard MgICH(SiMe3)2(TMEDA) (4.6; eq 4.8) in good yield. SiMe4 was 

observed to evolve in a micromolar scale reaction in benzene-d6.  
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The 1H, 13C and 29Si NMR spectra of 4.6 are very similar to 4.5, except in the absence 

of the MgMe resonance. The SiMe and CH resonances were observed at 0.45 and -1.58 ppm 

respectively in 1H NMR spectrum. It is worthwhile to consider the Mg-C bond distances for 

the four alkyl ligands Me, C(SiHMe2)3, CH(SiHMe2)2, and CH(SiMe3)2 over the series to 

evaluate the effect of the different silylmethyl ligands on the Mg-Me distance and the 

magnesium silylmethyl distance. From Table 4.1, the Mg-Me distances for compounds with 

dimethylsilylmethyl ligands (either C(SiHMe2)3 or CH(SiHMe2)2 are considerable shorter 

than the Mg-Me distances for the compounds with CH(SiMe3)2 groups (i.e. lacking β-SiH). 

This is clearly due to an electronic effect of the β-SiH on the Mg-Me distance, since the 

steric encumbrance is C(SiHMe2)3 > CH(SiMe3)2 > CH(SiHMe2)2 (based on solid angles, 

Table 4.2).27 Alternatively, the Mg-C distance in the silylmethyl ligands correlates with the 

steric bulk of the ligand except when CH3 is replaced with I (Table 4.3). 

 

Table 4.1. Mg-Me and Mg-C bond lengths  

Compound Mg-Me (Å) M-CSin (Å) 
MgMeC(SiHMe2)3(TMEDA) 

A (4.1) 
2.147(3) 2.221(3) 

MgMeC(SiHMe2)3(TMEDA) 
B (4.1) 

2.142(2) 2.223(3) 

MgMeC(SiHMe2)3(TMEDA) 
C (4.1) 

2.140(2) 2.222(3) 

MgMeCH(SiHMe2)2(TMEDA) 
(4.4-Me) 

2.126(2) 2.174(2) 
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- SiMe4

(4.8)

r.t., 1 h
4.6, 87.7%4.5
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MgMeCH(SiMe3)2(TMEDA) 
(4.5) 

2.296(2) 2.185(2) 

MgIC(SiHMe2)3(TMEDA) 
(4.2) 

n.a. 2.175(5) 

MgIC(SiHMe2)3(TMEDA) 
(4.2) 

n.a. 2.182(5) 

 

Table 4.2. Solid angle for comparing C(SiHMe2)3, CH(SiHMe2)2 and C(SiMe3)3  

Compound Ligand Solid Angle alkyl % 
occupancy 

MeMgC(SiHMe2)3TMEDA 
(4.1) 

C(SiHMe2)3 4.13 32.89 

MeMgCH(SiHMe2)2TMEDA 
(4.4-Me) 

CH(SiHMe2)2 3.15 25.04 

MeMg(CH(SiMe3)2)TMEDA 
(4.5) 

CH(SiMe3)2 3.71 29.56 

 

Table 4.3. Solid angle for Me and TMED for comparing C(SiHMe2)3, CH(SiHMe2)2 and 
C(SiMe3)3 
 

Compound Me-Solid 
Angle 

Me % 
occupancy 

TMEDA Solid 
Angle 

TMEDA % 
occupancy 

MeMgC(SiHMe2)3(TMEDA) 
(4.1) 

1.90 15.14 4.52 35.89 

MeMgCH(SiHMe2)2(TMEDA) 
(4.4-Me) 

1.94 15.42 4.61 36.67 

MeMgCH(SiMe3)2(TMEDA) 
(4.5) 

1.62 12.89 4.53 36.04 

 

4.7. Reaction of MeMgC(SiHMe2)3(TMEDA) (4.1) and MgIC(SiHMe2)3(TMEDA) (4.2) 

with Lewis acids. 

Alkyl group abstraction by organometallic Lewis acids represents the most general 

methodology to generate cationic complexes that are important catalysts in polymerization.28 

The commonly used Lewis acid is B(C6F5)3 due to its strong electrophilic character and its 

tendency to form weakly-coordinating anion upon anionic group abstraction. There are few 
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cationic Mg alkyl compounds reported and the method used to synthesize these elusive 

compounds was to highly acidic protic reagent with a weakly coordinating anion, such as 

[H(OEt2)][B(C6F5)4].29 Here, we intended to synthesize cationic magnesium alkyl 

compounds containing β-H containing silylalkyl ligands by anionic group abstraction by 

Lewis acids. Unfortunately, the reaction between 4.1 and B(C6F5)3 in bromobenzene-d5 gave 

a mixture of products, including both the desire methide abstracted product, 

[MgC(SiHMe2)3][MeB(C6F5)3](TMEDA) (4.7), and the β-SiH abstracted product, 

[MgMe][(µ-H)B(C6F5)3](TMEDA), in ca. 10:1 ratio, based on the integration of a 1H NMR 

spectrum. This is also easily determined by 11B NMR spectroscopy, which exhibits a sharp 

singlet corresponding to the MeB(C6F5)3 anion at -14.4 ppm and a board resonance for the 

HB(C6F5)3 anion at -22.6 ppm. The methyl resonance of MeB(C6F5)3 was detected at 0.95 

ppm in 1H NMR spectrum that is more downfield than free MeB(C6F5)3 (ca. 0.45 pp,)30 and 4 

could be described better as contacted ion-pair. Another method to identify between 

zwitterionic species to sovent-separated ion-pair is to measure the δ paraF – δ metaF in 19F 

NMR spectrum. The 19F NMR chemical shift difference for meta and para fluorine 

resonances in 4.7 is 3.4 ppm. Previously, Horton suggested that a value of δ paraF – δ metaF 

less than 3.5 corresponds to a [X3Zr][MeB(C6F5)3] inner sphere interaction, whereas 

Δ(δparaF – δmetaF) > 3.5 indicates that a solvent-separated ion pair is formed.31 By this 

measure, 4.7 is best described as [MgSi(SiMe3)3(µ-Me)B(C6F5)3](TMEDA).  

 

N
Mg

N

(Me2HSi)3C Me

N
Mg

N

(Me2HSi)3C MeB(C6F5)3

B(C6F5)3

bromobenzene-d5

- [(Me2HSi)C-SiMe2]2

(4.9)

r.t., 0.5 h
4.74.1

N
Mg

N

(C6F5)3BH Me
+
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In benzene-d6, the reaction is less selective. A mixture of [MgC(SiHMe2)3(µ-

Me)B(C6F5)3](TMEDA) (4.7) and [MeMg(µ-H)B(C6F5)3](TMEDA) was formed in a ~1:1 

ratio after 30 min, indicating that MgMe and SiH  abstraction occurred. Crosspeaks in 1H-11B 

HMQC experiments allow the identification of HB(C6F5)3 and MeB(C6F5)3 in the 1H NMR 

spectrum at xxx and 0.95 ppm, respectively. The 1H NMR spectrum also shows the presence 

of 1,3-disilacyclobutane that results from head-to-tail dimerization of Me2Si=C(SiHMe2)2.22 

A small amount of HC(SiHMe2)3 is formed, likely due to decomposition of 9.7. There was no 

change to the spectra over 16 h in bromobenzene-d5, and in benzene-d6, only small increase 

in disilacyclopbutane was observed. Upon addition of a second equivalent of B(C6F5)3 to the 

benzene solution, the resonance for C(SiHMe2)3 group was not observed and was completely 

transformed into disilacylobtane. The other organometallic product [Mg(µ-H)B(C6F5)3(µ-

Me)B(C6F5)3](TMEDA) (4.8) precipitated out of the solution over a period of 10 min in 

benzene (eq 4.10).  

 

It seems likely that the MgMe is a stronger nucleophile than the SiH groups in 

MeMgC(SiHMe2)3(TMEDA), however, the SiH group is clearly (and perhaps surprisingly) 

competitive with the MgMe in the reaction with B(C6F5)3. Therefore, we also looked at the 

reaction of MgC(SiHMe2)3 group with B(C6F5)3 to examine the reactivity of β-SiH group 

with a strong Lewis acid. The reaction between MgMe-free 4.2 and B(C6F5)3 in benzene 

immediately gave 1,3-disilacyclobutane and [MgI(µ-H)B(C6F5)3](TMEDA) (4.9; eq 4.11). 

N
Mg

N

(Me2HSi)3C Me

N
Mg

N

(C6F5)3BH MeB(C6F5)3

2 B(C6F5)3

benzene

- [(Me2HSi)C-SiMe2]2

r.t., 0.5 h
4.8, 76.5%4.1

(4.10)
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Compound 4.9 appeared to be more soluble in benzene than 4.8. The hydridoborate 

moiety was unambiguously assigned by 1H and 11B NMR spectroscopy. The HB group was 

observed as a board quartet at 2.25 ppm in 1H NMR and -20.9 ppm (1JBH = 64.7 Hz) in 11B 

NMR spectra. The isolation of [MgI(µ-H)B(C6F5)3](TMEDA) implied the β-SiH is also 

susceptible toward β-H abstraction. Thus, other electrophiles including BPh3 and PhB(C6F5)2 

were allowed to react with 4.1 for comparison. Because BPh3 and PhB(C6F5)2 are weaker 

electrophiles than B(C6F5)3, its selectivity for the stronger nucleophile is expected to be 

greater. When BPh3 or PhB(C6F5)2 and 4.1 react in benzene-d6, the methide abstraction 

product is observed as the sole product, no silene-dimer [Me2Si-C(SiHMe2)2]2 was detected 

for possible β-H abstraction by borane. However, the low solubility of resulting adducts 

resulted in precipitation of 4.10 slowly at room temperature. After further benzene and 

pentane washes, 4.10 was isolated as a white solid in 62% yield (eq 4.12). The C6F5 group 

enhances the solubility of the adduct, but oily residue of 4.11 slowly formed and precipitated 

out of the benzene solution overtime (eq 4.12).  

 

N
Mg

N

(Me2HSi)3C I

N
Mg

N

(C6F5)3BH I

B(C6F5)3

benzene

- 0.5 [(Me2HSi)C-SiMe2]2

r.t., 0.5 h
   4.94.2

(4.11)

N
Mg

N

(Me2HSi)3C Me

PhB(C6X5)2

benzene

r.t., 0.5 h
4.1

(4.12)
N

Mg
N

(Me2HSi)3C MeB(C6X5)3

X = H, 4.10, 62.3%)

= F, (4.11, 96.0%)
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Compound 4.10 is only sparingly soluble in bromobenzene but soluble enough for 

identification of the product. The 1H NMR of 4.10 in bromobenzene-d5 consisted of the 

resonance of methyl borate group at 0.52 ppm. Abstraction reaction from BPh3 often results 

in zwitterionic speces formation. For example, contacted ion-pair Yb[(µ-H)BPh3]2THF was 

isolated in the reaction of Yb[C(SiHMe2)3]2THF2 with BPh3.5 The SiMe2 resonance (0.24 

ppm, 3JHH = 2.4 Hz) also shifted upfield compared to its neutral counterpart. Three IR bands 

for SiH groups (νSiH) were detected in IR spectroscopy at 2085, 2067 and 2047 cm-1. 

Although the SiH groups are not equivalent in solid state, the high 1JSiH (171.0 Hz) and high 

energy for the SiH stretching frequency again suggests 4.10 is absent of β-SiH agostic 

interaction with Mg center. Also, this has the implications for the preference of methide 

abstraction over β-H abstraction by BPh3, as suggested by no further abstraction being 

observed with more than 1 equiv. of BPh3 (3 equiv.). The MeB was observed at 0.84 ppm 

and the SiH resonance is at 4.35 ppm (1JSiH = 166.4 Hz) in benzene-d6 in 1H NMR, 0.1 ppm 

downfield to 4.8. There is only one band in IR spectrum for SiH for 4.9 (νSiH 2105 cm-1), 

which is surprisingly high energy compared to 4.1, 4.5, 4.7, and 4.8, and very close to that of 

free alkane HC(SiHMe2)3.  

Alternatively, abstraction reactions with [Ph3C][B(C6F5)4] often provide solvent-

separated ion pair due to the weakly coordinating B(C6F5)4
 anion. However, the B(C6F5)4 

anion is still capable of coordinating to a metal center through fluorine lone pairs, although 

examples for this coordination mode have only been observed in rare cases and only a very 

weak interaction is observed. Overall, while both RBAr3 (Ar = Ph or C6F5) and B(C6F5)4 may 

be described as “non-coordinating,” such description is more appropriate to adducts with 

B(C6F5)4 counterion. Thus, the abstraction reaction of 4.1 and [Ph3C][B(C6F5)4] was also 
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examined with goal to generate a true cationic Mg alkyl compound. The reaction in benzene-

d6 provided an oil layer; the only observed species was Ph3CCH3, indicative of methine 

abstraction by Ph3C+ (eq 4.13). Notably, 1,3-disilacyclobutane was not observed, which 

suggested β-H of C(SiHMe2)3 does not compete with MgMe toward Ph3C+ abstraction, as 

observed in the reaction with B(C6F5)3. This is interesting since [Ph3C][B(C6F5)4] is a 

stronger electrophile than B(C6F5)3, one would expect more SiH abstraction be observed if 

SiH group is nucleophilic enough. Since the abstraction pattern is similar to BPh3 and the 

size of both BPh3 and Ph3C+ is also similar, therefore, the competitive abstraction observed 

using B(C6F5)3 may be due to steric of having three C6F5 rings that are in close-proximity to 

the β-SiH when B(C6F5)3 approaches to the Mg-Me group. 

 

The 1H NMR spectrum in bromobenzene-d5 contained resonances at 4.23 (1JSiH = 

164.0 Hz), 2.10 and 0.15 ppm for SiH, TMEDA and SiMe2 groups, respectively. Only one 

SiH band was observed in the IR spectrum at relatively high energy at 2092 cm-1, which is 

typical for classical 2-center-2-electon Si-H group. The 1H NMR spectrum obtained of 

[MgC(SiHMe2)3][B(C6F5)4](TMEDA) (4.12) in bromobenzene-d5 supports the cationic 

behavior as the SiMe3 and SiH resonances shifted more upfield (4.23 (1JSiH = 164.0 Hz) and 

0.15 ppm) compared to the neutral compounds MeMgC(SiHMe2)3(TMEDA). 11B NMR also 

suggested a single four-coordinated borate product at -16.0 ppm.  

N
Mg

N

(Me2HSi)3C Me

N
Mg

N

C

[Ph3C][B(C6F5)4]

benzene
(4.13)

r.t., 0.5 h
Me2HSi

Me2HSi
SiHMe2

[B(C6F5)4]

- Ph3CH
4.1

4.12, 72.3%
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Although 4.12 is likely to be a solvent-separated ion pair, surprisingly, the 1JSiH and 

νSiH in IR does not vary much with the neutral compound 4.1 for zwitterionic compounds 4.7, 

4.10, and 4.11. Similar phenomenon was observed for M[N(SiHMe2)2]2THFn (M = Mg, Ca, 

Sr, Ba). The Mg[N(SiHMe2)2]2THF2 does not process secondary interaction, highlighted by 

its high energy IR band for SiH group at 2050 cm-1 [Anwander, DT 2012], while the IR of 

the SiH for heavier congener Ca[N(SiHMe2)2]2THF2 is at 2028, 1959 cm-1, the second low 

energy band indicates the later compound is stabilized by β-SiH agostic interaction 

[Carpentier OM 2010]. The lack of b-agostic interaction in the apparent coordinatively 

unsaturated Mg compounds may be due to its small ionic radii and high electronegativity 

compared to its heavier Group 2 congeners. 

 

4.8. Reaction of MeMgC(SiMe3)2(TMEDA) (4.5) with Lewis acids. 

In the absence of β-SiH group, the abstraction reactions of 4.5 with either BPh3 or 

B(C6F5)3 take place specifically on MgMe group to give [MgC(SiHMe2)3(µ-

Me)BPh3](TMEDA) (4.13) or [MgC(SiHMe2)3(µ-Me)B(C6F5)3](TMEDA) (4.14) in 

reasonable yield (eq 4.14).  

 

The chemical shift of SiMe group shifted ca. 0.3-0.4 ppm upfield from the neutral 

analog in 1H NMR spectrum that is typical for cationic compounds. The MgMe resonance 

N
Mg

N

(Me3Si)2HC Me

B(C6X5)3

benzene

r.t., 0.5 h
4.5

(4.14)
N

Mg
N

(Me3Si)2HC MeB(C6X5)3

X = H, (4.13, 74.6%)

= F, (4.14, 42.8%)
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vanished upon abstraction by boranes and a new board resonance (4.13, 0.68 ppm; 4.14, 0.92 

ppm) appeared and was assigned to BMe. The BMe resonance for 4.13 is more downfield 

than the free MeB(C6F5)3
-
 and the (Δδm,p) in 19F NMR spectrum of 3.3 ppm suggested 4.14 

is better formulated as zwitterionic [MgCH(SiMe3)2(µ-Me)B(C6F5)3](TMEDA).  

 

Conclusion. 

A series of monomeric neutral, zwitterionic and cationic magnesium alkyl 

compounds containing the tris(dimethylsilyl)methyl -C(SiHMe2)3, bis(dimethylsilyl)methyl  

-CH(SiHMe2)2, and bis(trimethylsilyl)methyl -CH(SiMe3)2 ligand are synthesized. 

Surprisingly, the spectroscopic data (1H NMR chemical shift, 1JSiH coupling constant, and 

νSiH IR band) suggests the isolated β-SiH containing zwitterionic or cationic Mg complexes 

do not process agostic Si—H—Mg interaction. The result is in sharp contrast to the 

corresponding Ca and Yb complexes with C(SiHMe2)3 ligand. Also, the preference of Mg 

methyl group abstraction in opposed to β-SiH abstraction also suggests β-SiH groups in Mg 

complexes are not “activated” and thus less nucleophilic. Clearly, the coordination to a 

TMEDA diamine ligand in magnesium generates a less reactive metal center. Meanwhile, 

although Mg has a small ionic radii (0.57 Å, four-coordinate),32 the magnesium methyl group 

is still more accessible than the β-SiH groups, which are well protected by the SiMe2 groups. 

The argument is supported by reaction of 4.1 with sterically crowded B(C6F5)3 group that 

small amount of β-SiH group abstraction was observed.  
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Experimental.  

General Procedures. All reactions were performed under a dry argon atmosphere using 

standard Schlenk techniques, or under a nitrogen atmosphere in a glovebox unless otherwise 

indicated.  Dry, oxygen-free solvents were used throughout. Benzene, toluene, pentane, and 

tetrahydrofuran were degassed by sparging with nitrogen, filtered through activated alumina 

columns, and stored under N2. Benzene-d6 was vacuum transferred from Na/K alloy and 

stored under N2 in the glovebox. Bromobenzene-d5 subjected to three freeze-pumped-thaw 

cycles and stored over 4 Å molecular sieves. BPh3 was purchased from Aldrich and was used 

as received. (TMEDA)MgMeBr,6 KC(SiHMe2)3,14 LiCH(SiMe3)2,33 H2C(SiHMe2)2,34 

PhB(C6F5)2,35 B(C6F5)3,36 and [Ph3C][B(C6F5)4]37 were prepared as described in literature 

procedures. 1H, 13C{1H}, 29Si{1H} NMR spectra were collected on Bruker DRX-600 MHz or 

on Varian MR-400 MHz spectrometers. 29Si{1H} NMR spectra were recorded using DEPT 

experiments. Resonance assigments were verified by 1H COSY, 1H-13C HMQC, 1H-13C 

HMBC, and 1H-29Si HMBC experiments. Elemental analysis was performed using a Perkin-

Elmer 2400 Series II CHN/S by the Iowa State Chemical Instrumentation Facility.   

 

MeMgC(SiHMe2)3(TMEDA) (4.1). Benzene (10 ml) was added to a mixture of 

MgMeBr(TMEDA) (0.269 g, 1.14 mmol) and KC(SiMe3)3 (0.328 g, 1.14 mmol) at room 

temperature and stirred for 4 h. The volatiles were evaporated under reduced pressure. The 

residue was extracted with pentane. The pentane was concentrated and recrystallized at -30 

°C to yield MeMgC(SiHMe2)3(TMEDA) as pale orange block crystals (0.250 g, 0.620 mmol, 

54.4 %). 1H NMR (benzene-d6, 600 MHz, 25 °C): δ 4.75 (m, 3 H, 1JSiH = 169.2 Hz, SiH), 

2.03 (s, 6 H, NMe), 1.91 (s, 6 H, NMe), 1.65 (m, 2 H, NCH2), 1.59 (m, 2 H, NCH2), 0.54 (d, 
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3JHH = 3.6 Hz, 18 H, SiMe2), 0.91 (s, 3 H, MgMe). 13C{1H} NMR (benzene-d6, 150 MHz, 25 

°C): δ 56.83 (NCH2), 47.79 (NMe), 47.12 (NMe), 3.72 (SiMe2), -6.90 (MgC), -8.82 (MgMe). 

29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -20.3. Anal. Calcd for C14H40Si3N2Mg: C, 

48.7; H, 11.7; N, 8.12. Found: C, 46.6; H, 10.6; N, 7.33. IR (KBr, cm-1): 2947 s, 2895 s, 2806 

m, 2076 s br (νSiH), 2044 s br (νSiH), 1469 s, 1287 m, 1243 s, 1123 m, 1113 m, 1025 s, 1010 

m, 891 s br, 794 s, 776 s, 708 m, 677 m. 

MgIC(SiHMe2)3(TMEDA) (4.2). SiMe3I (35 µL, 0.248 mmol) was added to a benzene 

solution (5 ml) of MeMgC(SiHMe2)3(TMEDA) (0.078 g, 0.225 mmol) and stirred for 0.5 h. 

The volatiles were evaporated under reduced pressure. The residue was washed with pentane 

(1 x 5 ml) and dried under vacuum to yield MgIC(SiHMe2)3(TMEDA) as a white crystalline 

solid (0.089 g, 0.195 mmol, 86.6%). 1H NMR (benzene-d6, 600 MHz, 25 °C): δ 4.72 (m, 3 H, 

1JSiH = 169.8 Hz, SiH), 2.20 (s, 6 H, NMe), 1.99 (s, 6 H, NMe), 1.79 (m, 2 H, NCH2), 1.49 

(m, 2 H, NCH2), 0.57 (d, 18 H, 3JHH = 3.6 Hz, SiMe2). 13C{1H} NMR (benzene-d6, 150 MHz, 

25 °C): δ 56.63 (NCH2), 50.56 (NMe), 47.03 (NMe), 3.74 (SiMe2), -7.59 (MgC). 29Si{1H} 

NMR (benzene-d6, 119.3 MHz, 25 °C): δ -19.8. Anal. Calcd for C13H37Si3N2IMg: C, 34.2; H, 

8.16; N, 6.13. Found: C, 33.9; H, 7.79; N, 5.78. IR (KBr, cm-1): 2946 s, 2896 s, 2855 s, 2810 

m, 2078 s br (νSiH), 2039 s br (νSiH), 1468 s, 1284 m, 1248 s, 1121 m, 1061 s, 1042 s, 1020 s, 

1006 s, 867 s br, 780 s, 706 s, 680 s.  

Li[CH(SiHMe2)2](THF) (4.3-Li). Dropwise addition of 1.7 M solution of t-BuLi in pentane 

(12.4 mL, 0.0211 mol) to a THF-solution of H2C(SiHMe2)2 (2.786 g, 0.0211 mol) cooled to -

78 °C resulted in a visible change in the solution from colorless to yellow. After addition was 

complete, the reaction mixture was allowed to slowly warm to room temperature and was 
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stirred for 18 h. Removal of volatile materials under reduced pressure provided a yellow oil. 

The compound Li[CH(SiHMe2)2](THF) was recrystallized twice from minimum amount of 

pentane (ca. 3 ml) at -80 °C, to give white crystalline soli (1.604 g, 0.0076 mol, 36.1 %). 1H 

NMR (benzene-d6, 600 MHz, 25 °C): δ 4.65 (m, 2 H, 1JSiH = 160.6 Hz, SiH), 3.55 (m, 2 H, 

OCH2), 1.25 (m, 2 H, OCH2CH2), 0.44 (d, 3JHH = 3.4 Hz, 12 H, SiMe2), -1.97 (t, 3JHH = 4.8 

Hz, 1 H, LiCH). 13C{1H} NMR (benzene-d6, 150 MHz, 25 °C): δ 69.17 (OCH), 25.59 

(OCH2CH2), 3.41 (SiMe2), -4.50 (LiC). 29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -

20.4. IR (KBr, cm-1): 2951 s, 2884 s, 2108 m (νSiH), 1986 s (νSiH), 1461 w, 1427 w, 1368 w, 

1242 s, 1069 s, 1047 s, 891 s, 828 s, 786 s, 758 s, 681 m.  

KCH(SiHMe2)2 (4.3-K). LiCH(SiHMe2)2(THF) (0.560 g, 2.659 mmol) and KOt-Bu (0.297 

g, 2.649 mmol) were suspended in pentane (10 ml) at room temperature. The mixture was 

stirred in room temperature for 2 h, and the solution was decanted. The residual white solid 

was washed with pentane (2 x 10 ml) and dried under reduced pressure to yield 

KCH(SiHMe2)2 as an off-white solid (0.279 g, 1.637 mmol, 61.6%). 1H NMR (benzene-d6, 

600 MHz, 25 °C): δ 4.73 (m, 1JSiH = 150.0 Hz, 2 H, SiH), 0.35 (s br, 12 H, SiMe2), -2.14 (s 

br, 1 H, CH). 13C{1H} NMR (benzene-d6, 150 MHz, 25 °C): δ 4.69 (SiMe2), resonance of 

CH is not observed due to low solubility of the compound in benzene-d6. 
29Si NMR 

(benzene-d6, 119.3 MHz, 25 °C): δ -24.7 (assigned by 1H-29Si HMBC experiment).  IR (KBr, 

cm-1): 2938 s, 2888 s, 1854 s br (νSiH), 1805 s br (νSiH), 1430 w, 1249 s, 1090 s, 901 s br, 809 

s, 784 m, 728 s, 684 m.  

MgCH(SiHMe2)2Me(TMEDA) (4.4-Me). MgMeBr(TMEDA) (0.9062 g, 3.15 mmol) and 

LiCH(SiHMe3)2THF (0.904 g, 3.15 mmol) were weighed and added to a 100 mL schlenk 
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flask. Dry benzene was added and the solution mixture was allowed to stir at room 

temperature for one hour. The benzene solvent was removed under reduced pressure yielding 

a white crystalline solid (0.928 g) as a mixture of MeMgCH(SiHMe2)2(TMEDA) 4.4-Me and 

MgBrCH(SiHMe2)2(TMEDA) 4.4-Br.  1H NMR (benzene-d6, 600 MHz, 25 °C): δ 4.77 (m, 2 

H, 1JSiH = 163.2 Hz, SiH), 1.88 (s br, 12 H, NMe), 1.57 (s br, 4 H, NCH2), 0.55 (s br, 6 H, 

SiMe2), 0.51 (s br, 6 H, SiMe2), -1.04 (s, 3 H, MgMe), -1.66 (s br, 1 H, MgCH). 13C{1H} 

NMR (benzene-d6, 150 MHz, 25 °C): δ 56.34 (NCH2), 46.73 (br, NMe), 4.25 (SiMe2), 2.01 

(SiMe2), -6.99 (MgCH), -13.34 (MgMe). 29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ 

-16.9.  

MgCH(SiHMe2)2Br(TMEDA) (4.4-Br). The mixture was dissolved in benzene (10 ml) and 

SiMe3Br was added. The resulting mixture was stirred at room temperature for 1 h. 1H NMR 

(benzene-d6, 600 MHz, 25 °C): δ 4.73 (m, 2 H, 1JSiH = 164.9 Hz, SiH), 1.94 (s br, 12 H, 

NMe), 1.57 (s br, 4 H, NCH2), 0.60 (d, 3JHH = 3.5 Hz, 6 H, SiMe2), 0.50 (d, 3JHH = 3.4 Hz, 6 

H, SiMe2), -1.63 (s br, 1 H, MgCH). 13C{1H} NMR (benzene-d6, 150 MHz, 25 °C): δ 56.18 

(NCH2), 46.13 (br, NMe), 3.90 (SiMe2), 1.88 (SiMe2), -7.63 (MgCH). 29Si{1H} NMR 

(benzene-d6, 119.3 MHz, 25 °C): δ -16.7. Anal. Calcd for C14H40Si3N2Mg: C, IR (KBr, cm-1): 

2952 s, 2896 s, 2068 s br (νSiH), 1466 s, 1355 w, 1288 m, 1241 s, 1195 w, 1166 w, 1125 m, 

1103 w, 1024 s, 894 s br, 838 s, 794 s, 711 m, 679 m.  

MeMgCH(SiMe3)2(TMEDA) (4.5). Benzene (10 ml) was added to a mixture of 

MgMeBr(TMEDA) (0.256 g, 1.09 mmol) and LiCH(SiMe3)2 (0.181 g, 1.09 mmol). The 

mixture was allowed to stir at room temperature for one hour. The volatiles were removed 

under reduced pressure. The residue was extracted with pentane (3 x 5ml). The pentane 
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extract was evaporated in vacuo to give MeMgCH(SiMe3)2(TMEDA) as a white crystalline 

solid (0.275 g, 0.873 mmol, 80.1 %). 1H NMR (benzene-d6, 400 MHz, 25 °C): δ 1.84 (s br, 

12 H, NMe), 1.75-1.30 (m br, 4 H, CH2), 0.43 (s, 18 H, SiMe3), -1.04 (MgMe), -1.64 

(MgCH). 13C{1H} NMR (benzene-d6, 125 MHz, 25 °C): δ 56.69 (NCH2), 47.15 (NMe), 6.50 

(SiMe3), -1.20 (MgCH), -10.91 (MgMe). 29Si{1H} NMR (benzene-d6, 79.5 MHz, 25 °C): δ -

4.3. IR (KBr, cm-1): 2946 m, 2891 m, 2852 m, 1466 s br, 1288 m, 1164 w, 1062 w, 1018 m, 

950 w, 850 s br, 793 m, 770 m, 705 m, 677 w.  

MgICH(SiMe3)2(TMEDA) (4.6). SiMe3I (45 µL, 0.317 mmol) was added to a benzene (3 

ml) solution of 4.5 (0.081 g, 0.256 mmol) and stirred for 0.5 h. The volatiles were removed 

under reduced pressure to give a sticky white solid. This solid residue was washed with 

pentane (1 x 5 ml) and dried under vacuum to give MgICH(SiMe3)2(TMEDA) as a white 

solid (0.958 g, 0.224 mmol, 87.7%). 1H NMR (bromobenzene-d5, 600 MHz, 25 °C): δ 2.40-

1.50 (m br, 16 H, NMe and NCH2 overlapped), 0.45 (s br, 18 H, SiMe3), -1.58 (s br, 1 H, 

CH). 13C{1H} NMR (benzene-d6, 125 MHz, 25 °C): δ 56.45 (NCH2), 48.13 (NMe), 6.58 

(SiMe3), -0.51 (MgCH). 29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -3.8 (SiMe3). IR 

(KBr, cm-1): 3001 m, 2947 m, 2893 m, 1466 m, 1286 w, 1242 m, 1167 w, 1065 w, 1024 m, 

948 m, 844 s br, 793 m, 768 m, 723 m, 677 w.  

[Mg(µ-H)B(C6F5)3(µ-Me)B(C6F5)3](TMEDA) (4.8). B(C6F5)3 (0.184 g, 0.360 mmol) was 

added to a benzene solution (5 ml) of MeMgC(SiHMe2)3(TMEDA) (0.062 g, 0.180 mmol) 

and stirred for 0.5 h. White crysyalline solid precipitated and the benzene solution was 

decanted. The volatiles were evaporated under reduced pressure. The residue was washed 

with benzene (1 x 3 ml) and pentane (2 x 3 ml) and dried under vacuum to yield [Mg(µ-
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H)B(C6F5)3(µ-Me)B(C6F5)3](TMEDA) as a white solid (0.162 g, 0.138 mmol, 76.5%). IR 

(KBr, cm-1): 2959 w, 2242 m br (νBH), 1647 s, 1516 s, 1469 s br, 1375 m, 1284 s br, 1107 s 

br, 965 s, 942 s, 800 m, 771 m, 756 m, 732 m, 670 m.  

[MgI(µ-H)B(C6F5)3](TMEDA) (4.9). B(C6F5)3 (0.184 g, 0.360 mmol) was added to a 

benzene solution (5 ml) of MgIC(SiHMe2)3(TMEDA) (0.062 g, 0.180 mmol) and stirred for 

0.5 h. White crysyalline solid precipitated and the benzene solution was decanted. The 

volatiles were evaporated under reduced pressure. The residue was washed with benzene (1 x 

3 ml) and pentane (2 x 3 ml) and dried under vacuum to yield [MgI(µ-H)B(C6F5)3](TMEDA) 

as a white solid (0.162 g, 0.138 mmol, 76.5%). 1H NMR (benzene-d6, 600 MHz, 25 °C): δ 

2.51-2.01 (q br, 1 H, BH), 1.77 (s br, 12 H, NMe), 1.47 (s br, 4 H, NCH2). 13C{1H} NMR 

(benzene-d6, 150 MHz, 25 °C): δ 149.49 (br, C6F5), 147.92 (br, C6F5), 141.08 (br, C6F5), 

139.46 (br, C6F5), 138.88 (br, C6F5), 137.33 (br, C6F5), 55.75 (NCH2), 47.27 (NMe). 19F 

NMR (benzene-d6, 564 MHz, 25 °C): δ -135.8 (s br, 6 F, ortho-F), -158.3 (s br, 3 F, para-F), 

-163.4 (s br, 6 F, meta-F). 11B NMR (benzene-d6, 119.3 MHz, 25 °C): δ -20.9 (d, 1JBH = 64.7 

Hz). IR (KBr, cm-1): 2955 m br, 2361 m br (νBH), 2280 m br (νBH), 2125 m br (νBH), 1647 m, 

1517 s, 1466 s br, 1377 m, 1284 s, 1099 s br, 971 s, 907 s, 841 m, 796 m, 763 m, 726 m, 661 

m.  

[MgC(SiHMe2)3(µ-Me)BPh3](TMEDA) (4.10). BPh3 (0.067 g, 0.278 mmol) was added to a 

benzene solution (3 ml) of MeMgC(SiHMe2)3(TMEDA) (0.096 g, 0.278 mmol) and stirred 

for 0.5 h. The volatiles were evaporated under reduced pressure. The residue was washed 

with benzene (1 x 3 ml) and pentane (2 x 3 ml) and dried under vacuum to yield 

[MgC(SiHMe2)3(µ-Me)BPh3](TMEDA) as a white solid (0.102 g, 0.173 mmol, 62.3%). 1H 
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NMR (benzene-d6, 600 MHz, 25 °C): δ 7.66 (d, 3JHH = 7.2 Hz, 6 H, ortho-C6H5), 7.24 (t, 

3JHH = 7.2 Hz, 6 H, meta-C6H5), 7.08 (t, 3JHH = 7.1 Hz, 3 H, para-C6H5), 4.43 (m, 1JSiH = 

171.0 Hz, 3 H, SiH), 1.81 (s br, 16 H, NMe and NCH2 overlapped), 0.52 (s br, 3 H, BMe), 

0.24 (d, 3JHH = 2.4 Hz, 18 H, SiMe2). 13C{1H} NMR (bromobenzene-d5, 150 MHz, 25 °C): δ 

133.49 (o-C6H5), 127.22 (m-C6H5), 121.92 (p-C6H5), 55.05 (NCH2), 45.94 (NMe), 11.50 (br, 

BMe, assigned by 1H-13C HMQC experiment), 1.92 (SiMe2), -2.61 (MgC). 29Si{1H} NMR 

(bromobenzene-d5, 119.3 MHz, 25 °C): δ -19.7. 11B NMR (bromobenzene-d5, 119.3 MHz, 25 

°C): δ -9.3. IR (KBr, cm-1): 3056 m, 3038 m, 3002 m, 2950 m, 2899 m, 2806 m, 2085 s br 

(νSiH), 2067 s br (νSiH), 2047 s br (νSiH), 1878 w, 1816 w, 1471 s, 1427 m, 1283 m, 1249 s, 

1152 m, 1117 m, 1018 m, 1001s, 945 s, 894 s br, 795 s, 779 s, 743 s, 706 s.  

[MgC(SiHMe2)3(µ-Me)BPh(C6F5)2](TMEDA) (4.11). PhB(C6F5)2 (0.114 g, 0.278 mmol) 

was added to a benzene solution (5 ml) of MeMgC(SiHMe2)3(TMEDA) (0.093 g, 0.278 

mmol) and stirred for 0.5 h. The volatiles were evaporated under reduced pressure. The 

residue was washed with pentane (2 x 3 ml) and dried under vacuum to yield 

[MgC(SiHMe2)3(µ-Me)BPh(C6F5)2](TMEDA) as a sticky white solid (0.205 g, 0.267 mmol, 

96.0%). 1H NMR (benzene-d6, 600 MHz, 25 °C): δ 7.60 (d, 3JHH = 7.3 Hz, 2 H, ortho-Ph), 

7.34 (t, 3JHH = 7.5 Hz, 1 H, para-Ph), 7.20 (t, 3JHH = 7.3 Hz, 2 H, meta-Ph), 4.35 (m, 3 H, 

1JSiH = 166.4 Hz, SiH), 1.70 (s br, 12 H, NMe), 1.51 (s br, 4 H, NCH2), 0.84 (s br, 3 H, 

BMe), 0.21 (d, 3JHH = 2.6 Hz, 18 H, SiMe2). 13C{1H} NMR (benzene-d6, 150 MHz, 25 °C): δ 

157.20 (ipso-Ph), 150.05 (br, C6F5), 148.56 (br, C6F5), 139.86 (br, C6F5), 138.86 (br, C6F5), 

137.16 (br, C6F5), 133.43 (Ph), 127.58 (Ph), 124.93 (Ph), 56.31 (NCH2), 46.97 (NMe), 11.0 

(br, BMe), 3.20 (SiMe2), -7.58 (MgC). 29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -



	  

 

147	  

19.6. 19F NMR (benzene-d6, 564 MHz, 25 °C): δ -131.4 (d, 3JFF = 21.2 Hz, 4 F, ortho-F), -

163.5 (t, 3JFF = 20.4 Hz, 2 F, para-F), -166.8 (t, 3JFF = 19.8 Hz, 4 F, meta-F). 11B NMR 

(benzene-d6, 119.3 MHz, 25 °C): δ -12.2. Anal. Calcd for C13H37Si3N2IMg: C, 34.2; H, 8.16; 

N, 6.13. Found: C, 33.9; H, 7.79; N, 5.78. IR (KBr, cm-1): 2956 m, 2903 m, 2105 m br (νSiH), 

1641 m, 1510 s, 1453 s br, 1381 w, 1257 s br, 1081 s br, 968 s, 943 m, 898 s br, 796 s, 739 

m, 706 m, 683 m.  

[MgC(SiHMe2)3][B(C6F5)4](TMEDA) (4.12). [Ph3C][B(C6F5)4] (0.128 g, 0.139 mmol) was 

added to a benzene solution (5 ml) of MeMgC(SiHMe2)3(TMEDA) (0.048 g, 0.139 mmol) 

and stirred for 0.5 h. The solution was separated into two layers. The top layer was decanted 

and the bottom oily layer was washed with benzene (2 x 3 ml) and pentane (2 x 3ml). The 

volatiles were evaporated under reduced pressure to yield 

[MgC(SiHMe2)3][B(C6F5)4](TMEDA) as a white solid (0.101 g, 0.100 mmol, 72.3%). 1H 

NMR (bromobenzene-d5, 600 MHz, 25 °C): δ 4.23 (s br, 3 H, 1JSiH = 164.0 Hz, SiH), 2.10 (s 

br, 16 H, NMe and NCH2 overlapped), 0.15 (s br, 18 H, SiMe2). 13C{1H} NMR (benzene-d6, 

150 MHz, 25 °C): δ 148.22 (br, C6F5), 146.59 (br, C6F5), 138.15 (br, C6F5), 136.29 (br, 

C6F5), 134.75 (br, C6F5), 54.89 (NCH2), 44.75 (NMe), 1.32 (SiMe2), -5.01 (MgC). 29Si{1H} 

NMR (benzene-d6, 119.3 MHz, 25 °C): δ -18.6. 19F NMR (benzene-d6, 564 MHz, 25 °C): δ -

133.0 (s br, 8 F, ortho-F), -162.6 (t, 3JFF = 20.4 Hz, 4 F, para-F), -166.9 (s br, 8 F, meta-F). 

11B NMR (benzene-d6, 119.3 MHz, 25 °C): δ -16.0. Anal. Calcd for C13H37Si3N2IMg: C, 

34.2; H, 8.16; N, 6.13. Found: C, 33.9; H, 7.79; N, 5.78. IR (KBr, cm-1): 2961 m, 2092 s br 

(νSiH), 1644 s, 1515 s, 1464 s br, 1374 m, 1276 s br, 1088 s br, 980 m, 943 m, 899 s br, 796 

m, 775 m, 756 m, 726 m, 684 m, 662 m.  
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[MgCH(SiMe3)2(µ-Me)BPh3](TMEDA) (4.13). BPh3 (0.055 g, 0.229 mmol) was added to a 

benzene solution (3 ml) of MeMgCH(SiMe3)3(TMEDA) (0.072 g, 0.229 mmol) and stirred 

for 0.5 h. The volatiles were evaporated under reduced pressure. The residue was washed 

with benzene (1 x 3 ml) and pentane (2 x 3 ml) and dried under vacuum to yield 

[MgCH(SiMe3)2(µ-Me)BPh3](TMEDA) as a white solid (0.095 g, 0.171 mmol, 74.6%). 1H 

NMR (benzene-d6, 600 MHz, 25 °C): δ 7.72 (d, 3JHH = 7.2 Hz, 6 H, ortho-C6H5), 7.22 (t, 

3JHH = 7.2 Hz, 6 H, meta-C6H5), 7.06 (t, 3JHH = 7.2 Hz, 3 H, para-C6H5), 1.98 (s, 12 H, 

NMe), 1.86 (s, 4 H, NCH2), 0.68 (s br, 3 H, BMe), 0.12 (s, 18 H, SiMe3), -1.65 (s, 1 H, CH). 

13C{1H} NMR (bromobenzene-d5, 150 MHz, 25 °C): δ 133.68 (o-C6H5), 127.23 (m-C6H5), 

121.39 (p-C6H5), 54.87 (NCH2), 45.61 (NMe), 13.21 (BMe), 4.70 (SiMe2), -2.23 (MgCH). 

29Si{1H} NMR (bromobenzene-d5, 119.3 MHz, 25 °C): δ -3.6. 11B NMR (bromobenzene-d5, 

119.3 MHz, 25 °C): δ -10.6. IR (KBr, cm-1): 3054 w, 3038 w, 3004 m, 2949 m, 2897 m, 

1948 w, 1869 w, 1824 w, 1590 m, 1466 s, 1429 m, 1284 m, 1241 s, 1183 w, 1065 w, 1013 s, 

944 s, 842 s br, 794 s br, 769 s vbr, 724 s vbr, 663 s vbr.  

[MgCH(SiMe3)2(µ-Me)B(C6F5)3](TMEDA) (4.14). B(C6F5)3 (0.105 g, 0.205 mmol) was 

added to a benzene solution (3 ml) of MgCH(SiMe3)2Me(TMEDA) (0.064 g, 0.203 mmol) 

and stirred for 0.5 h. The volatiles were evaporated under reduced pressure. The residue was 

washed with benzene (1 x 3 ml) and pentane (2 x 3 ml) and dried under vacuum to yield 

[MgCH(SiMe3)2(µ-Me)B(C6F5)3](TMEDA) a sticky white solid (0.072 g, 0.087 mmol, 

42.8%). 1H NMR (benzene-d6, 600 MHz, 25 °C): δ 2.06 (s br, 16 H, NMe and NCH2 

overlapped), 0.92 (s br, 3 H, BMe), 0.03 (s br, 18 H, SiMe3), -1.67 (s br, 1 H, CH). 13C{1H} 

NMR (bromobenzene-d5, 150 MHz, 25 °C): δ 148.79 (br, C6F5), 146.28 (br, C6F5), 137.89 
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(br, C6F5), 136.92 (br, C6F5), 135.50 (br, C6F5), 134.41 (br, C6F5), 55.02 (NCH2), 45.34 

(NMe), 8.92 (br, BMe), 4.33 (SiMe2), -2.19 (MgC). 29Si{1H} NMR (bromobenzene-d5, 119.3 

MHz, 25 °C): δ -3.5. 19F NMR (bromobenzene-d5, 564 MHz, 25 °C): δ -133.4 (d, 3JFF = 24.7 

Hz, 6 F, ortho-F), -163.0 (t, 3JFF = 20.5 Hz, 3 F, para-F), -166.3 (t, 3JFF = 21.9 Hz, 6 F, meta-

F). 11B NMR (bromobenzene-d5, 119.3 MHz, 25 °C): δ -14.5. IR (KBr, cm-1): 2955 m, 1642 

m, 1512 s, 1458 s br, 1384 w, 1359 w, 1268 m, 1087 s, 966 m, 951 m, 844 s, 796 m, 735 m, 

661 w.  
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Chapter 5: Zwitterionic and Cationic Magnesium Silyl Compounds from Abstraction 

reaction of mixed alkyl silyl magnesium complexes with Lewis acids. 

A paper to be submitted to Organometallics 

KaKing Yan, Jing Zhu, Brianna M. Upton, Arkady Ellern, Aaron D. Sadow 

 

Abstract. The reactivity of monomeric magnesium methyl silyl compounds containing the 

tris(trimethylsilyl)silyl ligand are described and Lewis acids is described. The magnesium 

mixed methyl silyl L2Mg{Si(SiMe3)3}Me (L2 = tetramethylethylenediamine (5.2-tmeda), 

1,2-N,N-dipyrrolidenylethane (5.2-dpe)) are synthesized by salt elimination of L2MgMeBr 

with KSi(SiMe3)3. The compounds 5.2 undergo exclusively methyl group abstraction with 

electrophiles, such as Me3SiI, B(C6F5)3, [Ph3C][B(C6F5)4], and HB(C6F5)2, to provide 

zwitterionic or cationic Mg silyl complexes, while reaction with MeI or MeOTf gives instead 

a Si-C bond formation MeSi(SiMe3)3. Neutral Mg silyl compounds reported here are also 

relatively stable towards thermal and photolytic conditions, in sharp contrast to Group 4 silyl 

complexes. The neutral mixed alkyl silyl compound 5.2-tmeda is also an effective co-

transfer agent of silyl and alkyl groups with Cp2ZrCl2 to give Cp2ZrMe(Si(SiMe3)3) that 

initially provide a mixture of Cp2ZrSi(SiMe3)3Cl and Cp2ZrMeCl. The detection of 

Cp2ZrMeCl formation in the initial reaction mixture suggests that introduction of diamine 

ligand enhances the nucleophilicity of Mg methyl group. This observation is in sharp contrast 

to previously reported system utilizing THF magnesium adducts. 
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Introduction 

The highly polar nature metal-carbon bonds in alkali and alkaline earth metal 

organometallic compounds are central to their strongly nucleophilic and highly basic 

character.1 In comparison to metal alkyl compounds, metal silyl compounds might be 

expected to have similar nucleophilic and basic character based on their use in salt metathesis 

chemistry.2 Some distinctions are evident in d0 transition metal chemistry, however, as the 

M-Si bond is expected to be less polar,3 longer, and weaker4,5 than corresponding M-C 

bonds;5 the latter two points suggest that early metal silyls might be expected to react more 

rapidly, whereas increased polarity might result in greater reaction rates of related metal 

alkyls. Direct comparisons are complicated by the difficulty in preparing metal alkyl and 

metal silyl compounds that are identical with respect to metal center, ancillary ligand, and 

groups bonded to the carbon or silicon atom.6 Instead, we decided to initially compare the 

reactivity of a mixed silyl alkyl magnesium compound with a series of electrophiles. 

 The compound (THF)2MgSi(SiMe3)3Me, prepared by Marschner and co-workers,7 

shows that mixed silyl alkyl magnesium complexes are isolable and might prove suitable for 

this study. In fact, (THF)2MgSi(SiMe3)3Me provides an initial data point in its salt metathesis 

reaction with Cp2ZrCl2 that forms Cp2ZrSi(SiMe3)3Cl (rather than Cp2ZrMeCl) as an 

intermediate to the Cp2ZrSi(SiMe3)3Me final product.8 Thus, the bulkier silyl group transfers 

faster than the methyl group, although both groups undergo transmetalation. The observation 

that both Mg-C and Mg-Si bonds react suggests that changes in reaction conditions, ancillary 

ligands, and identity of the electrophile might change the relative rates of group transfer 

reaction (and thus the selectivity for C–E versus Si–E (E = electrophile) bond formation.  
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We have therefore prepared diamine-coordinated derivatives 

(tmeda)MgSi(SiMe3)3Me (tmeda  = tetramethylethylenediamine) and (dpe)MgSi(SiMe3)3Me 

(dpe = dipyrrolidine ethane) to stabilize monomeric structures and potentially support lower-

coordinate magnesium centers. The interactions of these two monomeric magnesium 

compounds and the electrophiles have been investigated. Interestingly, reactions of 

(L2)MgSi(SiMe3)3Me (L2 = tmeda, dpe) and electrophiles such as B(C6F5)3 or 

[Ph3C][B(C6F5)4] might provide zwitterionic or cationic magnesium silyl or alkyl 

compounds. Despite the highly electropositive nature of divalent magnesium, few cationic 

organomagnesium compounds have been described, and we are not aware of cationic 

compounds containing a Mg-Si bond. These species are interesting because cationic alkyl 

and silyl early transition metal compounds show enhanced reaction rates in comparison to 

neutral analogs in σ-bond metathesis type reactions involving Si–H and C–H bonds.9 This 

trend, however, is less established for neutral versus cationic magnesium alkyls compounds, 

and in fact relatively few cationic organomagnesium compounds have been reported.10 

Recently, cationic magnesium butyl complexes were shown to be an effective initiator for 

caprolactone ring-opening polymerization.10c,d Here we describe a series of reactions of 

(L2)MgSi(SiMe3)3Me and electrophiles. Our study demonstrates that the ancillary ligands, 

the charge, and identity of the electrophile affect the relative reactivity of Mg-C vs. Mg-Si 

bond. Furthermore, we have found that reactions of (L2)MgSi(SiMe3)3Me with B(C6F5)3 and 

[Ph3C][B(C6F5)4] provide the first examples of cationic compounds that contain a 

magnesium-silicon bond. 
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Results and discussion 

5.1. Synthesis and characterization of (L)MgSi(SiMe3)3Me.  

 (tmeda)MgMeBr (5.1-tmeda) is a convenient starting material, as it is an isolable, 

well-defined solid.11 5.1-tmeda and KSi(SiMe3)3 react in benzene to give 

(tmeda)Mg{Si(SiMe3)3}Me (2-tmeda) and KBr (eq 5.1). This route follows a sequence 

established by Marschner and co-workers for (THF)2Mg{Si(SiMe3)3}Me.8 We have also 

prepared (dpe)MgMeBr (dpe = 1,2-N,N,-dipyrrolidenylethane) (5.1-dpe) to provide a 

magnesium starting material with a bulkier and more electron-donating diamine ligand (see 

below for a steric comparison) by addition of dpe to a solution of MgMeBr. 5.1-dpe and 

KSi(SiMe3)3 react to provide the mixed silyl alkyl compound (dpe)Mg{Si(SiMe3)3}Me (5.2-

dpe) and KBr (eq 5.1). 

The silyl groups of 5.2 have similar 1H, 13C{1H} and 29Si NMR chemical shifts. The 

magnesium methyls resonanate upfield of tetramethylsilane in both tmeda and dpe 

compounds (-1.03 and -1.02 ppm, respectively). For comparison, the 1H NMR chemical shift 

of the magnesium methyl of the previously reported (THF)2Mg{Si(SiMe3)3}Me was detected 

at -0.8 ppm.8 The 29Si NMR chemical shifts of the central silicon in Si(SiMe3)3 are -175.4 and 

-177 ppm in the tmeda and dpe magnesium silyl compounds (see Table 5.1), which is 

expectedly similar to the value reported for (THF)2Mg{Si(SiMe3)3}Me (-174.5 ppm). 

Compound 29Si Si(SiMe3)3 

(tmeda)Mg{Si(SiMe3)3}Me (5.2-tmeda) -175.4 

(dpe)Mg{Si(SiMe3)3}Me (5.2-dpe) -177.0 

(tmeda)Mg{Si(SiMe3)3}I (5.3-tmeda) -167.9 
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(dpe)Mg{Si(SiMe3)3}I (5.3-dpe) -168.9 

(tmeda)Mg{Si(SiMe3)3}MeB(C6F5)3 (5.4-tmeda) -167.2 

(dpe)Mg{Si(SiMe3)3}MeB(C6F5)3 (5.4-dpe) -168.7 

[(tmeda)MgSi(SiMe3)3][B(C6F5)4] (5.6-tmeda) -163.4 

[(dpe)MgSi(SiMe3)3][B(C6F5)4] (5.6-dpe) -170.8  

(tmeda)Mg{Si(SiMe3)3}(µ-H)2B(C6F5)2 (5.7-tmeda) -173.1 

(dpe)Mg{Si(SiMe3)3}(µ-H)2B(C6F5)2 (5.7-dpe) -173.1 

(tmeda)Mg{Si(SiMe3)3}IB(C6F5)3 (5.5-tmeda) -165.0 

Table 5.1. 29Si NMR chemical shifts of magnesium silyl compounds. 

A single crystal X-ray diffraction study of 5.2-tmeda showed its monomeric nature 

and the magnesium coordination number to be four. The solid-state structure of 

(THF)2MgSi(SiMe3)3Me was not reported, but those of (tmeda)Mg[Si(SiMe3)3]2, 

(THF)2MgSi(SiMe3)3Ph and (THF)2 Mg(Si(SiMe3)3)2 were described previously. The 

chelating tmeda ligand gives N-Mg-N angle of 82.67(8)° for 5.2-tmeda is similar to 

(tmeda)Mg[Si(SiMe3)3]2 (81.8(3)°),8 whereas the unconstrained O-Mg-O angle in 

(THF)2MgSi(SiMe3)3Ph8 and (THF)2 Mg(Si(SiMe3)3)2
7 are much wider at 95.41(12)° and 

92.0(3)°, respectively. The Si-Mg-CPh angle in the latter compound of 128.2(1) is greater 

than the 120.73(6) angle in 5.2-tmeda. Space-filling models show that there is space between 

phenyl and tris(trimethyl)silyl groups in (THF)2MgSi(SiMe3)3Ph and between methyl and 

tris(trimethyl)silyl groups in 5.2-tmeda. Furthermore, solid angles calculations using the 

program Solid-G shows tmeda, Me and Si(SiMe3)3 ligands occupy only ca. 80% of the space 

surrounding the magnesium center in 5.2-tmeda, and there are no unfavorable inter-ligand 

interactions.12 Likewise, only 78% of the space around the magnesium center in 
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(THF)2MgSi(SiMe3)3Ph is occupied. Thus, intramolecular steric effects are apparently not 

responsible for the change in Si-Mg-C angles between (THF)2MgSi(SiMe3)3Ph and 5.2-

tmeda. 

 

Figure 5.1. ORTEP diagram of 5.2-tmeda. The unit cell contains two independent 

molecules, and only one is illustrated. Mg–L distances are identical within error for the two 

molecules, and the X-Mg-X bond angles are within 1° for the two independent molecules. 

Hydrogen atoms are not included in the picture. Selected distances (Å): Mg2-Si5, 2.6414(9); 

Mg2-C32, 2.222(2); Mg-N3, 2.210(2); Mg-N4, 2.213(2). Selected bond angles (°): Si5-Mg2-

C32, 120.73(6); N3-Mg2-N4, 82.67(8). 
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5.2-tmeda is 2.6414(9) Å, and the Mg-Si distances for the crystallographically characterized 

compounds of this report are listed in Table 5.2. For comparison, the Mg-Si distance in 

THF2MgSi(SiMe3)3Ph is 2.650(2) Å.8 

Compound Mg-Si distance (Å) 

(tmeda)Mg{Si(SiMe3)3}Me (5.2-tmeda) 2.6414(9) 

(dpe)Mg{Si(SiMe3)3}I (5.3-dpe) 2.609(2) 

(tmeda)Mg{Si(SiMe3)3}MeB(C6F5)3 (5.4-tmeda) 2.576(2) 

(dpe)Mg{Si(SiMe3)3}MeB(C6F5)3 (5.4-dpe) 2.602(2) 

(tmeda)Mg{Si(SiMe3)3}(µ-H2)B(C6F5)2 (5.7-tmeda) 2.648(1) 

Table 5.2. Mg-Si bond distance of magnesium silyl compounds. 

5.2. Reactions of (L2)MgSi(SiMe3)3Me and electrophiles.   

 Reactions of 5.2-tmeda or 5.2-dpe and MeOTf afford (Me3Si)3SiMe and 

(L2)Mg(OTf)Me (L2 = tmeda or dpe) and (δ 0.20, 0.12 in C6D6) within 5 min at room 

temperature. Addition of excess MeOTf (>2 equiv.) eventually (~30 min) gives ethane (δ 0.8 

in C6D6) and a white precipitate (presumably (L2)Mg(OTf)2) in addition to (Me3Si)3SiMe. 

Compounds 5.2 and MeI also react at room temperature, but the reactions take longer (18 h at 

room temperature) to give full conversion to (Me3Si)3SiMe. The products formed in eq 5.2 

follow expectations previously established by the reaction of Cp2ZrCl2 and 

(THF)2MgSi(SiMe3)3Me that initially forms Cp2ZrSi(SiMe3)3Cl rather than Cp2ZrMeCl.8 

That is, salt metathesis with the bulky tris(trimethylsilyl)silyl group is kinetically favored 

over methyl group transfer.8 In contrast, reaction of 5.2-tmeda and Cp2ZrCl2 initially affords 

a mixture of Cp2Zr{Si(SiMe3)3}Cl, Cp2ZrMe2, and Cp2Zr{Si(SiMe3)3}Me in a 10:7:1 ratio 

and a ~1:1 mixture of (tmeda)Mg{Si(SiMe3)3}Cl and (tmeda)MgCl2. The species 
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(tmeda)MgCl2 is soluble in the reaction mixture and assigned based on the difference in 

tmeda resonances in the 1H NMR spectrum from that of a benzene-d6 solution of tmeda. 

Interestingly, this mixture is converted to Cp2Zr{Si(SiMe3)3}Me as the sole zirconium 

product after 12 h at room temperature. Meanwhile, the reaction of 5.2-dpe and Cp2ZrCl2 

initially gives a mixture of Cp2Zr{Si(SiMe3)3}Cl, Cp2ZrMe2, and Cp2Zr{Si(SiMe3)3}Me in a 

3.4:5.2:1 ratio. Thus, the ancillary diamine ligand increases the nucleophilicity of the methyl 

group, especially in the case of dpe ligand, in (L2)Mg{Si(SiMe3)3}Me vs. the THF-

coordinated compound.8 These results may be related to the effect of tmeda on the reactivity 

of organolithium reagents, such that the Li–C bond reacts by insertion of olefins and σ-bond 

metathesis with H2.13  

In contrast, reactions of 5.2-tmeda or 5.2-dpe and Me3SiI afford the sila-Grignard 

complexes (L2)Mg{Si(SiMe3)3}I (L2 = tmeda (5.3-tmeda), dpe (5.3-dpe)) and SiMe4 (eq 

5.2). The Grignard reagent (L2)MgMeI and Si(SiMe3)4 are not detected in the 1H NMR 

spectrum of the crude reaction mixture. A 1H NMR spectrum of a micromolar scale reaction 

of 1.1 equiv. of Me3SiI to 5.2-tmeda in benzene-d6, acquired 10 min. after mixing the 

reagents, revealed rapid and quantitative formation of Me4Si and new resonances assigned to 

5.3-tmeda. 
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On larger scale, 5.3-tmeda and 5.3-dpe are readily isolated by evaporation of the volatile 

materials and extraction and crystallization from toluene. The X-ray crystal structure of 5.3-

dpe highlights its monomeric nature, as there are no close contacts between 

(dpe)Mg{Si(SiMe3)3}I molecules. The Mg1-Si1 bond distance of 2.609(2) Å is 0.03 Å 

shorter than the Mg2-Si5 distance (2.6414(9) Å) in 5.2-tmeda.  

 

Figure 5.2. ORTEP diagram of 5.3-dpe at 35% probability. A co-crystallized benzene 

molecule and hydrogen atoms are not depicted for clarity. Selected interatomic distances (Å): 

Mg1-Si1, 2.609(2); Mg1-I1, 2.723(2); Mg1-N1, 2.173(4); Mg1-N2, 2.180(4). Selected 

interatomic angles (°):  Si1-Mg1-I1, 114.08(6); N1-Mg1-N2, 83.5(2). 

The Mg1-Si1 bond distance of 2.609(2) Å is 0.03 Å shorter than the Mg2-Si5 

distance (2.6414(9) Å) in The 1H NMR spectrum of 5.3-tmeda or 5.3-dpe dissolved in 

benzene-d6 are unchanged after thermolysis at 115 °C for 5 h, and 5.3 is robust in the absence 

of protic reagents and air, and resistant toward disproportionation to (L2)MgI2 and 
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(L2)Mg{Si(SiMe3)3}2,8 as well as dissociation of the diamine ligand. Reactions of 3 equiv of 

Me3SiI and 5.2 provide 5.3 as the only observed (Me3Si)3Si- or L2Mg-containing compound 

at room temperature. Upon heating at 83 °C in benzene-d6, Si(SiMe3)4 is slowly formed, 

giving 83% conversion after 28 h. As in the reactions of eq 5.1, (L2)MgSi(SiMe3)3I and 

MeOTf  (2 equiv, r.t., benzene-d6) react to give MeSi(SiMe3)3 and HSi(SiMe3)3 (0.26:1) and 

a white precipitate (presumable L2MgX2). Surprisingly, only starting materials were observed 

after treatment of either 5.2-tmeda or 5.2-dpe with Me3SiOTf. These interesting results 

indicate that the magnesium silyl moiety is more reactive to smaller electrophiles (MeOTf) 

than the methyl group, significantly less reactive toward others (Me3SiI), and unexpectedly 

inert toward some electrophiles (Me3SiOTf). Following this idea, we began to explore 

reactions with other main group electrophiles to form the zwitterionic or cationic magnesium 

silyl species.  

5.2. Reactions of L2MgSi(SiMe3)3Me and tris(perfluorophenyl)borane.   

Reaction of 5.2-tmeda and B(C6F5)3 in benzene provides isolable 

(tmeda)Mg{Si(SiMe3)3}MeB(C6F5)3 (5.4-tmeda) after evaporation of solvent (eq 5.3). The 

product 5.4-tmeda is soluble in benzene and toluene. The methyl resonance from 

MeB(C6F5)3 in the 1H NMR spectrum of 5.4-tmeda appeared at 1.67 ppm, which was shifted 

by 2.7 ppm downfield in comparison with the chemical shift of the neutral magnesium 

methyl (-1.03 ppm). The formation of a B-CH3 interaction was unambiguously established by 

a 1H-11B HMBC experiment that contained a crosspeak between the broad 1H NMR methyl 

resonance and the borate resonance at -14.3 ppm in the 11B NMR spectrum. The chemical 

shifts of the -Si(SiMe3)3 group in the 1H and 29Si NMR spectra, however, were similar for 

5.2-tmeda, 5.3-tmeda, and 5.4-tmeda. Thus, the data indicates that B(C6F5)3 interacts 
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exclusively with the methyl group. Similarly, reaction of 5.2-dpe and B(C6F5)3 provides 

(dpe)Mg{Si(SiMe3)3}MeB(C6F5)3 (5.4-dpe) in 84.6% yield; however, 5.4-dpe is formed as 

an insoluble oil that precipitates from benzene. 

	  

 

The solution structure of 5.4-tmeda was probed to identify the magnesium center's 

coordination environment. The room temperature 1H and 13C NMR spectra of 5.4-tmeda in 

benzene-d6 contains one singlet assigned to four equivalent methyl groups and one singlet 

assigned to the methylene moiety of the tmeda ligand suggesting effective pseudo-C2v 

symmetry. In contrast, the NMe2 groups are inequivalent in four-coordinate compounds 5.2-

tmeda and 5.3-tmeda. The two 1H NMR resonances for 5.4-tmeda are broad, but coalesced, 

at 190 K indicating that tmeda is involved in a rapid, fluxional process even at that 

temperature. However, this process does not necessarily involve a Mg…MeB(C6F5) 

interaction and could instead involve chair-chair interconversions of the five-membered 
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chelate ring. From 180 K to 295 K, the MeB(C6F5)3 resonance does not shift and only 

broadens slightly. Clearly, the solution-phase [Mg]-MeB(C6F5)3 interaction in 5.4-tmeda is, 

at best, labile. Marks's studies of (C5H3Me2)2ZrMe(µ-Me)B(C6F5)3 ion pair separation and 

methide transfer indicate that ion pair separation is 10× faster the borane dissociation in 

toluene;14 furthermore, the coalescence of diastereotopic 1H NMR signals in 

(C5H3Me2)2Zr{CH(SiMe3)2}[MeB(C6F5)3] is also beyond the limits of the low temperature 

point of toluene-d6 suggestive of significant ionic character.14b . 

 Still, the 19F NMR chemical shift difference for meta and para fluorine resonances in 

5.4-tmeda is 3.9 ppm (in bromobenzene-d5). Previously, Horton suggested that a value of 

Δ(paraF–δmetaF) greater than 3 corresponds to a X3Zr(µ-Me)B(C6F5)3 inner sphere 

interaction, whereas Δ(δparaF – δmetaF) < 3 indicates that a solvent-separated ion pair is 

formed.15 By this measure, 5.4-tmeda is best described as (tmeda)MgSi(SiMe3)3(µ-

Me)B(C6F5)3, whereas Δ(δparaF–δmetaF) in 5.4-dpe is 2.8 ppm (in bromobenzene-d5) 

suggesting the structure [(dpe)MgSi(SiMe3)3][MeB(C6F5)3]. Later, Piers suggested that a 

correlation between 11B NMR and the separation of the para/meta 19F NMR resonance is 

related to the strength of the LB-B(C6F5)3 interaction (LB = Lewis base), although this 

correlation appears to be less meaningful for upfield-shifted 11B NMR signals that would also 

be associated with the MeB(C6F5)3 anion in 5.4.16 In this context, it is worth noting the 11B 

NMR chemical shifts in 5.4-tmeda (-15.1 ppm, bromobenzene-d5) and 5.4-dpe (-14.8 ppm, 

bromobenzene-d5), which are not identical but are very similar. Additionally, the diffusion 

constant values D, measured using PFSG-spin echo experiments in benzene-d6 at room 

temperature17 for [(tmeda)MgSi(SiMe3)3] are within error of the values for [MeB(C6F5)3] in 



	  

 

165	  

5.4-tmeda (the values for  [(dpe)MgSi(SiMe3)3] and MeB(C6F5)3 are identical in 5.4-dpe, but 

distinct from 5.4-tmeda). The observation that the cationic and anionic portions of these 

species diffuse at the same rate suggests that they are associated in solution.  

In the solid state, both 5.4-tmeda and 5.4-dpe contain zwitterionic, bridging [Mg]-

Me-B(C6F5)3 zwitterionic structures (see ORTEP diagrams in Figures 5.3 and 5.4). The Mg-

Si bond distance is 0.065 Å shorter in zwitterionic 5.4-tmeda than neutral 5.2-tmeda (Table 

5.2). The ionic radius of four coordinate magnesium(II) (0.57 Å) is only slightly less than 

that of hafnium(IV) (0.58 Å) and zirconium(IV) (0.59 Å).18 In contrast, the Hf-Si distance 

elongates upon methine abstraction in Cp2Hf(SitBuPh2)(µ-Me)B(C6F5)3 in 2.851(3) 

(Cp2Hf(SitBuPh2)Me: 2.835(2)).19 The Mg-N bonds are shorter by ca. 0.05 Å in the 

zwitterionic compounds than the neutral compounds. However, in 5.3-dpe and 5.4-dpe, the 

Mg-Si bond lengths are identical within error. The Mg-N distances are also similar for both 

dpe and tmeda magnesium compounds. In comparison, the Mg-C distance in 5.4-tmeda 

(2.45 Å) elongates by ca. 0.23 Å and the Hf-C bond in Cp2Hf(SitBuPh2)(µ-Me)B(C6F5)3 is 

lengthened by 0.19 Å, upon methane abstraction with B(C6F5)3. The objectively located and 

refined hydrogen atoms on the methyl groups are directed toward the magnesium center in 

both Mg compounds, 5.4-tmeda and 5.4-dpe. The B-C bond distances 1.661(6) and 1.656(1) 

Å for the two L2MgSi(SiMe3)3(µ-Me)B(C6F5)3 compounds are identical. 

Solid state structures of zwitterionic 5.4-tmeda and 5.4-dpe clearly are not equivalent 

to the fluxional solution structures. However, the bridging Mg-Me-B moiety is probably an 

important component of the solution structures, even if the MeB(C6F5)3 may dissociate from 

the Mg center to form solvent separate ion-pair. Although the Δ(paraF–δmetaF) of 19F NMR 

analysis suggested that 5.4-dpe is solvent-separated ion-pair, this idea was originally applied 
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to Group 4 RB(C6F5)3 (R = Me, CH2Ph)15 as solid state structure and solution NMR data 

indicate 5.4-dpe as contacted ion-pair. Therefore, we favor both 5.4-tmeda and 5.4-dpe as 

zwitterionic compounds (L2)MgSi(SiMe3)3(µ-Me)B(C6F5)3. 

 

Figure 5.3. ORTEP diagram of 5.4-tmeda drawn at 35% probability. Hydrogen atoms on the 

MeB(C6F5)3 were found objectively in the electron density map, were refined isotropically, 

and were included in the plot. All other hydrogen atoms were not included. Fluorine atoms 

and carbon atoms on MeB(C6F5)3 were refined anisotropically and have normal thermal 
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paramters but are depicted using a ball-and-stick representation for clarity. Selected distances 

(Å): Mg1-Si1, 2.576(2); Mg1-N1, 2.152(4); Mg1-N2, 2.165(4); Mg1-C16, 2.447; Mg1-H11, 

2.30(4); Mg1-H12, 2.25(4); Mg1-H13, 2.40(4); B1-C16, 1.661(6). Selected angles (°): N1-

Mg1-N2, 84.7(2); Si1-Mg1-C16, 113.0; Mg1-C16-B1, 175.7.  

 

Figure 5.4. ORTEP diagram of 5.4-dpe. Hydrogen atoms on the MeB(C6F5)3 were found 

objectively in the electron density map, were refined isotropically, and were included in the 

plot. All other hydrogen atoms were not included. Fluorine atoms and carbon atoms on 

MeB(C6F5)3 were refined anisotropically and have normal thermal paramters but are depicted 

using a ball-and-stick representation for clarity. Selected distances (Å): Mg1-Si1, 2.602(2); 

Mg1-N1, 2.191(3); Mg1-N2, 2.177(3); Mg1-C38, 2.459; Mg1-H11, 2.34(3); Mg1-H12, 
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2.21(3). Selected angles (°): N1-Mg1-N2, 84.5(1); Si1-Mg1-C38, 109.51; Mg1-C38-B1, 

174.21. 

To further establish the electronic nature of Mg-C bond, reaction of 5.4-tmeda with 

electrophile Me3SiI was also examined. Unexpectedly, the reaction generated SiMe4 and 

[(tmeda)MgSi(SiMe3)3][IB(C6F5)3] (5.5-tmeda) after 17 h (eq 5.4).  

 

The methyl resonance in -Si(SiMe3)3 in the 1H NMR spectrum of 5.5-tmeda appeared at 0.36 

ppm which laid between the neutral Mg iodide and Mg methylborate. Also, the Mg---I---B 

bridging mode can be confirmed from the inequivalent resonances of the TMEDA ligand in 

the 1H NMR spectrum.  

Unfortunately, the absence of an X-ray structure fails to confirm the molecular 

connectivity as multiple recrystallization attempts yielded just oil residues. However, tThe 

long reaction time (16-18 h vs. 30 min) compared to the reaction of 5.2-tmeda with Me3SiI 

suggests that the methyl group on the neutral complexes 5.2 exhibits stronger nucleophilicity 

than the methyl group on the methylborate species towards Me3SiI. This is partly due to a 

strongly Lewis acidic borane center that quenches out most of the nucleophilicity of the 

methyl group. In contrast, the reactions with other electrophiles, such as MeI and MeOTf 

only provide HSi(SiMe3)3; MeSi(SiMe3)3 nor ethane were observed in the reactions.  

We have also examined the silyl group transfer reactions of 5.4-tmeda as a 

convenient route to transition metal silyl. The reactions of 4-tmeda and either Cp2MCl2 (M = 

N
Mg

N

SiMe3Si
Me3Si

SiMe3

[MeB(C6F5)3]
N

Mg
N

SiMe3Si
Me3Si

SiMe3

[I-B(C6F5)3] (4)
Me3SiI

benzene

- SiMe4

rt, 18 h

4-tmeda 5-tmeda, 80.1%
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Zr, Hf) in bromobenzene-d5 instantaneously provide Cp2M{Si(SiMe3)3}Cl (M = Zr, Hf) and 

(tmeda)MgCl{MeB(C6F5)3}. The methyl group or methylborate transfer was not observed. In 

comparison, the silyl group transfer is faster in 5.4-tmeda than in 5.2-tmeda, which indicates 

the nucleophilicity of the silyl group is enhanced in the cationic species. It has been shown 

previously cationic hafnium silyl compounds are much more active toward σ-bond 

metathesis with silanes and arenes than their neutral counterparts. 

 

Reactions 5.3. Reactions of L2MgSi(SiMe3)3Me with trityl 

tetrakis(perfluorophenyl)borate. 

 We also examined the reaction of 5.2 with [Ph3C][B(C6F5)4] in effort to generate 

cationic Mg silyl complexes with non-coordinating anion. The reactions of 5.2-tmeda or 5.2-

dpe and [Ph3C][B(C6F5)4] in benzene give deep brown oily residues that solidify after 

benzene and pentane washes. The benzene wash revealed the formation of Ph3CMe, as 

evidence of methine group abstraction (eq 5.5).  

 

The 1H NMR spectra of the brown residue in bromobenzene-d5 supported the cationic 

character as SiMe3 resonances shifted upfield (0.28 ppm in tmeda adduct and 0.30 ppm in 

dpe adduct) compared to the neutral compounds 5.2. 11B NMR data also was also evident of 

N
Mg

N
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(Me3Si)3Si Me

N
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N
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Si

[Ph3C][B(C6F5)4]
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NR2 = NMe2 (6-tmeda), 81.0%

= N (6-dpe), 68.3%
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a single four-coordinated borate product at -15.9 ppm and thus suggested the products as 

[(tmeda)MgSi(SiMe3)3][B(C6F5)4] (5.6-tmeda) and [(dpe)MgSi(SiMe3)3][B(C6F5)4] (5.6-

dpe). Although X-ray structures of 5.6-tmeda and 5.6-dpe are absent, the coordination 

number on the Mg centers can be established from the splitting pattern of tmeda resonances 

in 1H NMR spectrum. Similar to 5.4, the NMe2 and NCH2 resonances displayed as two sets 

of singlet, suggesting a pseudo-C2v symmetry with the a outer-sphere B(C6F5)4
- ligand. 

Besides, the 19F NMR spectrum showed three sets of resonances assigned to meta, para, and 

ortho fluoride atoms on B(C6F5)4 anion, this can rule out any Mg---F interactions in the 

solution structure.  

 

5.4. Reactions of L2MgSi(SiMe3)3Me with bis(perfluorophenyl)borane. 

We have shown earlier the reactivity and selectivity of 5.2-tmeda and electrophiles 

depend on the nature of size (Me vs SiMe3) and leaving groups (I vs OTf). Therefore, we are 

intrigued with the reaction selectivity with a smaller and weaker Lewis acid in HB(C6F5)2. In 

the case of Cp2ZrMe(µ-H2)B(C6F5)2, Piers demonstrated HB(C6F5)2 tends to form μ-hydride 

bridging structure as to stabilize the highly Lewis acidic Zr center without any neutral Lewis 

base coordination.iii When 1 equiv of HB(C6F5)2 was added to 5.2-tmeda in benzene-d6, a 1:1 

mixture of the comproportionation products (tmeda)MgSi(SiMe3)3(µ-H)2B(C6F5)2 (5.7-

tmeda) and (tmeda)MgSi(SiMe3)3(µ-Me)2B(C6F5)2 (5.8-tmeda)   were identified by 1H and 

11B NMR spectroscopy (eq 5.6). The expected mixed methylhydridoborate complexes  

(tmeda)MgSi(SiMe3)3{(µ-H)(µ-Me)B(C6F5)2} were not observed.  
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Two Si(SiMe3)3 resonances were observed in 1H NMR spectrum, which suggested 

two Mg silyl species present in the reaction mixture. A broad quartet at 2.24 ppm and a broad 

singlet at  0.77 ppm were also observed and were assigned to H2B(C6F5)2 and Me2B(C6F5)2, 

respectively. Moreover, the 11B NMR spectrum contained a broad singlet (δ -12.9) and a 

triplet (δ -28.6, 1JBH = 69.6 Hz) that are characteristic of a dimethylborate Me2B(C6F5)2 

group and a dihydroborate H2B(C6F5)2 group. The dihydroborate adduct Cp2Zr{(µ-

H)2B(C6F5)2}2 is prepared from Cp2ZrMe2 and 4 equiv of HB(C6F5)2.19 Interestingly, the 11B 

NMR shift in 5.7-tmeda is 15.6 ppm upfield from the signal for Cp2Zr{(µ-H)2B(C6F5)2}2 (-

12.9 ppm, 1JBH = 64 Hz).21 Upon addition of a second equivalent of HB(C6F5)2 into a mixture 

of 5.7-tmeda and 5.8-tmeda, the resonances of 5.8-tmeda in 1H NMR spectrum are 

converted quantitatively and rapidly to those of 5.7-tmeda and MeB(C6F5)2 (identified by 

11B NMR and 19F NMR to literature). (L2)MgSi(SiMe3)3(µ-H)2B(C6F5)2 (L2 = tmeda (5.7-

tmeda) or dpe (5.7-dpe)) can also be prepared directly from 2 equiv of HB(C6F5)2 and 5.2 in 

good yield (eq 5.7).  
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 The 1H NMR spectrum of the isolated dihydridoborate species 5.7-tmeda contained 

diastereotopic NMe groups as two sets of singlet at 1.84 and 1.69 ppm and NCH2 groups as 

broad resonances at 1.55-1.40 and 1.38-1.25 ppm. The 1H NMR resonance splitting pattern 

suggests pseudo-tetrahedral geometry on Mg. Furthermore, a board quartet (2.23 ppm, 1JBH = 

72.1 Hz) and a sharp singlet (0.28 ppm) were also observed and were assigned to BH and 

SiMe3 resonances, respectively. The IR spectrum of 5.7-tmeda (KBr) showed only one band 

for the νBH (2268 cm-1), while 5.7-dpe contained two bands at 2361 and 2333 cm-1
.  In 

comparison, [Li(Et2O)][B(C6F5)2H2] has two IR bands for BH at 2380 and 2318 cm-1,22
 while 

donor-free Group 4 hydridoborate compounds show lower energy bands, Cp2Ti(µ-

H)2B(C6F5)2 (2073, 2008, 1367 cm-1)22 and Cp2Zr{(µ-H2)B(C6F5)2}2 (2184, 2110, 2028 cm-

1).20 Addition of PMe3 to Cp2Ti(µ-H)2B(C6F5)2 shifts the νBH to higher energy IR bands in 

2361 and 2314 cm-1.22 Similarly, diamine coordination to Mg contributes to more blue-

shifted νBH IR bands observed in 5.7.  

 The solid-state structure suggests 5.7-dpe as a contact-ion pair that contains a 

[Mg](µ-H)2 B(C6F5)2 bridging structure (see ORTEP diagram in Figure 5.5). The Mg-Si 

bond distance is 2.648(1) Å, which is ca. 0.047 Å longer than 5.4-tmeda but identical to 

2 HB(C6F5)2

benzene
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rt, 14 h

- MeB(C6F5)2
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H
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neutral 5.2-tmeda (Table 5.2) within 3 e.s.d.'s. The Mg-N bonds are shorter by ca. 0.03 Å in 

the dihydridoborate compounds than the neutral compounds. The Mg-H distances are 2.09(4) 

and 2.05(4) Å, well within the sum of Van der Waals radii of Mg and H (ΣVDW(MgH): 2.82 

Å) but slightly more than the sum of covalent radii of Mg and H (Σconvalent(MgH): 1.64 Å).23 

The Mg-B distance of 2.507(4) Å in 5.7-dpe is on the high end value of that of Mg(BD4)2 

(Mg-B: 2.31(3)-2.53(4)).24 The B-H bond distances are within error identical to those of 

Cp2Ti(µ-H)2B(C6F5)2, and the H-B-H angle (109.0(3)°) for 5.7-dpe falls between 

[Li(Et2O)][B(C6F5)2H2] (111.6(5)°) and Cp2Ti(µ-H)2B(C6F5)2 (100.8(7)°).22 Meanwhile, the 

pseudo-five-coordinate Mg center in 5.7-dpe expected to have a narrower N-Mg-N to 

accompany the extra coordination of a B-H group. The N-Mg-N angle of 5.7-dpe (82.9(2)°) 

is ca. 0.6° and 2° smaller than those of 5.2-tmeda and 5.4, respectively.  
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Figure 5.5. ORTEP diagram of 5.7-dpe. Hydrogen atoms on the H2 B(C6F5)2 were found 

objectively in the electron density map, were refined isotropically, and were included in the 

plot. All other hydrogen atoms were not included. Fluorine atoms and carbon atoms on 
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H2B(C6F5)2 were refined anisotropically and have normal thermal paramters but are depicted 

using a ball-and-stick representation for clarity. Selected distances (Å): Mg1-Si1, 2.648(1); 

Mg1-N1, 2.217(4); Mg1-N2, 2.187(4); Mg1-H11, 2.09(4); Mg1-H12, 2.05(4); B1-H11, 

1.17(4); B1-H12, 1.12(4). Selected angles (°): N1-Mg1-N2, 82.9(2); Si1-Mg1-B1, 118.1(1). 

 Tilley reported that M-Si bond of some of the Group 4 silyl complexes are 

photolytically active. For example, exposure of CpCp*Hf[Si(SiMe3)3]Cl to UV light provides 

HSi(SiMe3)3 and CpCp*HfCl2.17 In contrast, the syntheses of neutral and cationic magnesium 

silyl complexes do not require exclusion of light. They can be stored at room light in 

glovebox for extended period of time without decomposition. Furthermore, neutral 

magnesium silyl, 5.2-tmeda, 5.2-dpe, and 5.3-tmeda were also exposed to UV light with 

450 W medium pressure Hg lamp for 2 h in benzene, and no decomposition was observed.  

 

Conclusion 

Relatively few d0 cationic metal silyl compounds have been prepared for structural, 

spectroscopic, and reactivity comparisons. The 29Si NMR chemical shifts of 

CpCp*ZrSiH2PhCl and [Cp2ZrSiH2Ph]2[X]2 [X = B(C6F5)4; BunB(C6F5)4-n] were reported to 

shift downfield for the cationic species (-14.3 vs. 105 ppm),9a.17 and the cationic species are 

more active in silane dehydropolymerization than the neutral species. The neutral 

Cp2HfSitBuPh2Me vs. Cp2HfSitBuPh2(µ-Me)B(C6F5)3 showed only a small downfield 29Si 

NMR chemical shift for the latter, zwitterionic compound (37.2 vs 39.4 ppm). Significant 

downfield shifts were reported for zwitterionic Cp2HfSi(SiMe3)3(µ-Me)B(C6F5)3 (-21.4 ppm) 

versus neutral Cp2HfSi(SiMe3)3Me (-84.2 ppm).9e.f The 29Si NMR chemical shift of the 

silicon bonded to magnesium is shifted downfield as the ionic character of the other X-type 
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ligand is increased (Table 1).7,8 For example, by comparing the 29Si NMR shift of the internal 

Si, MgSi(SiMe3)3B(C6F5)4(tmeda) (5.6-tmeda) (-163.4 ppm) > 

MgSi(SiMe3)3MeB(C6F5)3(tmeda) (5.4-tmeda) (-167.2 ppm) > 

MgSi(SiMe3)3H2B(C6F5)2(tmeda) (5.7-tmeda) (173.1 ppm) > MgSi(SiMe3)3Me(tmeda) (5.2-

tmeda) (-175.4 ppm), the trend nicely follows the expected cationic character of the 

compound. Furthermore, the chemical shift trend provides a nice parallel to the observed 

nucleophilicity of Mg silyl in silyl group transfer reaction. For example, zwitterionic Mg silyl 

(4-tmeda) engages in faster silyl group to Group 4 metal than neutral analogue (2-tmeda). 

Although utilizing Mg reagents as a silyl group transmetallation agent is reported,8,25 we have 

shown here the transfer rate and preference can be enhanced by using cationic Mg silyl 

reagents and diamine ligands.  

 

Experimental. 

General Procedures.  All reactions were performed under a dry argon atmosphere using 

standard Schlenk techniques, or under a nitrogen atmosphere in a glovebox unless otherwise 

indicated.  Dry, oxygen-free solvents were used throughout. Benzene, toluene, pentane, and 

tetrahydrofuran were degassed by sparging with nitrogen, filtered through activated alumina 

columns, and stored under N2. Benzene-d6, THF-d8 were vacuum transferred from Na/K 

alloy and stored under N2 in the glovebox. (tmeda)Mg(Me)Br,11 KSi(SiMe3)3,2 B(C6F5)3,26 

HB(C6F5)2,27 [Ph3C][B(C6F5)4],28 and dpe29 were prepared according to literature procedures. 

3.0 M MeMgBr in diethyl ether was purchased from Aldrich and used as received. 1H and 

13C{1H} NMR spectra were collected on Bruker DRX-400 spectrometer. 29Si{1H} NMR 

spectra were recorded using DEPT experiments, and assigments were verified by 1H 
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COESY, 1H-13C HMQC, 1H-13C HMBC, and 1H-29Si HMBC experiments. Elemental 

analysis was performed using a Perkin-Elmer 2400 Series II CHN/S by the Iowa State 

Chemical Instrumentation Facility.   

(tmeda)MgSi(SiMe3)3Me (5.2-tmeda). (tmeda)Mg(Me)Br (0.269 g, 1.14 mmol) and 

KSi(SiMe3)3 (0.328 g, 1.14 mmol) were dissolved in benzene (10 mL) and the mixture was 

allowed to stir for 4 h at room temperature. The volatile materials were evaporated under 

reduced pressure, and the resulting residue was extracted with pentane (3 ×  5 mL). The 

pentane solution was concentrated and cooled to -30 °C to yield 5.2-tmeda (0.250 g, 0.620 

mmol, 54.4%) as a colorless block-like crystal. 1H NMR (benzene-d6, 600 MHz, 25 °C): δ 

1.94 (s, 6 H, NMe), 1.79 (s, 6 H, NMe), 1.56 (s, 4 H, CH2), 0.51 (s, 27 H, SiMe3), -1.03 (s, 3 

H, CH3). 13C{1H} NMR (benzene-d6, 150 MHz, 25 °C): δ 56.2 (NCH2), 47.7 (NCH3), 46.6 

(NCH3), 6.02 (SiMe3), -11.4 (MgCH3). 29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -

7.1 (SiMe3), -175.4 (Si(SiMe3)3). IR (KBr, cm-1): 2994 m, 2944 s, 2887 s, 2852 s, 2806 m, 

2778 m, 1465 s, 1288 w, 1236 s, 1027 m, 948 m, 834 s, 677 m. Anal. Calcd for 

C16H46Si4N2Mg: C, 47.66; H, 11.50; N, 6.95. Found: C, 47.77; H, 11.51; N, 6.85. mp 179-

180 °C. 

(dpe)MgMeBr (5.1-dpe). 1,2-N,N-dipyrrolidenylethane (1.52 g, 9.01 mmol) and 20 mL of 

diethyl ether were placed in a 100 mL Schlenk flask. In a second Schlenk flask, 3.0 M 

MgMeBr (2.70 mL, 8.10 mmol) was diluted with 40 mL of diethyl ether. The 1,2-N,N-

dipyrrolidenylethane solution was added dropwise to the MgMeBr solution. Upon addition, a 

white precipitate formed, and the resulting mixture was allowed to stir for 1 h once the 

addition was complete. The white solid was isolated by filtration and dried under vacuum to 

yield 5.1-dpe (1.94 g, 6.73 mmol, 83.1%) as a white solid. 1H NMR (THF-d8, 600 MHz, 25 
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°C): δ 2.71 (s br, 8 H, NCH2(CH2)2CH2), 2.69 (s, 4 H, NCH2), 1.81 (m, 8 H, 

NCH2(CH2)2CH2), -1.65 (s, 3 H, CH3). 13C{1H} NMR (THF-d8, 150 MHz, 25 °C): δ 55.7 

(NCH2(CH2)2CH2, NCH2), 24.0 (NCH2(CH2)2CH2), -17.3 (MgCH3). IR (KBr, cm-1): 2973 s, 

2858 s, 2781 m, 1462 s, 1374 w, 1334 w, 1307 w, 1266 w, 1101 m, 1968 m, 945 m, 863 w. 

Anal. Calcd for BrC11H23N2Mg: C, 45.95; H, 8.06; N, 9.74. Found: C, 45.00; H, 7.74; N, 

9.40. mp 196-197 °C. 

(dpe)MgSi(SiMe3)3Me (5.2-dpe). 5.2-dpe was prepared following the procedure for 5.2-

tmeda with 5.1-dpe (0.906 g, 3.15 mmol) and KSi(SiMe3)3 (0.904 g, 3.15 mmol) to yield 

5.2-dpe (0.928 g, 2.04 mmol, 64.7%) as a colorless block crystal. 1H NMR (benzene-d6, 400 

MHz, 25 °C): δ 3.33-3.23 (m, 2 H, NCH2(CH2)2CH2), 3.09-2.99 (m, 2 H, NCH2(CH2)2CH2), 

1.93-2.04 (m, 2 H, NCH2), 1.87-1.71 (m, 2 H, NCH2 + NCH2(CH2)2CH2), 1.71-1.59 (m, 4 H, 

NCH2(CH2)2CH2), 1.44-1.22 (m, 4 H, NCH2(CH2)2CH2), 0.51 (s, 27 H, SiMe3), -1.02 (s, 3 H, 

MgMe). 13C{1H} NMR (benzene-d6, 125 MHz, 25 °C): δ 57.5 (NCH2(CH2)2CH2), 55.3 

(NCH2(CH2)2CH2), 55.1 (NCH2), 23.6 (NCH2(CH2)2CH2), 23.5 (NCH2(CH2)2CH2), 6.2 

(SiMe3),  -11.9 (MgMe). 29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -7.2 (SiMe3), -

177.0 (Si(SiMe3)3). IR (KBr, cm-1): 2957 s, 2886 m, 2776 m, 2051 w, 1462 w, 1389 w, 1336 

w, 1293 w, 1235 m, 1095 w, 1057 w, 950 w, 835 m br, 746 w, 676 m. Calcd for 

C20H50Si4N2Mg: C, 52.76; H, 11.07; N, 6.15. Found: C, 52.97; H, 11.31; N, 6.03. mp 226-

233 °C. 

(tmeda)MgSi(SiMe3)3I (5.3-tmeda). Trimethylsilyl iodide (93.3 µL, 0.658 mmol) was 

added to a benzene (5 ml) solution of 5.2-tmeda (0.204 g, 0.506 mmol). The mixture was 

allowed to stir for 30 min. The volatile materials were evaporated under reduced pressure. 
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The residue was dissolved in toluene (2 mL) and cooled to -30 °C to give 5.3-tmeda (0.186 

g, 0.362 mmol, 71.4%) as a colorless block crystal. 1H NMR (benzene-d6, 600 MHz, 25 °C): 

δ 2.06 (s, 6 H, NMe), 1.88 (s, 6 H, NMe), 1.63-1.67 (m, 2 H, CH2), 1.43-1.47 (m, 2 H, CH2), 

0.50 (s, 27 H, SiMe3). 13C{1H} NMR (benzene-d6, 150 MHz, 25 °C): δ 56.0 (NCH2), 48.9 

(NMe2), 47.2 (NMe2), 5.84 (SiMe3). 29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -7.3 

(SiMe3), -167.9 (Si(SiMe3)3). IR (KBr, cm-1): 2994 m, 2956 s, 2891 s, 2810 m, 1465 s, 1287 

w, 1260 m, 1238 m, 1023 s br, 948 m, 831 s br, 677 m. Anal. Calcd for C15H43ISi4N2Mg: C, 

34.98; H, 8.41; N, 5.44. Found: C, 34.79; H, 8.50; N, 5.56. mp: 204-205 °C.  

(dpe)MgSi(SiMe3)3I (5.3-dpe). 5.3-dpe was prepared following the procedure for 5.3-tmeda 

with 5.2-dpe (0.120 g, 0.263 mmol) and Me3SiI (39.2 µL, 0.276 mmol) to yield 5.3-dpe 

(0.136 g, 0.239 mmol, 91.0%) as a colorless block crystal. 1H NMR (benzene-d6, 400 MHz, 

25 °C): δ 3.54 (m br, 2 H, NCH2(CH2)2CH2), 3.17 (m br, 2 H, NCH2(CH2)2CH2), 1.82 (s, 4 

H, NCH2), 1.78 (m br, 4 H, NCH2(CH2)2CH2; 4 H, NCH2(CH2)2CH2), 1.29 (m br, 4 H, 

NCH2(CH2)2CH2), 0.51 (s, 27 H, SiMe3). 13C{1H} NMR (benzene-d6, 125 MHz, 25 °C): δ 

57.5 (NCH2(CH2)2CH2), 55.3 (NCH2(CH2)2CH2), 55.1 (NCH2), 23.4 (NCH2(CH2)2CH2), 

23.2 (NCH2(CH2)2CH2), 5.9 (SiMe3). 29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -7.4 

(SiMe3), -168.9 (Si(SiMe3)3). IR (KBr, cm-1): 2944 m, 2886 m, 1462 m, 1394 w, 1237 s, 

1112 w, 1061 w, 945 w, 832 s br, 744 w, 677 m, 622 m. Anal. Calcd for C19H47ISi4N2Mg: C, 

40.24; H, 8.35; N, 4.94. Found: C, 40.14; H, 8.27; N, 5.10. mp 240-243 °C. 

[(tmeda)MgSi(SiMe3)3][MeB(C6F5)3] (5.4-tmeda). B(C6F5)3 (0.270 g, 0.521 mmol) was 

added to a benzene solution (5 ml) of 5.2-tmeda (0.200 g, 0.497 mmol) to give a pale yellow 

solution. The mixture was stirred for 1.5 h. The volatiles were evaporated under reduced 
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pressure to give 5.4-tmeda (0.335 g, 0.366 mmol, 73.6%) as a pale yellow solid. 1H NMR 

(benzene-d6, 600 MHz, 25 °C): δ 1.66 (s, 12 H, NMe), 1.44 (m, 4 H, CH2), 0.94 (s, 3 H, 

BMe), 0.175 (s, 27 H, SiMe3). 13C{1H} NMR (benzene-d6, 150 MHz, 25 °C): δ 56.1 (NCH2), 

46.6 (NMe), 5.1 (SiMe3), BMe resonance was not observed. 29Si{1H} NMR (benzene-d6, 

119.3 MHz, 25 °C): δ -7.8 (SiMe3), -167.2 (Si(SiMe3)3). 11B{1H} NMR (benzene-d6, 125  

MHz, 25 °C): δ -14.3. 11B NMR (bromobenzene-d5, 79.5 MHz, 25 °C): -15.1. 19F NMR 

(benzene-d6, 376 MHz, 25 °C): δ -132.8 (d, 3JFF = 22.9 Hz, 6 F, o-F), -161.3 (t, 3JFF = 21.8 

Hz, 3 F, p-F), -165.3 (t, 3JFF = 18.8 Hz, 6 F, m-F). 19F NMR (bromobenzene-d5, 376 MHz, 25 

°C): δ -133.68 (d, 3JFF = 23.3 Hz, 6 F, o-F), -161.87 (t, 3JFF = 20.6 Hz, 3 F, p-F), -165.72 (t, 

3JFF = 20.7 Hz, 6 F, m-F). IR (KBr, cm-1): 2954 m, 2896 m, 1644 m, 1513 s, 1459 s br, 1244 

m br, 1087 s, 977 s, 836 s br, 757 m. Anal. Calcd for BC34F15H46Si4N2Mg: C, 44.62; H, 5.07; 

N, 3.06. Found: C, 44.84; H, 4.90; N, 3.07. mp 130-133 °C 

[(dpe)MgSi(SiMe3)3][MeB(C6F5)3] (5.4-dpe). 5.4-dpe was prepared following the 

procedure for 5.4-tmeda using 5.2-dpe (0.173 g, 2.01 mmol) and B(C6F5)3 (0.194 g, 0.379 

mmol) to yield 5.4-dpe (0.311 g, 0.321 mmol, 84.6%) as a pale yellow solid. 1H NMR 

(bromobenzene-d5, 400 MHz, 25 °C): δ 3.07 (m br, 4 H, NCH2(CH2)2CH2), 2.35 (s, 4 H, 

NCH2), 2.29 (m, 4 H, NCH2(CH2)2CH2), 1.65 (m, 4 H, NCH2(CH2)2CH2), 1.54 (m, 4 H, 

NCH2(CH2)2CH2), 1.03 (s br, 3 H, MeB(C6F5)3), 0.24 (s, 27 H, SiMe3). 13C{1H} NMR 

(bromobenzene-d5, 125 MHz, 25 °C): 148.5 (br, C6F5), 146.1 (br, C6F5), 138.6 (br, C6F5), 

137.0 (br, C6F5), 136.1 (br, C6F5), 134.5 (br, C6F5), 54.0 (NCH2(CH2)2CH2), 53.4 (NCH2), 

21.4 (NCH2(CH2)2CH2), 10.8 (br, BMe), 3.5 (SiMe3). 11B NMR (bromobenzene-d5, 79.5 

MHz, 25 °C): -14.8. 19F NMR (bromobenzene-d5, 376 MHz, 25 °C): δ -132.89 (br), -165.13 
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(br), -167.92 (br). 29Si{1H} NMR (bromobenzene-d5, 119.3 MHz, 25 °C): δ -7.7 (SiMe3), -

168.7 (Si(SiMe3)3). IR (KBr, cm-1): 2960 m, 2890 m, 2811 w, 1642 m, 1514 s, 1460 s, 1379 

w, 1261 m, 1244 m, 1087 s, 973 s, 835 s, 803 m, 758 w, 736 w, 648 m. Anal. Calcd for 

BC38F15H50Si4N2Mg: C, 47.12; H, 5.21; N, 2.90. Found: C, 47.36; H, 4.71; N, 2.87. mp 71-

72 °C. 

[(tmeda)MgSi(SiMe3)3IB(C6F5)3] (5.5-tmeda). Me3SiI (12.5 µl, 0.088 mmol) was added to 

a benzene (5 ml) solution of 5.4-tmeda (0.079 g, 0.087 mmol) at room temperature and the 

mixture was stirred for 17 h. The volatiles of the pale yellow reaction mixture were 

evaporated under reduced pressure to yield 5.5-tmeda (0.071 g, 0.069 mmol, 80.1%) as a 

white solid. 1H NMR (bromobenzene-d5, 400 MHz, 25 °C): δ 2.32 (s br, 12 H, NMe), 2.23 (s 

br, 4 H, CH2), 0.36 (s, 27 H, SiMe3). 13C{1H} NMR (bromobenzene-d5, 150 MHz, 25 °C): δ 

148.7 (br, C6F5), 146.3 (br, C6F5), 136.7 (br, C6F5), 134.2 (br, C6F5), 54.7 (NCH2), 46.1 

(NCH3), 4.0 (SiMe3). 29Si{1H} NMR (bromobenzene-d5, 119.3 MHz, 25 °C): δ -7.6 (SiMe3), 

-165.0 (Si(SiMe3)3). 11B{1H} NMR (bromobenzene-d5, 125  MHz, 25 °C): δ -14.3. 19F NMR 

(bromobenzene-d5, 376 MHz, 25 °C): δ  -131.5 (d, t, 3JFF = 20.3 Hz, 6 F, o-F), -163.3 (t, 3JFF 

= 21.1 Hz, 3 F, p-F), -166.0 (t, 3JFF = 19.6 Hz, 6 F, m-F). Calcd for BC33F15H43ISi4N2Mg: C, 

38.59; H, 4.22; N, 2.73. Found: C, 38.52; H, 3.97; N, 2.83. 

[(tmeda)MgSi(SiMe3)3][B(C6F5)4] (5.6-tmeda). [Ph3C][B(C6F5)4] (0.250 g, 0.271 mmol) 

was added to a benzene solution of 5.2-tmeda (0.104 g, 0.258 mmol). The reaction mixture 

was stirred overnight to give an oily residue. The benzene solvent (top layer) was decanted 

from the precipitate. The oily residue was washed with benzene (3 ×  5 ml) and pentane (3 ×  

5 ml) to remove Ph3CMe. The remaining material was dried under reduced pressure to give 



	  

 

182	  

5.6-tmeda (0.223 g, 0.209 mmol, 81.0 %) as light brown solid. 1H NMR (bromobenzene-d5, 

400 MHz, 25 °C): δ 2.20 (s br, 4 H, CH2), 2.12 (s br, 12 H, NMe), 0.28 (s, 27 H, SiMe3). 

13C{1H} NMR (bromobenzene-d5, 150 MHz, 25 °C): δ 148.6 (br, C6F5), 146.2 (br, C6F5), 

138.5 (br, C6F5), 136.7 (br, C6F5), 136.0 (br, C6F5), 134.3 (br, C6F5), 54.5 (NCH2), 44.4 

(NCH3), 3.6 (SiMe3). 29Si{1H} NMR (bromobenzene-d5, 119.3 MHz, 25 °C): δ -7.9 (SiMe3), 

-163.4 (Si(SiMe3)3). 11B{1H} NMR (bromobenzene-d5, 125  MHz, 25 °C): δ -15.9. 19F NMR 

(bromobenzene-d5, 376 MHz, 25 °C): δ  -131.5 (s br, 6 F, o-F), -160.9 (t, 3JFF = 20.7 Hz, 3 F, 

p-F), -165.5 (s br, 6 F, m-F). IR (KBr, cm-1): 2951 m, 2895 w, 2181 w, 1644 s, 1515 s, 1464 s 

br, 1374 m, 1278 s, 1244 m, 1091 s br, 980 s br, 834 s br, 769 m, 756 m, 684 s. Calcd for 

BC39F20H43Si4N2Mg: C, 43.89; H, 4.06; N, 2.62. Found: C, 43.93; H, 3.84; N, 2.62. mp 103-

105°C. 

[(dpe)MgSi(SiMe3)3][B(C6F5)4] (5.6-dpe). A modified procedure for 5.6-tmeda was 

followed, using 5.2-dpe (0.101 g, 0.223 mmol) and [Ph3C][B(C6F5)4] (0.216 g, 0.234 mmol) 

to yield 5.6-dpe (0.170 g, 0.152 mmol, 68.3%) as a light brown solid. 1H NMR 

(bromobenzene-d5, 400 MHz, 25 °C): δ 3.09-2.85 (m br, 4 H, NCH2(CH2)2CH2), 2.60-2.20 

(m br, 4 H, NCH2; 4 H, NCH2(CH2)2CH2), 1.69 (s br, 8 H, NCH2(CH2)2CH2), 0.30 (s, 27 H, 

SiMe3). 13C{1H} NMR (bromobenzene-d5, 150 MHz, 25 °C): δ 144.6 (br, C6F5), 142.2 (br, 

C6F5), 134.4 (br, C6F5), 132.7 (br, C6F5), 132.0 (br, C6F5), 130.2 (br, C6F5), 49.8 

(NCH2(CH2)2CH2), 49.4 (NCH2(CH2)2CH2), 49.2 (NCH2), 49.1 (NCH2), 17.5 

(NCH2(CH2)2CH2), 17.4 (NCH2(CH2)2CH2), -0.3 (SiMe3). 29Si{1H} NMR (bromobenzene-

d5, 119.3 MHz, 25 °C): δ -7.9 (SiMe3), -170.8 (Si(SiMe3)3).11B{1H} NMR (bromobenzene-

d5, 125 MHz, 25 °C): δ -15.9. 19F NMR bromobenzene-d5, 376 MHz, 25 °C): δ -131.7 (d, 
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3JFF = 9.4 Hz, 8 F, o-F), -161.3 (t, 3JFF = 20.7 Hz, 4 F, p-F), -165.6 (t, 3JFF = 19.2 Hz, 4 F, m-

F). IR (KBr, cm-1): 3092 w, 3072 w, 3037 w, 2952 s, 2891 s, 2622 vw, 2596 vw, 2551 vw, 

2331 vw, 2177 w, 2088 vw, 2046 vw, 1966 vw, 1825 vw, 1643 s, 1515 s, 1464 s, 1277 s, 

1243 s, 1091 s, 1037 s, 980 s, 940 s, 904 s, 834 s, 684 s, 661 s. Calcd for 

BC43F20H47Si4N2Mg: C, 46.14; H, 4.23; N, 2.50. Found: C, 46.29; H, 4.01; N, 2.38. mp 70-

73 °C. 

(tmeda)MgSi(SiMe3)3(µ-Η)2B(C6F5)2 (5.7-tmeda).  HB(C6F5)2 (0.293 g, 0.271 mmol) was 

added to a benzene solution of 5.2-tmeda (0.123 g, 0.258 mmol) at room temperature. After 

stirring for 0.5 h, volatile of the clear reaction mixture was evaporated under reduced 

pressure, followed by pentane wash (2 x 5 ml) and evaporated under vacuum to yield 5.7-

tmeda (0.137g, 0.186 mmol, 52.5 %) as a pale white solid.  1H NMR (benzene-d6, 400 MHz, 

25 °C): δ 2.23 (q, 1JBH = 72.1 Hz, 2 H, BH2), 1.84 (s, 6 H, NMe), 1.69 (s, 6 H, NMe), 1.55-

1.40 (m br, 2 H, NCH2) , 1.38-1.25 (m br, 2 H, NCH2), 0.28 (s, 27 H, SiMe3). 13C{1H} NMR 

(benzene-d6, 150 MHz, 25 °C): δ 149.8 (br, C6F5),147.4 (br, C6F5), 141.7 (br, C6F5), 139.2 

(br, C6F5), 136.8 (br, C6F5), 56.4 (NCH2), 47.9 (NCH3), 46.5 (NCH3), 5.4 (SiMe3). ). 

29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -7.7 (SiMe3), -173.1 (Si(SiMe3)3).11B{1H} 

NMR (benzene-d6, 125  MHz, 25 °C): δ -28.5 (t, 1JBH = 72.1 Hz). ). 19F NMR (benzene-d6, 

376 MHz, 25 °C): δ -132.7 (d, 3JFF = 21.8 Hz, 6 F, o-F), -161.6 (s br, 3 F, p-F), -165.4 (s br, 6 

F, m-F). IR (KBr, cm-1): 2959 m, 2894 w, 2855 w, 2268 w br (νBH), 1645 m, 1512 s, 1469 s 

br, 1286 w, 1262 w, 1293 w, 1109 m, 1089 m, 1023 m, 972 m, 832 m, 796 m, 682 w. Calcd 

for BC25F10H39Si4N2Mg: C, 44.12; H, 6.17; N, 3.81. Found: C, 43.53; H, 6.61; N, 3.66. mp 

195-196 °C. 
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(dpe)MgSi(SiMe3)3(µ-Η)2B(C6F5)2 (5.7-dpe). 5.7-dpe was prepared following the 

procedure for 5.7-tmeda with 5.2-dpe (0.057 g, 0.125 mmol)  and HB(C6F5)2 (0.089 g, 0.257 

mmol to give 5.7-dpe as a pale white solid. (0.098g, 0.124 mmol, 99.0%) 1H NMR (benzene-

d6, 400 MHz, 25 °C): 3.10 (m, 2 H, NCH2(CH2)2CH2), 2.93 (m, 2 H, NCH2(CH2)2CH2), 2.31 

(q, 1JBH = 72.4 Hz, 2 H, BH2), 1.82 (m, 2 H, NCH2(CH2)2CH2), 1.73 (m, 4 H, NCH2), 1.59 

(m br, 4 H, NCH2(CH2)2CH2), 1.48 (m, 2 H, NCH2(CH2)2CH2), 1.21 (m br, 4 H, 

NCH2(CH2)2CH2), 0.30 (s, 27 H, SiMe3). 13C NMR (benzene-d6, 125 MHz, 25 °C): 149.8 

(br, C6F5), 147.4 (br, C6F5), 139.2 (br, C6F5), 136.8 (br, C6F5), 56.1 (NCH2(CH2)2CH2), 55.9 

(NCH2(CH2)2CH2), 54.9 (NCH2), 23.2 (NCH2(CH2)2CH2), 22.9 (NCH2(CH2)2CH2), 5.5 

(SiMe3). 29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -7.6 (SiMe3), -173.1 

(Si(SiMe3)3).11B{1H} NMR (benzene-d6, 125 MHz, 25 °C): δ -29.5 (t, 1JBH = 72.5 Hz). 19F 

NMR (benzene-d6, 376 MHz, 25 °C): δ -130.0 (s br, 4 F, o-F), -159.0 (t, 3JFF = 19.9 Hz, 2 F, 

p-F), -163.7 (t, 3JFF = 17.7 Hz, 4 F, m-F). IR (KBr, cm-1): 2956 m, 2919 m, 2851 m, 2361 vw 

(νBH), 2333 vw br (νBH), 1642 s, 1514 s, 1460 s, 1379 w, 1261 m, 1244 m, 1087 s, 973 s, 835 

s, 803 m, 736 w, 684 w, 647 w. Calcd for BC31F10H49Si4N2Mg: C, 47.30; H, 6.27; N, 3.56. 

Found: C, 46.80; H, 5.96; N, 3.46. mp 193-196 °C. 
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Chapter 6: Non-classical β-Hydrogen Elimination of Agostic Hydrosilazido Zirconium 

Compounds 

Modified from a paper published in J. Am. Chem. Soc.4 

KaKing Yan, Arkady Ellern, and Aaron D. Sadow 

Department of Chemistry and US Department of Energy Ames Laboratory, Iowa State 

University, Ames IA, 50011, USA 

	  
Abstract. Salt metathesis reactions of Cp2(NR2)ZrX (X = Cl, I, OTf) and lithium 

hydrosilazide ultimately afford hydride products Cp2(NR2)ZrH that suggest unusual β-

hydrogen elimination processes. A likely intermediate in one of these reactions, 

Cp2Zr[N(SiHMe2)t-Bu][N(SiHMe2)2], is isolated under controlled synthetic conditions. 

Addition of alkali metal salts to this zirconium hydrosilazide compound produces the 

corresponding zirconium hydride. However as conditions are varied, a number of other 

pathways are also accessible, including C-H/Si-H dehydrocoupling, γ-abstraction of a CH, 

and β-abstraction of a SiH. Our observations suggest that the conversion of 

(hydrosilazido)zirconocene to zirconium hydride does not follow the classical four-center β-

elimination mechanism. 

Introduction 

β-elimination reactions are central to the stoichiometric and catalytic chemistry of 

organometallic compounds. However, the corresponding elimination of a metal amide 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
4 J. Am. Chem. Soc. 2012, 134, 9154-9156. 
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(MNR2) to form a metal hydride (M-H) and an imine is considerably less facile and less 

common.1 For example, a few highly reactive three-coordinate tris(anilido) d2 group 5 and d3 

group 6 complexes are masked as metallaziridine hydride compounds by a rare, reversible β-

elimination2 while β-eliminations of d0 metal amides are virtually unknown. Instead, d0 metal 

amide compounds undergo α-, β-, and γ-abstraction processes to give metal imido,3,4 

azometallocyclopropane (η2-imine),5 and azametallocyclobutane products.6 The distinct 

reactivity of alkyl and amide ligands was recently suggested to be related to their dissimilar 

β-agostic structures.7 In short, β-agostic amides generally contain long N-C bonds, large (ca. 

~120 °) ∠M-N-C angles, and short β-C-H distances,7 whereas β-agostic alkyls contain short 

C-C bonds, acute ∠M-C-C angles, and long β-CH bonds.8 In the analysis of alkyl and amide 

reactivity, the relationship between β-agostic structures and β-elimination is tied to the idea 

that agostic alkyls represent arrested intermediates on the reaction coordinate for elimination. 

Because β-agostic amides do not give those features, β-elimination is not the favored 

pathway.  

Interestingly, hydrosilazide ligands [N(SiHR2)R] have the typical reactivity 

associated with early-metal amides, undergoing α-abstraction,9 β-abstraction,10 and γ-

abstraction, even though the structural features of β-agostic hydrosilazides (small ∠M-N-Si 

angles, short N-Si distances) are closer to those of alkyl ligands rather than aliphatic 

amides.11 Thus, 'β-hydridic' silazides might be more reactive toward β-elimination. In fact, 

examples from the main group, where β-eliminations are typically uncommon (even of 

alkyls), hint at this reactivity. Reaction of a diketimimate zinc chloride and LiNR2BH3 gives 

a zinc hydride,12 and a four-coordinate zinc tetramethyldisilazide is converted to a the zinc 
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hydride in the presence of LiCl.13 Furthermore, dehydrogenation of hydrosilazanes occurs 

upon addition of n-butyllithium followed by chlorosilanes.14  

 

Result and discussion 

Thus, we were intrigued by the reaction of LiN(SiHMe2)t-Bu and Cp2Zr[N(SiHMe2)t-

Bu]X [X = I (6.1), OTf (6.2)] that provides Cp2Zr[N(SiHMe2)t-Bu]H (3), LiX, and [t-BuN-

SiMe2]2 (eq 6.1). The products suggest a sequence involving salt metathesis followed by β-

hydrogen elimination, where [t-BuN-SiMe2]2 likely forms via head-to-tail dimerization of the 

silanimine t-BuN=SiMe2. 

 

The product is identical to authentic samples of 6.3 prepared by treatment of 

[Cp2ZrHCl]n with LiN(SiHMe2)t-Bu.10,11a Its 1H NMR spectrum contained a ZrH (δ 5.53) 

and upfield SiH (δ 1.21, 1JSiH = 113 Hz) that is consistent with a β-agostic structure, as 

previously described by Berry and co-workers. The starting materials, Cp2Zr[N(SiHMe2)t-

Bu]X (X = I,11a OTf) also contain β-agostic hydrosilazides (δSiH: (6.1) 1.71 and (6.2) 1.29). 

Thus, both the starting and product zirconium hydrosilazido compounds contain β-agostic 

SiH structures. 

Compound 6.3 is also conveniently obtained by treatment of Cp2ZrCl2 with 2 equiv. 

of LiN(SiHMe2)t-Bu (eq 6.2). Additionally, Cp2HfCl2 and 2 equiv. of LiN(SiHMe2)t-Bu 

provides the congener Cp2Hf[N(SiHMe2)t-Bu]H (6.4) and [t-BuN-SiMe2]2, while Cp2TiCl2 

Cp2Zr
X

N
SiMe2

tBu

H

LiN(SiHMe2)t-Bu

benzene, r.t., 0.5 h
- 0.5 [t-BuN-SiMe2]2

- LiX

Cp2Zr
H

N
SiMe2

tBu

H

X = I (6.1)
OTf (6.2)

6.3

(6.1)
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and 2 equiv. of LiN(SiHMe2)t-Bu gives paramagnetic titanium species as well as the 

elimination by-product [t-BuN-SiMe2]2. 

 

The SiH and HfH resonances in the 1H NMR spectrum of 6.4 (δSiH 1.35, 1JSiH = 118 

Hz; δHfH 10.12) are downfield compared to the zirconium analog. In the IR spectrum (KBr), 

the νSiH (1907 cm-1) and νHfH (1640 cm-1) were observed. 

A possible pathway for formation of 6.3 and 6.4 that avoids β-elimination might 

involve β- or γ-abstraction followed by hydrogenolysis by adventitious H2. For example, 

[Cp2ZrClH]n and LiN(SiMe3)2 react at room temperature to give the 

azasilazirconacyclobutane Cp2Zr[κ2-N,C-N(SiMe3)SiMe2CH2].6b In fact, thermolysis of 6.3 

at 140 °C in a sealed flask forms H2 and Cp2Zr[κ2-N,C-N(t-Bu)SiHMeCH2] (6.5a) showing 

that mechanism is viable. However, isobutylene and species assigned as imido [Cp2Zr(µ-

NSiHMe2)]n (6.5b) are also formed (eq 6.3). The irreversible formation of [Cp2Zr(µ-

NSiHMe2)]n rules out the γ-abstraction pathway as a route to 6.3, which also does not 

account for [t-BuN-SiMe2]2 produced in the apparent β-elimination. 

 

2 LiN(SiHMe2)t-Bu

benzene, r.t., 0.5 h
- 0.5 [t-BuN-SiMe2]2

- 2 LiCl

Cp2M
H

N
SiMe2

tBu

H

M = Zr (6.3)

(6.2)Cp2MCl2

= Hf (6.4)
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N
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PMe3
Cp2Zr Si

N
tBu

H
Me

6.5a

+   [Cp2ZrN(SiHMe2)]n

6.5b
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Thus, β-abstraction products are not observed from hydride 6.3, which contrasts the 

mild conditions needed for β-abstraction from Cp2Zr[N(SiHMe2)t-Bu](CH2SiMe3) (in the 

presence of PMe3) to give Cp2Zr[η2-N(t-Bu)SiMe2](PMe3) (6.6). Interestingly, β-hydrogen 

abstraction occurs upon reaction of Cp2Zr[N(SiHMe2)t-Bu]OTf  and LiN(SiMe3)2 or 

LiN(SiMe3)CH2Ph to give 6.6 and HN(SiMe3)2 or HN(SiMe3)CH2Ph (eq 6.4). This 

transformation is also not involved in the formation of 6.3, because 6.6 and HN(SiHMe2)t-Bu 

do not provide 6.3 and [t-BuN-SiMe2]2 as would be expected if β-abstraction is the initial 

step on a pathway to form the zirconium hydride. 

 

These experiments suggest that the SiH group in LiN(SiHMe2)t-Bu diverts the 

reaction from abstraction to  elimination. The effect of the SiH in the lithium hydrosilazide 

was further tested by the reaction of 6.2 and LiN(SiHMe2)2. That reaction gives a mixture of 

6.3 from elimination and the mixed diamide Cp2Zr[N(SiHMe2)t-Bu][N(SiHMe2)2] (6.7; eq 

6.5) from salt metathesis in a 1:1.4 ratio. 

 

The formation of compound 6.7 was later verified by its independent preparation and 

characterization (see below). Micromolar scale reactions of 6.2 and LiN(SiHMe2)2 in 
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toluene-d8, monitored by 1H NMR spectroscopy from 216 to 363 K, showed signals 

consistent with 6.7 at 233 K.  Upon warming to 283 K, this species rapidly but only partially 

converts to 6.3.  

Similarly, Cp2Zr[N(SiHMe2)2]OTf (6.8) and LiN(SiHMe2)t-Bu react in benzene to 

give a mixture of 6.3: 6.7:Cp2Zr[N(SiHMe2)2]H (6.9, eq 6.6) in a 1.0:10.4:0.7 ratio. 

Interestingly, thermolysis of this mixture at 50 °C gives a mixture of 6.3: 6.9 in a ratio 

(11.4:0.7) derived from the intermediate mixture (6.7+6.3): 6.9. Thus, 6.7 is a intermediate 

that affords zirconium hydride 6.3 but not hydride 6.9. 

 

These experiments suggest that two pathways provide zirconium hydride products. 

The first pathway involves the direct interaction of the metal triflate and lithium 

hydrosilazide (the first step of eq 6.5 and 6.6 that provides 6.3 and 6.9, respectively). In the 

second pathway, compound 6.7 appears to be a precursor to compound 6.3. Thus, isolated 

zirconium bis(disilazide) was required to better study the conversion of 6.7 to 6.3. 

After a number of experiments, we found that compound 6.2 and the potassium 

disilazide KN(SiHMe2)2 react in benzene to form 6.7 (eq 6.7). The 1H NMR spectrum of 6.7 

contained two resonances assigned to SiH groups (δ 4.98, 1JSiH = 173 Hz; δ 4.90, 1JSiH = 185 

Hz) in a 1:2 integrated ratio. 
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In a surprising contrast to the conversion of 6.7 to 6.3 in eq 6.5, thermolysis of 

isolated 6.7 in benzene results in H2 elimination and inter-ligand coupling between a Si-H 

bond of the N(SiHMe2)2 and the C-H bond of a C5H5 to form constrained-geometry-like 

{Me2Si(C5H4)N(SiHMe2)}CpZrN(SiHMe2)t-Bu (6.10, eq 6.8). 

 

The 1H NMR spectrum of 6.10 showed the C5H4 group as four multiplets. Two SiH 

signals (δ 5.16, 1JSiH = 196 Hz; δ 4.07, 1JSiH = 167 Hz) were observed in a 1:1 ratio. The 

monomeric structure of 6.10 was confirmed by X-ray crystallography (see Supporting 

Information). We considered a possible mechanism for formation of 6.10 based on the 

thermolysis of [Cp2ZrHCl]n that involves intermolecular activation of a C5H5 ligand to give 

[Cp(Cl)Zr(µ-η1:η5-C5H4)]2 and H2.15 However, this mechanism is ruled out by a plot of [6.7] 

vs. time that follows an exponential decay for 3 half-lives (see SI), which is inconsistent with 

a dimeric intermediate. The same conversion of 6.7 into 6.9 occurs at room temperature in 

benzene (0.5 h; 52.5% based on a cyclooctane internal standard) in the presence of 

Li[B(C6F5)4](OEt2)2.5 (1 or 0.5 equiv.) suggesting that the transformation involves a Lewis 

acid activation.  
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However, LiCl or KOTf in a THF/benzene solvent mixture diverts the conversion of 

6.7 from the C-H bond activation pathway, instead forming the β-hydrogen elimination 

products 6.3 and (Me2Si-NSiHMe2)2 quantitatively. Thus, a sufficiently soluble salt 

containing both a cation (Li+ or K+) and a coordinating counteranion Cl–, I–, or OTf– is 

required for hydrogen transfer to zirconium. Likely, the intermediate salt adduct that 

precedes the hydride transfer is also accessed upon treatment of [Zr]X with LiN(SiHMe2)2. 

Interestingly, both the starting materials and products Cp2Zr[N(SiHMe2)R]X (X = H, 

Cl, I, OTf; R = t-Bu, SiHMe2) contain β-agostic SiH groups, yet the β-agostic silazide 

ligands in 6.1, 6.2, and 6.8 do not undergo elimination. Instead, the incoming lithium silazide 

transfers a SiH to zirconium and eliminates LiX and silanimine. This transfer appears to 

occur through a pathway that is sensitive to the nature of the incoming group and ancillary 

ligands. Thus, the most hindered of interactions, LiN(SiHMe2)t-Bu with 6.1 or 6.2, forms 

only hydride 6.3, whereas the reaction of less hindered LiN(SiHMe2)2 and 6.1 or 6.2 gives a 

mixture of 6.3 and diamide 6.7. The initial hydride to amide ratio is produced under kinetic 

control that reflects the relative (and sterically-influenced) nucleophilicity of the nitrogen 

versus the β-H in a lithium hydrosilazide. Additionally, hydride transfer reactions are clearly 

facilitated under conditions where salt metathesis is reversible (i.e., the salt byproduct is 

soluble). 

 

Conclusion 

Direct hydride transfer, as an alternative to the classic β-elimination, was suggested 

for the reaction of Cp*TaMe3Cl and lithium amides.2 Additionally, side reduction products in 

late-metal-catalyzed Buchwald-Hartwig C-N cross-couplings, are often attributed to β-
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elimination from a metal-amide intermediate.1,16 In those systems, the choice of base and  

solvent (i.e., the solubility of the salt) significantly influences the ratio of C-N to C-H bond 

formation, suggesting that a related direct hydride attack may be important.1b The features of 

the reactions reported here, including the effect of a soluble salt on the favored pathway 

(among many transformations) and the observation that the β-elimination event does not 

involve the β-agostic SiH, provide strong evidence for direct attack of the β-hydrogen of an 

amide on a metal center. Furthermore, the reactions described here provide an alternative 

strategy for the synthesis of catalytically important d0 metal hydride compounds. 

	  
Experimental. 

General. All manipulations were performed under a dry argon atmosphere using standard 

Schlenk techniques or under a nitrogen atmosphere in a glovebox unless otherwise indicated. 

Water and oxygen were removed from benzene, toluene, pentane, diethyl ether, and 

tetrahydrofuran solvents using an IT PureSolv system. Benzene-d6 and tetrahydrofuran-d8 

were heated to reflux over Na/K alloy and vacuum-transferred. The compounds Cp2ZrHCl,18 

[t-BuN-SiMe2]2,19 LiN(SiHMe2)t-Bu,20 Cp2Zr[N(SiHMe2)t-Bu]I (6.1),21 LiN(SiMe3)CH2Ph,21 

LiN(SiMe3)2,21 LiN(SiHMe2)2,22 KN(SiHMe2)2,23 LiB(C6F5)4(Et2O)2.5,24 and Cp2HfCl2
25 

were prepared following literature procedures. Cp2ZrCl2 was purchased from Strem and used 

as received. PMe3 and MeOTf were purchased from Aldrich and used as received. LiCl and 

KOTf were heated under vacuum overnight at 120 °C before use.  

1H, 13C{1H}, 11B and 29Si{1H} NMR spectra were collected on an Agilent MR400 

spectrometer. 11B NMR spectra were referenced to an external sample of BF3
.Et2O. 15N 

chemical shifts were determined either by 1H-15N HMBC experiments on a Bruker Avance II 
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700 spectrometer with a Bruker Z-gradient inverse TXI 1H/13C/15N 5mm cryoprobe or by 1H-

15N CIGARAD experiments on an Agilent MR400 spectrometer;	  15N chemical shifts were 

originally referenced to liquid NH3 and recalculated to the CH3NO2 chemical shift scale by 

adding -381.9 ppm. Assignments of resonances are supported by 1H-1H and heteronuclear 

correlation NMR experiments. Infrared spectra were measured on a Bruker IFS66v FTIR. 

Elemental analyses were performed using a Perkin-Elmer 2400 Series II CHN/S. X-ray 

diffraction data was collected on a Bruker APEX II diffractometer. 

 

Cp2Zr[N(SiHMe2)t-Bu]OTf (6.2). Cp2Zr[N(SiHMe2)t-Bu]H (0.111 g, 0.315 mmol) and 

MeOTf (38.0 µL, 0.346 mmol) were allowed to react in benzene for 10 min. The volatile 

materials were evaporated from the resulting yellow solution under vacuum to give 

Cp2Zr[N(SiHMe2)t-Bu]OTf as a yellow solid in excellent yield (0.142 g, 0.284 mmol, 

90.1%). Recrystallization from toluene at -30 °C provided X-ray quality crystals of 

Cp2Zr[N(SiHMe2)t-Bu]OTf. 1H NMR (benzene-d6, 400 MHz, 25 °C): δ 5.97 (s, 10 H, C5H5), 

1.29 (m, 1 H, SiH), 1.16 (s, 9 H, t-Bu), -0.016 (d, 3JSiH = 2.4 Hz, 6 H, SiHMe2). 13C{1H} 

NMR (benzene-d6, 125 MHz): δ 120.5 (q, 1JFC = 317.7 Hz, OSO2CF3), 113.7 (C5H5), 57.7 

(CMe3), 34.6 (CMe3), 1.4 (SiHMe2). 15N{1H} NMR (benzene-d6, 61 MHz, 25 °C): δ -242.9.  

19F NMR (benzene-d6, 376 MHz, 25 °C): δ -77.1. 29Si{1H} NMR (benzene-d6, 119.3 MHz, 

25 ºC): δ -47.1. IR (KBr, cm-1): 3115 br m, 2962 m, 2089 w, 1917 s br, 1756 m, 1453 m, 

1328 s, 1235 br vs, 1053 s, 1016 vs, 823 s, 803 s, 633 s. Anal. Calcd for C17F3H26SiNO3SZr: 

C, 40.77; H, 5.23; N, 2.80. Found: C, 41.15; H, 5.08; N, 2.80. Mp 115-119 °C (dec.). 

Cp2Zr[N(SiHMe2)t-Bu]H (6.3). Compound 6.3 was originally prepared by Procopio and 

Berry from (Cp2ZrHCl)n and LiN(SiHMe2)t-Bu according to reference 21. Here we describe 
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several synthetic procedures (where the identity of the zirconium starting material is varied) 

that afford Cp2Zr[N(SiHMe2)t-Bu]H. The materials obtained by these procedures have 

identical spectroscopic features to Cp2Zr[N(SiHMe2)t-Bu]H obtained with the literature 

procedure.  

Method A: A mixture of Cp2Zr[N(SiHMe2)t-Bu]OTf (0.116 g, 0.232 mmol) and 

LiN(SiHMe2)t-Bu (0.032 g, 0.233 mmol) was stirred in benzene (6 mL) at room temperature 

for 30 min. The volatile materials were removed under reduced pressure to leave an orange 

solid residue, which was extracted with 10 mL of pentane. The pentane extract was 

concentrated and cooled to -30 °C to yield Cp2Zr[N(SiHMe2)t-Bu]H (0.060 g, 0.170 mmol, 

73.3%). 

Method B: A mixture of Cp2Zr[N(SiHMe2)t-Bu]I (0.102 g, 0.213 mmol) and LiN(SiHMe2)t-

Bu (0.029 g, 0.211 mmol) in benzene (6 ml) was stirred at room temperature for 30 min. The 

reaction mixture was worked-up following the procedure of Method A to yield 

Cp2Zr[N(SiHMe2)t-Bu]H (0.048 g, 0.136 mmol, 63.8%).  

Method C: A mixture of Cp2ZrCl2 (0.302 g, 1.03 mmol) and LiN(SiHMe2)t-Bu (0.284 g, 

2.07 mmol) in benzene (6 ml) was stirred at room temperature for 30 min. The reaction 

mixture was worked-up following the procedure of Method A to yield Cp2Zr[N(SiHMe2)t-

Bu]H (0.235 g, 0.666 mmol, 64.7%). 1H NMR (benzene-d6, 400 MHz, 25 °C): δ 5.71 (s, 10 

H, C5H5), 5.54 (s, 1 H, ZrH), 1.24 (s, 9 H, CMe3), 1.20 (m, 1 H, SiH, overlapped with t-Bu), 

0.05 (d, 3JCH = 2.8 Hz, 6 H, SiHMe2). 13C{1H} NMR (benzene-d6, 125 MHz): δ 105.9 

(C5H5), 55.5 (CMe3), 35.1 (CMe3), 0.87 (SiHMe2). 15N{1H} NMR (benzene-d6, 61 MHz): δ -

259.7. 29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -73.9. IR (KBr, cm-1): 3079 m br, 
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2950 s, 1888 s (νSiH), 1598 s br (ZrH), 1437 s, 1349 s, 1244 s, 1204 s br, 1061 s, 1015 s, 793 

s br.  

Cp2Hf[N(SiHMe2)t-Bu]H. (6.4) A suspension of Cp2HfCl2 (0.219 g, 0.58 mmol) and 

LiN(SiHMe2)t-Bu (0.158 g, 1.16 mmol) in benzene (5 mL) was stirred under nitrogen at 

room temperature for 1.5 h. The volatile materials were evaporated, giving an off-white solid 

residue that was extracted with pentane (10 mL). The pentane extract was concentrated and 

cooled to -30 °C to yield Cp2Hf[N(SiHMe2)t-Bu]H (0.152 g, 0.35 mmol, 59.4%). 1H NMR 

(benzene-d6, 400 MHz, 25 ºC): δ 10.12 (s, 1 H, HfH), 5.69 (s, 10 H, C5H5), 1.35 (m, 1 H, 

1JSiH = 118 Hz, SiH), 1.24 (s, 9 H, CMe3) 0.09 (d, 6 H, 3JHH = 3.2 Hz, SiHMe2). 13C{1H} 

NMR (benzene-d6, 125 MHz): δ 105.6 (C5H5), 55.9 (CMe3), 35.5 (CMe3), 0.23 (SiHMe2). 

15N{1H} NMR (benzene-d6, 61 MHz, 25 °C): δ -269.6. 29Si{1H} NMR (benzene-d6, 119.3 

MHz, 25 ºC): δ -74.3. IR (KBr, cm-1): 3082 m br, 2951 s, 1907 s (νSiH), 1640 s br (νHfH), 

1438 s, 1377 s, 1245 s, 1206 s, 1044 s, 1016 s, 795 s br. Anal. Calcd for C16HfH27SiN: C, 

43.68; H, 6.19; N, 3.18. Found: C, 43.25; H, 6.14; N, 3.15. Mp 130-134 °C. 

Cp2Zr[κ2-N,C-N(t-Bu)SiHMeCH2] (6.5a) and [Cp2ZrNSiHMe2]n (6.5b). A sealable flask 

with a Teflon valved was charged with Cp2Zr[N(SiHMe2)t-Bu]H (0.062 g, 0.175 mmol), 

PMe3 (1.1 equiv.; 20 ml, 0.193 mmol) and benzene (1 mL). The tube was sealed and heated 

to 150 °C for 12 h. The reaction was cooled and then degassed by freeze-pump-thaw cycles 

(3×). The reaction mixture was then heated at 150 °C for another 12 h. The reaction was 

allowed to cool, and then the volatile materials were evaporated to yield a brownish-purple 

solid. Spectroscopic analysis revealed this solid to be a mixture of compounds 6.5a and 6.5b 

in a 1:1.4 ratio. Attempts to separate these two compounds by crystallization were not 
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successful. Parallel micromolar scale reactions in toluene-d8 contained isobutylene, unbound 

PMe3, and compounds 6.5a and 6.5b. The identities of 6.5a and 6.5b are assigned by 1D and 

2D multinuclear NMR spectroscopy, symmetry, reaction stoichiometry (isobutylene: 6.5b = 

1:1), and the similarity of the formation pathway and spectroscopy of 6.5a with the 

compound Cp2Zr[k2-N,C-N(SiHMe2)SiHMeCH2]. IR (KBr, cm-1): 2959 m br, 2053 m br 

(νSiH), 1440 w, 1355 m, 1246 m, 1199 m, 1015 s, 879 s br, 794 s br. 6.5a: 1H NMR (benzene-

d6, 400 MHz, 25 °C): δ 5.85 (s, 5 H, C5H5), 5.85 (s, 5 H, C5H5), 4.33 (m, 1JSiH = 198 Hz, 1 H, 

SiH), 2.29 (dd, 2JHH = 4.4 Hz, 3JSiH = 12.0 Hz, 1 H, CH2), 1.83 (dd, 2JHH = 2.0 Hz, 3JSiH = 

12.0 Hz, 1 H, CH2), 1.10 (s, CMe3), 0.28 (d, 3JHH = 2.4 Hz, 3 H, SiHMe2). 13C{1H} NMR 

(benzene-d6, 125 MHz, 25 °C): δ 111.7 (C5H5), 111.7 (C5H5), 56.8 (CMe3), 41.2 (CH2), 35.0 

(CMe3), 3.0 (SiHMe2). 29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -75.8. 6.5b: 1H 

NMR (benzene-d6, 400 MHz, 25 °C): δ 6.18 (s, 10 H, C5H5), 4.81 (m, 1JSiH = 189 Hz, 1 H, 

SiH), 0.13 (d, 3JHH = 3.6 Hz, 6 H, SiHMe2). 13C{1H} NMR (benzene-d6, 125 MHz, 25 °C): 

d 112.9 (C5H5), 4.7 (SiHMe2). 29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -36.7.  

Cp2Zr[η2-NSiMe2(t-Bu)]PMe3 (6.6). Compound 6.6 was originally prepared from 

Cp2Zr[N(SiHMe2)t-Bu]I, LiCH2SiMe3, and PMe3 according to reference 21. Here we 

describe two syntheses from lithium silazides (rather than alkyllithiums) that afford 

spectroscopically authentic 6.6.  

Method A: PMe3 (54 mL, 0.52 mmol) was dissolved in benzene (15 mL). This solution was 

added to a solid mixture of Cp2Zr[N(SiHMe2)t-Bu]OTf (0.235 g, 0.47 mmol) and 

LiN(SiMe3)2 (0.079 g, 0.047 mmol) in a re-sealable storage tube equipped with a Teflon 

valve. The yellow mixture was stirred at 65 °C for 12 h. The volatiles were removed under 
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reduced pressure, and the sticky solid was extracted with pentane (2 × 10 mL). The pentane 

extract was concentrated and cooled to -30 °C to yield Cp2Zr[η2-NSiMe2(t-Bu)]PMe3 (0.113 

g, 0.27 mmol, 56.3%) as a light orange crystalline material. 

Method B: A solution of PMe3 (31 mL, 0.30 mmol) in benzene (10 mL) was added to a solid 

mixture of Cp2Zr[N(SiHMe2)t-Bu]OTf (0.135 g, 0.27 mmol) and LiN(SiMe3)CH2Ph (0.050 

g, 0.27 mmol) in a storage tube equipped with a Teflon valve. The yellow mixture was stirred 

at 65 °C for 1.5 h. Workup as described in Method A affords Cp2Zr[η2-NSiMe2(t-Bu)]PMe3 

in similar yield (0.066 g, 0.15 mmol, 57.7%). 

Cp2Zr[N(SiHMe2)t-Bu][N(SiHMe2)2] (6.7). A mixture of Cp2Zr[N(SiHMe2)t-Bu]OTf 

(0.120 g, 0.24 mmol) and KN(SiHMe2)2 (0.041 g, 0.24 mmol) was stirred in benzene (6 mL) 

at room temperature for 30 min. Evaporation of the solvent left an orange solid residue, 

which was then extracted with 10 mL of pentane. The pentane was evaporated yielding 

Cp2Zr[N(SiHMe2)t-Bu][N(SiHMe2)2] (0.072 g, 0.13 mmol, 52.6%) as an analytically pure 

yellow solid. 1H NMR (benzene-d6, 400 MHz, 25 °C): δ 6.13 (s, 10 H, C5H5), 4.98 (m, 1JSiH 

= 172.5 Hz, 1 H, SiH), 4.90 (m, 1JSiH = 184.8 Hz, 2 H, SiH), 1.29 (s, 9 H, CMe3), 0.38 (d, 

3JHH = 3.2 Hz, 6 H, N(SiHMe2)t-Bu), 0.34 (d, 3JHH = 3.2 Hz, 12 H, Si(HMe2)2). 13C{1H} 

NMR (benzene-d6, 125 MHz):	  δ 113.1 (C5H5), 60.0 (CMe3), 36.0 (CMe3), 3.8 (N(SiHMe2)t-

Bu), 2.8 (N(SiHMe2)2). 15N{1H} NMR (benzene-d6, 61 MHz, 25 °C): δ -230.7 (N(SiHMe2)t-

Bu), -287.3 (N(SiHMe2)2). 29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -19.4 

(N(SiHMe)t-Bu), -33.4 (N(SiHMe)2). IR (KBr, cm-1): 2951 m br, 2130 s (νSiH), 2072 s (νSiH), 

1450 m, 1358 m, 1247 s, 1180 s, 1028 s, 923 s br, 802 s br, 756 s. Anal. Calcd for 
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C20H40Si3N2Zr: C, 49.63; H, 8.33; N, 5.79. Found: C, 49.47; H, 8.48; N, 5.84. Mp 108-110 

°C. 

Cp2Zr[N(SiHMe2)2]OTf (6.8). Cp2Zr[N(SiHMe2)2]H (0.106 g, 0.301 mmol) was dissolved 

in benzene (10 mL). MeOTf (35.4 µL, 0.313 mmol) was added to give a yellow solution, 

which was stirred for 10 min. The volatile materials were removed under reduced pressure, 

and the isolated yellow solid was analytically pure Cp2Zr[N(SiHMe2)2]OTf (0.144 g, 0.286 

mmol, 95.3%). 1H NMR (benzene-d6, 400 MHz, 25 °C): δ 6.02 (s, 10 H, C5H5), 3.80 (m, 

1JSiH = 170.0 Hz, 2 H, SiH), 0.16 (d, 3JHH = 3.2 Hz, 12 H, SiHMe2). 1H NMR (toluene-d8, 600 

MHz, -88 °C): δ 5.84 (s, 10 H, C5H5), 4.96 (s br, 1JSiH = 194.6 Hz, 1 H, non-agostic SiHMe2), 

1.12 (br s, 1JSiH = 115.1 Hz, 1 H, agostic SiH), 0.36 (s br, 6 H, agostic SiHMe2), -0.13 (s br, 6 

H, nonagostic SiHMe2). 13C{1H} NMR (benzene-d6, 125 MHz): δ 115.4 (C5H5), 1.1 

(SiHMe2). 13C{1H} NMR (toluene-d8, 125 MHz, -88 °C): δ 113.5 (C5H5), 1.6 (nonagostic 

SiHMe2), -0.97 (agostic SiHMe2). 15N{1H} NMR (benzene-d6, 61 MHz, 25 °C): δ -266.5. 19F 

NMR (benzene-d8, 376 MHz, 25 °C): δ -77.2. 19F NMR (toluene-d8, 376 MHz, -88 °C): δ -

78.2. 29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -24.1. 29Si{1H} NMR (toluene-d8, 

119.3 MHz, -88 °C): δ -14.1 (agostic SiHMe2), -35.8 (nonagostic SiHMe2). IR (KBr, cm-1): 

3115 m br, 2955 m, 2901 w, 2119 m (νSiH), 2054 m (νSiH), 1884 m br (νSiH), 1771 w (νSiH), 

1428 m, 1327 vs, 1235 vs, 1207 s br, 1187 vs, 1014 s br, 891 vs, 807 vs br, 633 vs. br.	  Anal.	  

Calcd for C15H24F3NO3SSi2Zr: C, 35.83; H, 4.81; N, 2.79; Found: 35.41; H, 4.68; N, 2.81. 

Mp 70-72 °C. 

Cp2Zr[N(SiHMe2)2]H (6.9). A suspension of [Cp2ZrHCl]n (0.909 g, 3.53 mmol) and 

LiN(SiHMe2)2 (0.491 g, 3.53 mmol) was stirred for 30 min in benzene (15 mL) at room 
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temperature. The volatile materials were removed under reduced pressure to leave an off-

white solid residue, which was extracted with pentane (15 mL). The pentane extract was 

concentrated and cooled to -30 °C to yield Cp2ZrH(N(SiHMe2)2 (0.931 g, 2.62 mmol, 

74.4%). 1H NMR (benzene-d6, 400 MHz, 25 °C): δ 5.78 (s, 10 H, C5H5), 5.60 (s, 1 H, ZrH), 

3.78 (m, 1JSiH = 161.0 Hz, 2 H, SiH), 0.18 (d, 3JHH = 3.2 Hz, SiMe). 13C{1H} NMR (benzene-

d6, 125 MHz): δ 107.6 (C5H5), 1.8 (SiMe). 15N{1H} NMR (benzene-d6, 61 MHz, 25 °C): δ -

292.4. 29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -40.7. IR (KBr, cm-1): 3099 w br, 

2955 m, 2895 w, 2047 s br (νSiH), 1907 m br (νSiH), 1559 m br (νZrH), 1441 w, 1246 s, 1014 s, 

890 s, 798 s br, 765 s br, 650 s br. Anal. Calcd for C14H25NSi2Zr: C, 47.40; H, 7.10; N, 3.95. 

Found: C, 47.02; H, 6.96; N, 3.92. Mp 104-106 °C.  

{η5:η1-Me2Si(C5H4)N(SiHMe2)}CpZrN(SiHMe2)t-Bu (6.10). A benzene solution (5 mL) 

of Cp2Zr[N(SiHMe2)t-Bu][N(SiHMe2)2] (0.062 g, 0.128 mmol) was heated in a sealed flask 

at 90 °C for 4 h. The volatiles were evaporated to yield a yellow, analytically pure solid of 

{η5:η1-Me2Si(C5H4)N(SiHMe2)}CpZrN(SiHMe2)t-Bu (6.10) (0.059 g, 0.122 mmol, 95.5%). 

X-ray quality crystals were grown in a concentrated pentane solution at -30 °C overnight. 1H 

NMR (benzene-d6, 400 MHz, 25 °C): δ 6.39 (m, 1 H, C5H4), 6.33 (m, 1 H, C5H4), 6.20 (m, 1 

H, C5H4), 6.12 (s, 5 H, C5H5), 5.50 (m, 1 H, C5H4), 5.16 (m, 1JSiH = 196 Hz, 1 H, SiH), 4.07 

(m, 1JSiH = 166.7 Hz, 1 H, SiH), 1.28 (s, 9 H, CMe3), 0.53 (s, 3 H, C5H4SiMe2SiHMe2), 0.37 

(s, 3 H, C5H4SiMe2SiHMe2), 0.35 (d, 3JHH = 3.2 Hz, 3 H, C5H4SiMe2NSiHMe2), 0.31 (d, 3JHH 

= 3.2 Hz, 3 H, N(SiHMe2)t-Bu), 0.28 (d, 3JHH = 3.2 Hz, 3 H, N(SiHMe2)t-Bu), 0.26 (d, 3JHH = 

3.2 Hz, 3 H, C5H4SiMe2SiHMe2). 13C{1H} NMR (benzene-d6, 125 MHz): δ 123.2 (C5H4), 

119.1 (C5H4), 115.33 (C5H4), 113.1 (ipso-C5H4SiMe2), 112.8 (C5H5), 112.2 (C5H4), 56.5 
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(CMe3), 36.2 (CMe3), 4.3 (SiMe2NSiHMe2), 3.9 (N(SiHMe2)t-Bu), 3.5 (SiMe2NSiHMe2), 2.7 

(SiMe2NSiHMe2), 2.6 (N(SiHMe2)t-Bu), 2.3 (SiMe2NSiHMe2). 15N{1H} NMR (benzene-d6, 

61 MHz, 25 °C): δ -226.6 (ZrNSiMe2C5H4), -266.6 (ZrN(SiHMe2)t-Bu). 29Si{1H} NMR 

(benzene-d6, 119.3 MHz, 25 °C): δ	   -‐10.2	   (SiMe2NSiHMe2),	   -‐16.9	   (SiMe2NSiHMe2),	   -‐36.7	  

(N(SiHMe2)t-‐Bu).	   IR (KBr, cm-1): 2952 m br, 2900 m, 2139 s (νSiH), 2106 s (νSiH), 1357 m, 

1251 s, 1181 s, 915 s br, 799 s br. Anal. Calcd for C20H38N2Si3Zr: C, 49.84; H, 7.95; N, 5.81. 

Found: C, 49.13; H, 8.14; N, 5.78. Mp 103-107 °C. 

Kinetics measurements were conducted by monitoring concentrations of reactants and 

products with 1H NMR spectroscopy using a Bruker DRX400 NMR spectrometer. 

Cp2Zr[N(SiHMe2)t-Bu][N(SiHMe2)2] (6.7) (0.0125 g, 0.026 mmol, 0.048 M) and 

cyclooctane (0.027 g, 0.242 mmol, 0.451 M) was weighed out in a glass vial. Toluene-d8 

(0.505 mL, weighed out on balance) was added by a 1 mL syringe to the mixture (0.005 g, 

0.010 mmol). The resulting solution was quickly transferred to a NMR tube. The NMR tube 

was immediately placed in the NMR probe, which was preset at 353 K. Single scan spectra 

were acquired automatically at preset time intervals. The concentration of 6.7 and product 

6.10 at any given time were determined by integration of substrate and product resonances 

relative to the integration of the internal standard. These values of substrate concentrations 

(M) at different times (s) were plotted for the determination of the order of the substrate.  
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Figure 6.S1. Plot of the concentration of Cp2Zr[N(SiHMe2)t-Bu][N(SiHMe2)2] (6.7) while 

heating at 80 °C in benzene-d6 to give {η5:η1-Me2Si(C5H4)N(SiHMe2)}CpZrN(SiHMe2)t-Bu 

(10). 
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Supplementary information.  

Ortep figure for 6.2. 

	  
	  

	  

	  

	  

	  

 

 

 

 

 

H1s

Si1 N1 C1

Zr1

O3
S1

C7

O1

O2



	  

 

210	  

Ortep figure for 6.10. 
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Chapter 7: C-H Bond activation of ethylene by a zirconacycle 

Modified from a paper published in Chem. Commun.5 

KaKing Yan, and Aaron D. Sadow 

Department of Chemistry and US Department of Energy Ames Laboratory, Iowa State 

University, Ames IA, 50011, USA 

Abstract. The reaction of C2H4 and β-SiH containing azasilazirconacycle Cp2Zr{κ2-

N(SiHMe2)SiHMeCH2} (7.3), formed via a γ-abstraction reaction of Cp2Zr{N(SiHMe2)2}H 

(7.1), follows an unusual pathway in which a rare σ-bond metathesis reaction of ethylene 

generates a vinyl intermediate. That species undergoes a β-hydrogen abstraction under the 

reaction conditions to form a zirconium silanimine ethylene adduct en route to the 

metallacyclopentane product.  

 

Introduction 

  β-Hydrogen elimination and abstraction reactions are central to synthetic 

organometallic chemistry and catalysis, although these processes are often associated with 

unwanted side reactions including alkyl group decompositions, chain transfer in 

polymerizations, and reduction rather than bond formation in cross couplings. Inhibition of 

these unwanted side reactions will allow access to productive elementary steps, such as σ-

bond metathesis and insertion, that can be used to develop new transformations. In one 

approach, ligand design strategies and catalytic reaction partners have simply avoided β-

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
5	  Chem. Commun. 2013, 49, 3212-3214. 
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hydrogen. However, the β-hydrogen-rich tetramethyldisilazide ligand N(SiHMe2)2
1 has 

found recent application in groups 2 and 3 and f element chemistry,2 possibly because β-

elimination is slow in those systems.3 Despite the rich rare earth chemistry, the reactivity of 

tetramethyldisilazido zirconium compounds is essentially unexplored.4 Early metal and rare 

earth β-SiH containing silazides often form agostic-type structures,2,5,6 while 

Cp2Zr{N(SiHMe2)t-Bu}CH2SiMe3 reacts by H-abstraction to give a zirconium-stabilized 

silanimine (Scheme 7.1).7 N-Alkyl amido zirconocenes also react via β-hydrogen abstraction, 

even in the presence of γ-hydrogen.8 In contrast, a key reaction of β-hydrogen-free d0 and 

fnd0 [M]N(SiMe3)2 compounds is γ-H abstraction to form azametallasilacyclobutanes.9   

 

Scheme 7.1. Hydrogen abstraction processes. Amido ligands with both β- and γ-hydrogen 

typically react by β-hydrogen abstraction. 

 Here, we describe β- and γ-hydrogen abstraction reactions of Cp2Zr{N(SiHMe2)2}R that 

provide β-SiH containing zirconasilanimines and azasilazirconacyclobutanes. γ-Abstraction 

is favored for R = H and Me, while β-abstraction is observed when R = Et and CH=CH2. 

Furthermore, the Zr-C bond in the metallocyclobutane mediates a rare and reversible C-H 

bond activation of ethylene through σ-bond metathesis.  
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Result and discussion 

  Disilazido zirconium hydride and methyl compounds Cp2Zr{N(SiHMe2)2}R (R = H; 

Me) have dissimilar ground state structures. Cp2Zr{N(SiHMe2)2}H (7.1) contains one side-

on coordinated SiH and one terminal SiH that exchange at room temperature, while the 

spectroscopy of Cp2Zr{N(SiHMe2)2}Me (7.2) is consistent with two classical SiHs. Still, 

thermolysis of 7.1 or 7.2 in a sealed tube affords the azasilazirconacycle Cp2Zr{κ2-

N(SiHMe2)SiHMeCH2} (7.3) with H2 or CH4 elimination through γ-abstraction (eq 7.1).  

 

  The 1H NMR spectrum of 7.3 contained resonances at 4.84 ppm (1JSiH = 193.4 Hz) 

and 4.37 ppm (1JSiH = 204.0 Hz) assigned to inequivalent SiH moieties. Doublet of doublet 

resonances at 1.97 and 1.61 ppm (1 H each) were assigned to the diastereotopic CH2. In the 

IR spectrum, a single νSiH band at 2074 cm-1 was observed.  

  This γ-H abstraction occurs in the presence of β-hydrogen, and the observed 

selectivity is unusual for amides. In fact, labeling studies of alkylamides suggest that kinetics 

and thermodynamics both favor β-abstraction over γ-abstraction, based on the incorporation 

of deuterium in only the β-position in a reversible system.10 In an interesting contrast, H/D 

exchange studies indicate that early transition metal alkoxides react via (reversible) γ-

abstraction.10a 

  Ethylene is a small, non-polar, unsaturated substrate that could undergo Zr-C bond 

insertion. Instead, compound 7.3 and C2H4 (1 atm) react at 150 °C over 1 week to give 

Cp2Zr
R
N(SiHMe2)2 C6H6, 140 oC, 6 h

- RH

Cp2Zr Si
N
SiHMe2

H
Me

7.1: R = H
7.2: R = Me

(7.1)

7.3
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Cp2Zr{κ2-N(SiHMe2)SiMe2CH2CH2} (7.4; eq 7.2). 

    

Compound 7.4 is prepared by the reaction of 7.1 and ethylene (1 atm) at 150 °C for 1 

d. In situ NMR experiments on micromolar-scale reactions of 7.1 and C2H4 in benzene-d6 

revealed a mixture of 7.3, 7.4, H2 and ethane. The ratio of 7.3 to 7.4 was 1.4:1 after 45 min., 

and 0.13:1 after 190 min, and quantitative for 7.4 after 1 d. The conversion of 7.3 to 7.4 is 

greatly facilitated by H2, but there is no clear route to give H2 as an intermediate in the 

interaction of 7.3 and C2H4. Substoichiometric quantities of H2 do not catalyze the 

transformation. In contrast, only starting materials are observed after heating Cp2Zr{κ2-

N(SiMe3)SiMe2CH2} and ethylene at 150 °C for several days. Apparently, the SiH groups 

are critical to the reaction of equation 7.2. 

  We considered two possible mechanisms for the H2-free transformation (Scheme 7.1). 

In Pathway A, Lewis acid-mediated hydrosilylation of ethylene generates a SiEt moiety. 

Subsequent δ-abstraction would provide the ring expansion product. In fact, olefin 

hydrosilylation catalyzed by B(C6F5)3 is proposed to involve SiH abstraction.11 Alternatively, 

Pathway B is based on the known reaction of silanimine Cp2Zr{η2-N(t-Bu)SiMe2} and 

ethylene that forms Cp2Zr{N(t-Bu)SiMe2CH2CH2}.7 C-H Bond activation of ethylene by a 

ring-opening reaction of 7.3 would provide the vinyl intermediate 

Cp2Zr{N(SiHMe2)2}CH=CH2. β-H abstraction then generates a silanimine intermediate. 

However C-H bond activation of ethylene is uncommon,12 particularly for organometallic 

Cp2Zr Si
N
SiHMe2

H
Me

7.3

C6H6, 150 oC, 10 d

Cp2Zr
N SiMe2

SiHMe2

7.4

(7.2)
C2H4
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systems known for olefin insertion. For example, the compound Cp*2Th(κ2-CH2CMe2CH2) 

reacts with CH4 by C-H bond activation but C2H4 inserts into a Th-C bond.12g 

 

Scheme 7.2. Possible H2-free pathways for conversion of 7.3 to 7.4. 

  Additionally, vinylic organometallic compounds are often inert relative to alkyls, and 

a β-abstraction reaction of Cp2Zr{N(SiHMe2)2}CH=CH2 requires experimental justification. 

In support of pathway B, β-abstraction by a zirconium acetylide was proposed in the 

rearrangement of an alkyl acetylide to a zirconacyclopentene.13 

  Only starting materials and products were detected in the conversion of 7.3 to 7.4, 

therefore, model compounds and plausible intermediates were studied. To investigate 

Pathway A, we prepared Cp2Zr{N(SiEtMe2)2}H (7.5) by reaction of Cp2ZrHCl and 

LiN(SiEtMe2)2 in benzene. Thermolysis of 7.5 for 1 h at 110 °C, or standing at room 

temperature for 9 h,9c gives full conversion to the γ-abstraction product 

Cp2Zr{N(SiEtMe2)SiMeEtCH2} (7.6, eq 7.3).  

Cp2Zr

H2
C
Si

N
SiHMe2

H
Me

7.3

Cp2Zr

H2
C
Si

N
SiMe2

H
Me

C
H2

H3C

Cp2Zr
H
C
N(SiHMe2)2

CH2 Cp2Zr SiMe2
N

Me2HSi

β-abstractionCH activation

insertion CH activation

Cp2Zr
N SiMe2

SiHMe2
7.4

Pathway A

Pathway B

7.8
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  Treatment of 7.6 at 180 °C for 5 days in a sealed tube (1 atm N2 or 1 atm C2H4) 

returns metallacycle 7.6 in quantitative NMR yield. Thus, Pathway A appears unlikely. 

Instead, a labeling experiment supports Pathway B. Reaction of C2D4 and 7.1 provides 7.4-

dn, with partial deuteration of SiMe and the [Zr]CD2CD2Si moieties. 

  Reaction of 7.3 and the terminal alkyne HC≡CSiMe3 at 150 °C over 1 day forms 

Cp2Zr{N(SiHMe2)2}C≡CSiMe3 (7.7) as a model for the C-H bond activation of ethylene 

proposed in Pathway B. This type of σ-bond metathesis reaction is unusual for zirconium. 

While rare earth alkyls and terminal acetylene readily react,14 few σ-bond metathesis 

reactions of 16-electron zirconium alkyl compounds and alkynes have been described. For 

example, CpCp*Zr{Si(SiMe3)3}Me is inert to acetylene at room temperature for one day, 

even though the Zr-Si bond readily reacts with organosilanes via σ-bond metathesis under 

those conditions.15 Most alkynylzirconium species are formed by salt metathesis involving 

alkali metal acetylides16 or from reactions of terminal acetylenes with zirconium-heteroatom 

bonds.17,18,19 Low electron count metal alkyl compounds, however, react directly with 

acetylenes.20 Zr-C bonds in strained 3-membered zirconacycles also form [Zr]CCR through 

C-H bond addition to zirconium(II) species.13,21 While Cp*2Zr(CH=CHMe)2 reacts with 

acetylenes to give zirconium alkynyl compounds, labelling studies implicate a Cp*2Zr(η2-

HCCMe) intermediate rather than a  σ-bond metathesis reaction.22 

  Acetylide 7.7 is inert under the conditions that give 7.4 (i.e., 1 atm. C2H4, 150 °C). 

Cp2Zr
H
N(SiEtMe2)2 C6H6, 110 oC, 1 h

Cp2Zr Si
N
SiEtMe2

Et
Me

(7.3)

7.67.5

C6H6
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Therefore, Cp2Zr{N(SiHMe2)2}CH=CH2 (7.8) was sought as an intermediate. Reaction of 

Cp2Zr(CH=CH2)Cl and LiN(SiHMe2)2 affords 7.8 as a red-brown gummy solid. The 1H 

NMR spectrum of the solid contained the characteristic ABX pattern for the zirconium vinyl 

group (3JHH = 19.2 Hz, 3JHH = 14.4 Hz, 2JHH = 3.6 Hz). The downfield chemical shift and 

large 1JSiH coupling constant (4.48 ppm, 1JSiH = 186.5 Hz) suggest classical-bonded SiH 

groups. We examined the thermal reactivity of 7.8 as the proposed intermediate in the 

reaction of 7.3 and ethylene. Thermolysis of 7.8 in benzene-d6 at 90 °C for 4 h provides 7.3 

and 7.4 in 1:5 ratio (eq 7.4). 

 

  σ-Bond metathesis of ethylene is the microscopic reverse of γ-abstraction by 7.8, and 

formation of 7.3 implies that the C-H bond activation of C2H4 is reversible. Interestingly, 

only 7.4 is observed upon thermolysis of 7.8 in the presence of ethylene. However, in the 

presence of excess C2D4 (ca. 3 atm), a mixture of 7.4 and 7.4-d4 are formed in a 3.4:1 ratio; 

that ratio is unchanged after 24 h at 120 °C. Additionally, the conversion of 7.8 to 7.3 and 7.4 

is much faster than the reaction of 7.3 and excess ethylene, which suggests the product 

distribution in equation 7.4 may describe a kinetic competition between β- and γ-abstraction 

processes. Thus, while γ-abstraction is favoured with H2 and CH4 as departing groups, β-

abstraction from [Zr]C2H3 gives Cp2Zr(η2-C2H4){η2-NSiMe2(SiHMe2)} as an apparent 

intermediate (Scheme 7.2). 

  To check if [Zr](η2-C2H4) formation influences the relative rate of β- vs. γ-

C6H6, 90 oC 
4 h
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abstraction, Cp2Zr{N(SiHMe2)2}Et (7.9) was thermalized at 60 °C to afford ethane and 

Cp2Zr{k2-NSiMe2(SiHMe2)} (7.10, eq 7.5).  

 

  The 1H NMR spectrum of 7.10 contained a singlet (0.55 ppm) and a doublet (-0.04 

ppm, 3JHH = 1.5 Hz) for the SiMe2 and SiHMe2, respectively. The unusually upfield SiH 

multiplet at -2.23 ppm (1JSiH = 89 Hz) is consistent with a β-agostic structure. Upon addition 

of PMe3, the SiH resonance in 7.10 shifts dramatically downfield to 5.19 ppm, which 

suggests PMe3 disrupts the β-agostic structure. Neither 7.10 nor 7.10⋅PMe3 could be isolated 

free of impurities, but both compounds react with C2H4 to afford 7.4, providing further 

support for the Pathway B. 

 

Conclusion   

  Several points are worth noting. First, the β-SiH moieties provide a pathway for the 

chemistry described here, which is distinct from that of N(SiMe3)2 analogues. Second, the 

relative reactivity toward β-abstraction decreases following the series alkyl (ethyl) > vinyl 

(ethenyl) >> alkynyl, and we are currently testing the generality of this trend. Third, the 

metalation of ethylene is generally challenging because compounds that are capable of C-H 

bond activation by σ-bond metathesis are also often highly reactive toward ethylene insertion 

and polymerization. The chemistry with ethylene of 7.3 extends intermolecular σ-bond 

metathesis reactions involving C-H bonds for the first time to neutral 16-electron zirconocene 

Cp2Zr
Et
N(SiHMe2)2

C6H6, 60 oC, 2 h

7.9

Cp2Zr
Si

N
SiMe2

Me
Me

7.10
H
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compounds.  

 The C-H bond activation chemistry of ethylene by 7.3 may depend on a combination 

of factors including the electronic and steric limitations of a sixteen-electron complex, the 

strain associated with the four-membered metallacycle, the presence of a β-Si-H to trap the 

vinyl product, and thermal stability of compound 7.3. Nevertheless, this work shows that 

introduction of β-SiH groups in a metallocyclobutane significantly alters the outcome of 

small molecule chemistry. These results may lead to new catalytic hydrosilylation 

mechanism and provide new ways for C-H bond functionalization of challenging substrates. 

 

Experimental 

General. All manipulations were performed under a dry argon atmosphere using standard 

Schlenk techniques or under a nitrogen atmosphere in a glovebox unless otherwise indicated. 

Water and oxygen were removed from benzene, toluene, pentane, diethyl ether, and 

tetrahydrofuran solvents using an IT PureSolv system. Benzene-d6 and tetrahydrofuran-d8 

were heated to reflux over Na/K alloy and vacuum-transferred. The compounds 

Cp2ZrMeCl,23 Cp2ZrHCl,24 (E)-Cp2Zr(CH=CH2SiMe3)Cl,25 LiN(SiMe3)2,26 LiN(SiHMe2)2,27 

LiN(SiEtMe2)2,28 B(C6F5)3,29 Cp2Zr[N(SiHMe2)2]H,5 Cp2Zr(CH=CH2)Cl,30 and Cp2ZrEtCl31 

were prepared following literature procedures.  

1H, 13C{1H}, 11B and 29Si{1H} NMR spectra were collected on an Agilent MR400 

spectrometer. 11B NMR spectra were referenced to an external sample of BF3
.Et2O. 15N 

chemical shifts were determined either by 1H-15N HMBC experiments on a Bruker Avance II 

700 spectrometer with a Bruker Z-gradient inverse TXI 1H/13C/15N 5mm cryoprobe or by 1H-

15N CIGARAD experiments on an Agilent MR400 spectrometer;	  15N chemical shifts were 
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originally referenced to liquid NH3 and recalculated to the CH3NO2 chemical shift scale by 

adding -381.9 ppm. Assignments of resonances are supported by 1H-1H and heteronuclear 

correlation NMR experiments. Infrared spectra were measured on a Bruker IFS66v FTIR. 

Elemental analyses were performed using a Perkin-Elmer 2400 Series II CHN/S. X-ray 

diffraction data was collected on a Bruker APEX II diffractometer. 

Cp2Zr[N(SiHMe2)2]H (7.1). The synthesis of Cp2Zr[N(SiHMe2)2]H was previously reported 

in reference 8; here we give the low temperature 1H, 13C and 29Si NMR  spectra that provide 

support for a β-agostic interaction. The synthetic procedure and room temperature 

spectroscopic data is repeated here for the reader's convenience.  A suspension of 

[Cp2ZrHCl]n (0.909 g, 3.53 mmol) and LiN(SiHMe2)2 (0.491 g, 3.53 mmol) was stirred for 

30 min in benzene (15 mL) at room temperature. The volatile materials were removed under 

reduced pressure to leave an off-white solid residue, which was extracted with pentane (15 

mL). The pentane extract was concentrated and cooled to -30 °C, yielding 

Cp2Zr[N(SiHMe2)2]H (0.931 g, 2.62 mmol, 74.4%). 1H NMR (benzene-d6, 400 MHz, 25 °C): 

δ 5.78 (s, 10 H, C5H5), 5.60 (s, 1 H, ZrH), 3.78 (m, 1JSiH = 161.0 Hz, 2 H, SiH), 0.18 (d, 3JHH 

= 3.2 Hz, 12 H, SiHMe2). 13C{1H} NMR (benzene-d6, 125 MHz, 25 °C): δ 107.58 (C5H5), 

1.76 (SiMe). 15N{1H} NMR (benzene-d6, 61 MHz, 25 °C): δ -292.4. 29Si{1H} NMR 

(benzene-d6, 119.3 MHz, 25 °C): δ -40.7. 1H NMR (toluene-d8, 600 MHz, -82 °C): δ 5.67 (s, 

10 H, C5H5), 5.48 (s, 1 H, ZrH), 4.99 (s br, 1JSiH = 179.6 Hz, 1 H, SiHanagostic), 2.13 (s br, 1JSiH 

= 129.7 Hz, 1 H, SiHagostic), 0.49 (s br, 6 H, SiMe), 0.06 (s br, 6 H, SiMe). 13C{1H} NMR 

(toluene-d8, 125 MHz, -82 °C): δ 106.58 (C5H5), 2.96 (SiHanagosticMe2), -1.13 (SiHagosticMe2). 

29Si{1H} NMR (toluene-d8, 119.3 MHz, -82 °C): δ -23.1 (SiHanagosticMe2), -62.9 
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(SiHagosticMe2). IR (KBr, cm-1): 3099 w br, 2955 m, 2895 w, 2047 s br (νSiH-anagostic), 1907 m 

br (νSiH-agostic), 1559 m br (νZrH), 1441 w, 1246 s, 1014 s, 890 s, 798 s br, 765 s br, 650 s br. 

Anal. Calcd for C14H25NSi2Zr: C, 47.40; H, 7.10; N, 3.95. Found: C, 47.02; H, 6.96; N, 3.92. 

mp 104-106 °C.  

Cp2Zr[N(SiHMe2)2]Me (7.2). Cp2ZrMeCl (0.716 g, 2.63 mmol) and LiN(SiHMe2)2 (0.367 

g, 0.264 mmol) were suspended in benzene (15 mL). This mixture was stirred at room 

temperature for 13 h. Evaporation of the volatile materials provided an off-white solid. 

Extraction with pentane (15 mL), concentration, and cooling of the saturated solution to -30 

°C yielded crystals of Cp2Zr[N(SiHMe2)2]Me. The mother liquor was further concentrated 

and cooled to provide a second crop of crystals in good overall yield (0.823 g, 2.23 mmol, 

84.8%). 1H NMR (benzene-d6, 400 MHz, 25 °C): δ 5.82 (s, 10 H, C5H5), 4.44 (m, 1JSiH = 

180.8 Hz, 2 H, SiH), 0.47 (s, 3 H, ZrMe), 0.22 (d, 3JHH = 3.2 Hz, 12 H, SiMe). 13C{1H} NMR 

(benzene-d6, 125 MHz, 25 °C): δ 112.41 (C5H5), 34.46 (ZrMe), 1.96 (SiMe). 15N{1H} NMR 

(benzene-d6, 61 MHz, 25 °C): δ -277.4.  29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -

27.6 (SiMe). IR (KBr, cm-1): 3104 m br, 2954 s br, 2074 s br (SiH), 1815 w br, 1718 w br, 

1616 w br, 1247 s, 1015 s, 901 s br, 800 s br, 763 s br. Anal. Calcd for C15H27Si2NZr: C, 

48.85; H, 7.38; N, 3.80. Found: C, 49.15; H, 7.20; N, 3.79. mp 185-191 °C. 

Cp2Zr[κ2-N(SiHMe2)SiHMeCH2] (7.3). A benzene solution of 5.2 (0.332 g, 0.90 mmol) 

was heated at 135 °C for 3 h in a sealed reaction vessel. The color quickly turned from pale 

yellow to green. After 6 h, the reaction mixture was evaporated to provide 5.3 as an 

analytically-pure, yellow-green oil in excellent yield (0.310 g, 0.879 mmol, 97.6%). 1H NMR 

(benzene-d6, 400 MHz, 25 °C): δ 5.84 (s, 5 H, C5H5), 5.81 (s, 5 H, C5H5), 4.84 (m, 1JSiH = 
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193.4 Hz, 1 H, NSiHMe2), 4.37 (m, 1JSiH = 204.0 Hz, 1 H, ZrCH2SiHMe), 1.97 (dd, 2JHH = 

12.4 Hz, 3JHH = 4.4 Hz,  1 H, CH2), 1.61 (dd, 2JHH = 12.4 Hz, 3JHH = 2.4 Hz, 1 H, CH2), 0.28 

(d, 3JHH = 2.4 Hz, 3 H, SiMe), 0.22 (d, 3JHH = 3.2 Hz, 3 H, SiMe2), 0.20 (d, 3JHH = 3.2 Hz, 3 

H, SiMe2). 13C{1H} NMR (benzene-d6, 125 MHz, 25 °C): δ 112.24 (C5H5), 112.20 (C5H5), 

36.44 (ZrCH2), 2.54 (SiMe2), 2.09 (SiMe2), 1.58 (CH2SiHMe). 15N{1H} NMR (benzene-d6, 

61 MHz, 25 °C): δ -250.8. 29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -19.9 

(NSiHMe2), -68.3 (CH2SiHMe). IR (KBr, cm-1): 3097 w br, 2950 m br, 2895 m, 2074 s br 

(SiH), 1598 w br, 1441 m, 1247 s, 1168 w, 1015 s, 910 s br, 795 s br, 715 m, 678 m. Anal. 

Calcd for C14H23Si2NZr: C, 47.67; H, 6.57; N, 3.97. Found: C, 47.31; H, 6.80; N, 4.00.  

Cp2Zr[κ2-N(SiHMe2)SiMe2CH2CH2] (7.4). Compound 7.1 (0.129 g, 0.364 mmol) was 

dissolved in benzene (10 mL) in a 100 mL reaction flask equipped with a Teflon valve. The 

solution was degassed with three freeze-pump-thaw cycles. The flask was then charged with 

ethylene (1 atm), sealed, and heated to 150 °C overnight. The volatiles were removed under 

reduced pressure to provide analytically pure 7.4 as light brown oily residue (0.127 g, 0.335 

mmol, 92.0%).  1H NMR (benzene-d6, 400 MHz, 25 °C): δ 5.85 (s, 10 H, C5H5), 3.94 (m, 

1JSiH = 174.8 Hz, 1 H, NSiHMe2), 1.50 (m, 2 H, CH2), 1.34 (m, 2 H, CH2), 0.13 (overlapping 

s and d, 12 H, SiMe2 and SiHMe2). 13C{1H} NMR (benzene-d6, 125 MHz, 25 °C): δ 112.12 

(C5H5), 37.86 (ZrCH2), 18.70 (CH2SiMe2), 3.55 (SiMe2), 1.87 (CH2SiMe2). 15N{1H} NMR 

(benzene-d6, 61 MHz, 25 °C): δ -255.9. 29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -

33.3 (SiMe). IR (KBr, cm-1): 2951 s, 2900 s br, 2062 s br (SiH), 1800 w, 1704 w, 1602 w, 

1441 s, 1406 s, 1366 m, 1247 s, 1166 s, 1015 s, 917 s br, 795 s br. Anal. Calcd for 

C16H27Si2NZr: C, 50.47; H, 7.15; N, 3.68. Found: C, 50.79; H, 6.89; N, 3.63. 
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Cp2Zr[N(SiEtMe2)2]H (7.5). This compound was prepared and characterized in situ; all 

attempts to isolate 7.5 afforded mixtures of 7.5 and the cyclometallated Cp2Zr[κ2-

N(SiEtMe2)SiMeEtCH2] (7.6). A solution of LiN(SiEtMe2)2 (0.028 g, 0.102 mmol) in 

benzene-d6 (0.5 mL) was added to Cp2ZrHCl (0.020 g, 0.102 mmol) in an NMR tube. 

Cyclooctane (10 µL) was added to the NMR tube as an internal standard, and the reaction 

mixture was agitated on a vortex stirrer. After 75 min., Cp2Zr[N(SiEtMe2)2]H was detected. 

The yield was estimated by 1H NMR spectroscopy as 52.3% based on integration relative to 

the internal standard. At room temperature, hindered rotation renders the SiMe2Et groups 

inequivalent. 1H NMR (benzene-d6, 400 MHz, 25 °C): δ 5.88 (s, 10 H, C5H5), 5.64 (s, 1 H, 

ZrH), 1.04 (t, 3JHH = 7.8 Hz, 3 H, SiCH2CH3), 0.98 (t, 3JHH = 5.2 Hz, 3 H, SiCH2CH3), 0.77 

(q, 3JHH = 7.8 Hz, 2 H, SiCH2CH3), 0.56 (q, 3JHH = 5.2 Hz, 2 H, SiCH2CH3), 0.24 (s, 6 H, 

SiEtMe2), 0.06 (s, 6 H, SiEtMe2). 13C{1H} NMR (benzene-d6, 150 MHz, 25 °C): δ 109.54 (C-

5H5), 15.25 (SiCH2CH3), 13.94 (SiCH2CH3), 9.07 (SiCH2CH3), 8.66 (SiCH2CH3), 4.58 

(SiMe), 4.00 (SiMe). 15N{1H} NMR (benzene-d6, 61 MHz, 25 °C): δ -256.7. 29Si{1H} NMR 

(benzene-d6, 119.3 MHz, 25 °C): δ -6.8, -13.3.  

Cp2Zr[κ2-N(SiEtMe2)SiMeEtCH2] (7.6). A suspension of [Cp2ZrHCl]n (0.087 g, 0.338 

mmol) and LiN(SiEtMe2)2 (0.066 g, 0.338 mmol) was stirred for 24 h in benzene (2 mL) at 

room temperature. The volatile materials were removed under reduced pressure leaving an 

off-white solid residue, which was extracted with pentane (2 × 2 mL). The pentane extract 

was evaporated to dryness to yield 7.6 as a yellow oil (0.081 g, 0.199 mmol, 58.8%). 1H 

NMR (benzene-d6, 600 MHz, 25 °C): δ 5.84 (s, 5 H, C5H5), 5.83 (s, 5 H, C5H5), 1.86 (d, 2JHH 

= 12.1, 1 H, CH2), 1.72 (d, 2JHH = 12.1 Hz, 1 H, CH2), 1.13 (t, 3JHH = 7.9 Hz, 3 H, 
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CH2SiMeCH2CH3), 1.02 (t, 3JHH = 7.9 Hz, 3 H, SiMe2CH2CH3), 0.73 (m, 1 H, 

CH2SiMeCH2CH3), 0.51 (q, 3JHH = 8.4 Hz, 2 H, SiMe2CH2CH3), 0.42 (m, 1 H, 

CH2SiMeCH2CH3), 0.18 (s, 3 H, SiMe), 0.06 (s, 3 H, SiMe2), 0.06 (s, 3 H, SiMe2). 13C{1H} 

NMR (benzene-d6, 150 MHz): δ 112.04 (C5H5), 111.97 (C5H5), 40.29 (ZrCH2), 13.11 

(SiMe2CH2CH3), 12.07 (CH2SiMeCH2CH3), 9.23 (CH2SiMeCH2CH3), 8.76 (SiMe2CH2CH3), 

2.34 (SiMe2), 2.33 (SiMe2), 1.58 (CH2SiMe). 15N{1H} NMR (benzene-d6, 61 MHz, 25 °C): δ 

-239.1. 29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -4.2 (SiMe2Et), -52.5 

(CH2SiMeEt). IR (KBr, cm-1): 2951 s, 2872 s, 1459 m, 1249 s, 1180 w, 1014 s, 985 s, 794 s 

br. Anal. Calcd for C18H31Si2NZr: C, 52.88; H, 7.64; N, 3.43. Found: C, 52.20; H, 7.02; N, 

3.80. 

Cp2Zr[N(SiHMe2)2]C≡CSiMe3 (7.7). Cp2Zr[κ2-N(SiHMe2)SiHMeCH2] (0.082 g, 0.231 

mmol) was dissolved in benzene (5 mL), and SiMe3C≡CH (0.33 ml, 2.34 mmol) was added 

by syringe. The reaction mixture was heated at 150 °C for 17 h. The volatiles were 

evaporated under reduced pressure to provide analytically pure 7.7 as a light brown 

microcrystalline solid (0.104 g, 0.231 mmol, 99.8%). 1H NMR (benzene-d6, 600 MHz, 25 

°C): δ 6.01 (s, 10 H, C5H5), 4.47 (m, 1JSiH = 172.2 Hz, 2 H, SiHMe2), 0.38 (d, 3JHH = 3.2 Hz, 

12 H, SiHMe2), 0.31 (s, 9 H, SiMe3). 13C{1H} NMR (benzene-d6, 150 MHz, 25 °C): δ 161.48 

(ZrC≡CSiMe3), 131.39 (ZrC≡CSiMe3), 113.03 (C5H5), 1.71 (SiHMe2), 0.94 (SiMe3). 

15N{1H} NMR (benzene-d6, 61 MHz, 25 °C): δ -267.3. 29Si{1H} NMR (benzene-d6, 119.3 

MHz, 25 °C): δ -24.3 (SiMe3), -28.3 (SiHMe2). IR (KBr, cm-1): 2956 m, 2897 w, 2076 m br 

(SiH), 2031 w (C≡C), 1442 w, 1245 s, 1018 s, 905 s br, 842 s br, 798 s br, 744 s br, 681 s br. 
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Anal. Calcd for C19H33Si3NZr: C, 50.61; H, 7.38; N, 3.11. Found: C, 50.24; H, 7.01; N, 2.74. 

mp 87-93 °C. 

Cp2Zr[N(SiHMe2)2](CH=CH2) (7.8). The procedure described above for 7.2 was used, 

starting from Cp2Zr(CH=CH2)Cl (0.037g, 0.130 mmol) and LiN(SiHMe2)2 (0.018 g, 0.130 

mmol) to afford 7.8 (0.044 g, 0.114 mmol, 87.9%) as light brown gummy solid. 1H NMR 

(benzene-d6, 600 MHz, 25 °C): δ 7.68 (dd, 3JHH = 19.2 Hz, 3JHH = 14.4 Hz, 1 H, ZrCH), 6.39 

(dd, 3JHH = 14.4 Hz, 2JHH = 3.6 Hz, 1 H, cis-ZrCH=CH), 5.89 (s, 10 H, C5H5), 5.63 (3JHH = 

19.2 Hz, 2JHH = 3.6 Hz, 1 H, trans-ZrCH=CH), 4.48 (m, 1JSiH = 186.5 Hz, 2 H, SiH), 0.24 (d, 

3JHH = 3.0 Hz, 12 H, SiMe). 13C{1H} NMR (benzene-d6, 150 MHz, 25 °C): δ 187.22 (ZrCH), 

128.82 (ZrCH=CH2), 112.78 (C5H5), 1.93 (SiMe). 15N{1H} NMR (benzene-d6, 61 MHz, 25 

°C): δ -274.5.  29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -27.3. IR (KBr, cm-1): 

3100 w, 2951 m, 2897 m, 2071 m br (νSiH), 1600 w, 1441 m (νC=C), 1408 w, 1367 w, 1246 s, 

1166 w, 1015 s, 989 s, 915 s, 842 s, 795 s, 703 m, 674 m, 603 m. Anal. Calcd for 

C19H35Si3NZr: C, 50.47; H, 7.15; N, 3.68. Found: C, 50.83; H, 7.64; N, 3.71. 

Cp2Zr[N(SiHMe2)2]Et (7.9). The procedure described above for 7.2 was used, starting from 

Cp2ZrEtCl (0.426 g, 1.490 mmol) and LiN(SiHMe2)2 (0.208 g, 1.490 mmol) to afford 7.9 

(0.478 g, 1.248 mmol, 83.7%) as light brown solid. 1H NMR (benzene-d6, 600 MHz, 25 °C): 

δ 5.84 (s, 10 H, C5H5), 4.46 (m, 1JSiH = 183.2 Hz, 2 H, SiH), 1.41 (t, 3JHH = 7.4 Hz, 3 H, 

ZrCH2CH3), 1.10 (q, 3JHH = 7.4 Hz, 2 H, ZrCH2CH3), 0.22 (d, 3JHH = 3.1 Hz, 12 H, SiMe). 

13C{1H} NMR (benzene-d6, 150 MHz, 25 °C): δ 112.38 (C5H5), 47.66 (ZrCH2), 18.44 (CH3), 

2.28 (SiMe). 15N{1H} NMR (benzene-d6, 61 MHz, 25 °C): δ -277.4. 29Si{1H} NMR 

(benzene-d6, 119.3 MHz, 25 °C): δ -25.8. IR (KBr, cm-1): 3092 w, 2951 m, 2896 m, 2854 m, 
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2090 m (νSiH), 2055 m (νSiH), 1443 w, 1370 w, 1246 s, 1172 w, 1139 w, 1016 s, 901 s, 844 

m, 800 s, 762 s, 699 s, 679 s, 633 m, 598 m. mp 79-83 °C. 

Cp2Zr[η2-N(SiHMe2)SiMe2] (7.10). Compound 7.9 (0.034 g, 0.088 mmol) was dissolved in 

benzene-d6 (0.6 ml) and added to a NMR tube equipped with a J-Young valve. Cyclooctane 

as an internal standard (0.5 ml) was also added to the mixture. The reaction mixture was 

heated to 65 °C for 2 h to give a brown color solution and the NMR yield was calculated in 

comparison to the integration of the internal standard (37.2%).	   1H NMR (benzene-d6, 600 

MHz, 25 °C): δ 5.31 (s, 10 H, C5H5), 0.55 (s, 6 H, SiMe2), -0.04 (d, 3JHH = 5.5 Hz, 6 H, 

SiHMe), -2.23 (m, 1JSiH = 89.1 Hz, 1 H, SiH). 13C{1H} NMR (benzene-d6, 150 MHz, 25 °C): 

δ 101.14 (C5H5), 3.71 (SiMe2), -0.16 (SiHMe). 15N{1H} NMR (benzene-d6, 61 MHz, 25 °C): 

δ -355.6.  29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -8.7 (SiMe2), -61.5 (SiHMe2). 	  

Cp2Zr[η2-N(SiHMe2)SiMe2](PMe3) (7.10·PMe3). Compound 7.9 (0.022 g, 0.057 mmol) 

and PMe3 (6.4 µl, 0.063 mmol) were dissolved in benzene-d6 (0.6 ml) and added to a NMR 

tube equipped with a J-Young valve. Cyclooctane as an internal standard (0.5 ml) was also 

added to the mixture. The reaction mixture was heated to 65 °C for 2.5 h to give a deep red 

solution and the NMR yield was calculated in comparison to the integration of the internal 

standard (74.3%).	  1H NMR (benzene-d6, 600 MHz, 25 °C): δ 5.40 (s, 10 H, C5H5), 5.18 (br, 1 

H, SiH), 0.93 (d, 2JPH = 9 Hz, 9 H, PMe), 0.42 (d, 3JHH = 4.8 Hz, 6 H, SiHMe), 0.40 (s, 6 H, 

SiMe2). 13C{1H} NMR (benzene-d6, 150 MHz, 25 °C): δ 104.72 (C5H5), 20.98 (d, 1JPC = 21.8 

Hz, PMe), 3.62 (SiMe2 and SiHMe overlapped). 15N{1H} NMR (benzene-d6, 61 MHz, 25 

°C): δ -331.1. 31P NMR (benzene-d6, 243 MHz, 25 °C): δ 18.67. 29Si{1H} NMR (benzene-d6, 

119.3 MHz, 25 °C): δ -12.9 (1JSiH = 177.0 Hz, SiHMe2), -26.9 (2JPSi = 74.0 Hz, SiMe2).  
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Chapter 8: Nucleophilicity of β-SiH containing zirconacycle 
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Department of Chemistry and US Department of Energy Ames Laboratory, Iowa State 
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Abstract. The β-SiH groups in azasilazirconacycle Cp2Zr[κ2-N(SiHMe2)SiHMeCH2] 8.1 

provide access to new pathways for sixteen-electron zirconium alkyl compounds. First, the 

pendent β-SiH in 8.1 reacts with paraformaldehyde through an uncatalyzed hydrosilylation to 

form an exocyclic methoxysilyl moiety, while the zirconium-carbon bond in 8.1 is 

surprisingly inert toward formaldehyde. Still, the Zr-C moiety in 8.1 is available for 

chemistry, and it interacts with the carbon monoxide and strong electrophile B(C6F5)3 to 

provide 1,1-CO insertion product Cp2Zr[κ2-OC(=CH2)SiMeHN(SiHMe2)] 8.3 and 

zwitterionic nonclassical Cp2Zr[N(SiHMe2)SiHMeCH2B(C6F5)3] 8.4. Addition of DMAP to 

8.4 results	  in	  coordination	  to	  a	  Si	  center	  and	  hydrogen	  migration	  to	  zirconium	  to	  give	  a 

mixture of the	   zwitterionic	   isomers Cp2ZrH[N{SiHMeCH2B(C6F5)3}(SiMe2DMAP)] 8.7a 

and Cp2ZrH[N{SiMe(DMAP)CH2B(C6F5)3}(SiHMe2)] 8.7b in a 1.65:1 ratio. However, 

addition of OPEt3 results in OPEt3 coordination to give a classical zwitterionic Zr product 

Cp2Zr(OPEt3) [N(SiHMe2)SiHMeCH2B(C6F5)3] 8.8. 

 

Introduction 

  β-Hydrogen elimination in metal alkyl systems often results in catalyst decomposition 

in catalytic transformations. As a rule of thumb, catalyst designs often avoid incoporation of 

β-hydrogen containing ligands. However, important aspects of transition metal-ligand 
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bonding and reactivity may be overlooked in the absence of studies of β-hydrogen-containing 

complexes. In sharp contrary to early transition metal alkyl chemistry, β-H elimination in 

metal amide sysyems are rare. Instead, β-hydrogen-free early transition metal and f-element 

[M]-N(SiMe3)2 compounds often undergo γ-H abstraction that form 

azametallasilacyclobutanes.1 These metallacycles are highly active in reactions at with 

unsaturated organic small molecules (e.g., nitriles, isonitriles, and CO) with the M-C 

moiety.1e,2 A related zirconacyclobutane Cp2Zr[CH2SiMe2CH2] and formaldehyde react to 

give a monoinsertion product.3 Enhanced reactivity in some cases may be ascribed to strained 

four-membered rings or carbene character associated with retrocycloadditions. Recently, we 

have reported that the selectivity between alkyl group and β-H abstraction in a zirconocene 

alkyl silazide compound is highly dependent to the steric hindrance of the Zr alkyl. 

Meanwhile, azazirconacycle Cp2Zr[κ2-N(SiHMe2)SiHMeCH2] (8.1) contains β-SiH group 

and a strained cyclometallated alkyl group reminiscent of the structral motif in 

Cp2ZrN(SiHMe2)2(R); however, spectroscopic data suggests that both β-SiH groups are best 

described as classical Si-H (two-center-two-electron bond). Interestingly, 8.1 promotes 

unusual C-H bond activation of ethylene instead of undergoing insertion. 

 

  In light of this reseult, we herein describe the inherent dissimilar spectroscopic 

property in 8.1 promotes vastly different reactivity to small molecules in comparison to 
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N

Si Me
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N
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Cp2ZrN(SiHMe2)2(R). For example, the Zr-C bond of 8.1 engages reactions with CO and 

B(C6F6)3, while the pendent, anagostic β-SiH of the exocyclic SiHMe2 group reacts by an 

unusual addition reaction of formaldehyde. Such diverse reactivity in 8.1 highlights the rich 

chemistry in small molecule activation by zirconacycle 8.1 that contains β-hydrogen moiety. 

 

Results and Discussion 

  Metallocyle Cp2Zr[κ2-N(SiHMe2)SiHMeCH2] (8.1) and paraformaldehyde (H2CO)n 

react in benzene at 80 °C over 9 h to give Cp2Zr[κ2-N(SiMe2OMe)SiHMeCH2] (8.2) in 95% 

yield (eq 8.1). In this transformation, the methoxy group is formed by a hydrosilylation of 

formaldehyde. 

 

  A new singlet resonance at 3.29 ppm in the 1H NMR spectrum of 8.2 was assigned to 

the methoxy group, and only one SiH signal was detected at 4.50 ppm. That signal was 

assigned by 1H-29Si HMQC and COSY experiments; the latter showed scalar coupling to the 

ZrCH2. As in 8.1, the (C5H5)2Zr, CH2, and SiMe2 groups are diastereotopic. Two SiMe 

resonances (3 H each) assigned to the SiMe2OMe group appeared as singlets rather than the 

doublets observed for 8.1. The reaction product and approximate rate of conversion are not 

affected when the reaction is performed in acetonitrile or in the presence of donor ligands 

such as PMe3, OPEt3 or para-dimethylaminopyridine (DMAP). Meanwhile, only starting 

materials are observed upon treatment of 8.1 with benzophenone, acetophenone, or 
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cyclohexanecarbaldehyde. Reaction with acetone provides multiple unidentified products. 

Benzaldehyde gives a mixture of at least three products, one of which is tentatively assigned 

as the Zr-C insertion product. Upon thermolysis of 8.1 with excess benzaldehyde at 60 °C, a 

small amount of toluene is generated (2.2%) among unidentified zirconium-containing 

products. Compound 8.2 is inert toward further formaldehyde insertions under the conditions 

of eq 8.1. For comparison, reaction of the Cp2ZrN(SiHMe2)2(Me) and formaldehyde provides  

unreacted Cp2ZrN(SiHMe2)2(Me) as the major product and a complex mixture of products 

after 9 h at 85 °C in benzene-d6, while Cp2ZrN(SiHMe2)2(H) affords the zirconium 

methoxide Cp2Zr[N(SiHMe2)2]OMe in which the SiH moieties are unreacted. Notably, 

reaction of Cp2ZrN(SiHMe2)2(H) and excess OCH2 under this condition does not provide 

further conversion of the N(SiHMe2)2 group. Similarly, zirconium hydride silazide 

containing one β-SiH group Cp2Zr(N(SiHMe2)t-Bu)H also undergoes insertion with 

paraformaldehyde exlcusively into Zr-H bond to give Cp2Zr(N(SiHMe2)t-Bu)OMe. 

Interestingly, reaction of azazirconacyclobutane containing one inner-ring SiH Cp2Zr[k2-

N,C-N(t-Bu)SiHMeCH2] with paraformaldehyde in benzene-d6 at 120 °C for 12 h only 

provides unreacted Cp2Zr[k2-N,C-N(t-Bu)SiHMeCH2]. However,  β-SiH containing 

azazironacyclopentane Cp2Zr[κ2-N(SiHMe2)SiMe2CH2CH2] undergoes slow insertion with 

paraformaldehyde to give Cp2Zr[κ2-N(SiOMeMe2)SiMe2CH2CH2] (8.2; eq 8.2) under harsh 

condition (120 °C, 6 h), which suggests that pendent SiH group is essential for formaldehyde 

insertion. 
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  The interaction of formaldehyde and the exocyclic SiH, rather than the Zr-C bond, 

was unexpected because (a) the reactive site in polar organometallic compounds is typically 

the M-C bond, (b) zirconium is particularly oxophilic and electronically unsaturated, and (c) 

a related silazirconacyclobutane reacts via insertion.3 While hydrosilylation mechanisms 

involving metal-centered oxidation can be ruled out, zirconocene-type olefin hydrosilylations 

involve reduced metal centers.4 Likewise, Ti-catalyzed carbonyl hydrosilylation involves 

low-valent titanium, and these mechanisms are unlikely in the current system. Carbonyl 

hydrosilylation catalyzed by the strong Lewis acid, B(C6F5)3, is proposed to involve SiH-

abstraction by B(C6F5)3 to give a silyl cation that interacts with the carbonyl oxygen.5 The 

B(C6F5)3-carbonyl interaction is observed but it is not implicated in those Si-O bond 

formations. In compound 8.1, the anagostic SiH structures are reinforced by the rigid four-

membered ring, and unimolecular hydrogen transfer from silicon to zirconium (based on the 

B(C6F5)3 mechanism) appears unlikely. 

  We therefore explored other possible mechanisms for the observed hydrosilylation. 

First, coordination of a Lewis base to a silicon center can enhance hydridic character of the 

SiH, and this has been used in carbonyl hydrosilylation.6 Additionally, we have recently 

suggested that β-hydrogen transfer from a five-coordinate silicon center to a magnesium 

center is involved in a catalytic Si-N bond formation.7 Alternatively, a molybdenum 

compound has been proposed to activate carbonyl substrates toward intermolecular 

hydrosilylation based partly on BF3-catalyzed hydrosilylations.8,9 Meerwein-Pondorff-Verley 
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(MPV) carbonyl reduction involves b-hydrogen abstraction from metal alkoxides, and 

recently a Mo catalyst for hydrosilylation has been implicated in MPV type β-hydrogen 

abstraction.10 Based on these suggestions and our observations that rule out typical 

zirconium-catalyzed hydrosilylations, we considered three pathways (Scheme 8.1). 

 

Scheme 8.1. Possible pathways for conversion of 8.1 to 8.2. 

  Pathway 8.1 consists of C-H bond activation of formaldehyde to form a formyl 

species, and  hydrosilylation of formayl carbonyl, followed by γ-abstraction. Pathway 2A 

involves SiH transfer to Zr upon interaction of the carbonyl and the silicon center (e.g., a 

Lewis-based induced β-elimination). Alternatively, a MPV-type hydrogen transfer to a Zr-

coordinated carbonyl is suggested in Pathway 2B. Thus, the reactivity of 8.1 was further 

explored to test for chemistry involving the zirconacycle versus the exocyclic SiHMe2 

moiety. 
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  The reaction of Cp2ZrN(SiHMe2)2(H) with 1 atm of CO rapidly turns bright yellow in 

benzene-d6. The 1H NMR spectrum of this solution contained a singlet at 4.6 ppm that is 

consistent to a formyl CH resonance.11 In the 1H-13C HMQC experiments, the 4.6 ppm 1H 

resonance was correlated with a 13C NMR signal at 103.3 ppm assigned to formyl C=O. 

However, the formyl compound is not stable upon exposure to excess CO. Thermolysis of 

the resulting formyl compound Cp2ZrN(SiHMe2)2(CHO) (8.3) at 88 °C led to formation of 

Cp2ZrN(SiHMe2)2(OMe) in 46.1% based on 8.3, and 8.2 was not observed as one of the 

product. Besides, deuterium labeling experiments using paraformaldehyde-d3 resulted in 

deuterium incorporation solely into the methoxy group. Thus, Pathway 1A can be ruled out. 

  Next, the accessibility of the zirconium center toward ligands was probed. Reaction 

of 8.1 and CO at 85 °C for 3 h gives an insertion product containing a five-membered ring, a 

Zr-O bond, and an exocyclic methylene group (8.4; eq 8.3). Related reactions of CO and 

azametallasilacyclobutanes (for group 4, Th and U centers)12 were previously suggested to 

involve 1,1-insertion of CO to give an acyl that rearranges to the product through 1,2-silyl 

migration of an oxycarbene intermediate.1e,i,2  

 
  1H NMR resonances at 4.91 and 4.48 ppm were assigned to the exocyclic methylene, 

and these gave crosspeaks in one-bond and multiple-bond 1H-13C heteronuclear correlation 

spectra to signals at 173.4 and 98.4 assigned to terminal and disubstituted vinylic carbon 

centers. This transformation shows that small molecules can access the zirconium center in 

8.1. 
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  Because the (presumably nucleophilic) zirconium alkyl group in 8.1 does not give a 

detectable interaction with H2CO, while CO insertion takes place into Z-C bond, the 

nucleophilicity of 8.1 was investigated. The strong Lewis acid tris(perfluorophenyl)borane is 

known to interact with organosilanes to give [R3Si-H-B(C6F5)3]-type species, while 

organometallic alkyl and hydride compounds LnMR react to form [LnM-R-B(C6F5)3]. 

Furthermore, β-SiH-containing organometallic compounds such as M[C(SiHMe2)3]2(THF)2 

(M = Ca, Yb) react with B(C6F5)3 by hydrogen abstraction.13 Although there are multiple 

sites in 8.1 that could react with B(C6F5)3, selective alkyl abstraction is observed (which 

contrasts the reaction with formaldehyde). Thus, 8.1 and B(C6F5)3 react to give the 

zwitterionic Cp2Zr[N(SiHMe2)SiHMeCH2B(C6F5)3] (8.5; eq 8.4). 

 

  The 11B NMR spectrum contained a singlet at -14.4 ppm rather than a doublet 

associated with a hydridoborate. In the 1H NMR spectrum, two SiH resonances were detected 

far upfield at 0.02 (1JSiH = 81 Hz) and -0.54 ppm (1JSiH = 83 Hz) consistent with a rare 

diagostic-type structure. Such agostic interaction was also compromised by a low energy SiH 

band νSiH at 1737 cm-1 in IR spectrum.14 Diagostic d0 amido compounds were previously 

reported in their neutral form.15 8.5 represents a rare zwitterionic diagostic complex reported. 

Unfortunately, multiple attempts to obtain X-ray quality crystals gave oily material. 

However, 8.5 reacts with two equiv. of acetone in methylene chloride to give Si-H insertion 

product Cp2Zr[N(SiOiPrMe2)SiOiPrMeCH2B(C6F5)3] (8.6; eq 8.5) in quantitative yield. 
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r.t.,10 min

Cp2Zr
N

Si Me
H

SiHMe2
8.1
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H
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 The 1H NMR spectrum consisted of four sets of doublets at 1.53, 1.52, 1.49, and 1.29 

ppm for the diastereotopic methyl resonances for two isopropyl groups. Besides, three sets of 

singlet (0.31, 0.13, -0.21 ppm) were also observed for the SiMe groups. 1H-1H COSY and 

29Si INEPT experiments supported the insertion of carbonyl into both β-agostic SiHs to give 

two SiOiPr groups. X-ray quality crystals of 8.6 were grown from methylene chloride 

solution at room temperature that unambiguously shows the methyleneborate moiety (see 

supplementary information). 

 Unlike 8.1, addition of DMAP to 8.5 results in DMAP-initiated β-SiH group 

migration from β-Si to Zr to give a mixture of isomers and 

Cp2ZrN{SiHMeCH2B(C6F5)3}(SiMe2DMAP)(H) (8.7a, 62.3%) and 

Cp2ZrN{SiMe(DMAP)CH2B(C6F5)3}(SiHMe2)(H) (8.7b, 37.7%; Scheme 8.2).  A 1H NMR 

spectrum acquired at room temperature in methylene chloride-d2 was slightly broad, but the 

complete disappearance of 8.5 and the formation of two new species can be identified.  
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Scheme 8.2. Divergent reactivity of 8.5 with DMAP and OPEt3.  

 The low temperature NMR spectra of 8.7 were sharper and better resolved. At 220 K, 

four 29Si resonances were observed at 11.4, -4.6, -61.1 and -63.9 ppm. Only the signals at -

61.1 ppm (1JSiH = 115 Hz) and -63.9 ppm (1JSiH = 112 Hz) was observed in a 29Si INEPT 

experiment optimized for JSiH = 120 Hz, and the signals at 11.4 ppm and -4.6 ppm were only 

detected in a 29Si INEPT experiment optimized for long range proton coupling (JSiH = 7 Hz). 

In a 1H-29Si HMBC experiment optimized for long range 1H-29Si coupling (JSiH = 7 Hz), the -

63.9 ppm 29Si resonance was correlated with a 1H NMR signal at -0.25 ppm assigned to a 

SiHMe and the -61.1 ppm 29Si resonance was correlated with a 1H NMR signal at 0.39 ppm 

and 0.27 ppm, which are assigned to a SiHMe2. In that experiment, crosspeaks from the 29Si 

signal of the major product at -4.6 ppm were correlated to SiMe2 resonances (0.53 ppm and 

0.48 ppm), the signal at 3.93 ppm (1 H) assigned to the ZrH, and the aromatic resonances 

assigned to DMAP (7.87 ppm) in the 1H NMR spectrum. Similarly, crosspeaks from the 29Si 

signal of the minor product at 11.4 ppm were correlated to a second SiMe resonance (0.39 

ppm), the signal at 3.99 ppm (1 H) assigned to the ZrH, and the aromatic resonances assigned 

to DMAP (7.48 ppm). The correlations between the silicon atom and the aromatic signals 

DMAP

CH2Cl2
r.t.,10 min

Cp2Zr N
Si

SiHMe2

H CH2B(C6F5)3
Me

OPEt3

OPEt3

CH2Cl2
r.t.,10 min

8.5

Cp2Zr N
Si

Si

H CH2B(C6F5)3
Me

H N
Me Me

NMe2

Cp2Zr N
Si

SiMe2
H

N
CH2B(C6F5)3

Me

Me2N

H

+ Cp2Zr N
Si

SiMe2
H

H CH2B(C6F5)3
Me

8.7a, 62.3%

8.7b, 37.7%

8.8



	  

 

241	  

provide convincing evidence that DMAP is coordinated to silicon rather than zirconium. We 

assign the 1H NMR signal at 3.93 ppm and 3.99 ppm to zirconium hydride groups based on a 

correlation in a COSY experiment between that signal and the resonance at 0.95 ppm 

assigned to a β-Si-H⇀Zr. A board band at 1845 cm-1 was observed in the crude mixture of 

8.7a and 8.7b that suggests the nonclassical nature of β-SiH groups in 8.7. The formation of 

two isomers is due to the addition of DMAP to two different β-Si groups (SiHMe2 vs 

SiHMe) and the DMAP coordination to the sterically less hindered Si position is favored 

(8.7a, 62%).  

In contrast, reaction of 8.5 with OPEt3 affords Cp2Zr(OPEt3) 

[N(SiHMe2)SiHMeCH2B(C6F5)3] (8.8, Scheme 8.2). The structure of 8.8 is readily 

distinguished from the DMAP adduct 8.7 by NMR and IR spectroscopy. In the 1H NMR 

spectrum of 8.8, two doublet resonances assigned to SiHMe2 and SiHM groups were 

observed at 0.27 ppm (3JHH = 3.0 Hz) and  -0.45 ppm (3JHH = 2.3 Hz). Furthermore, two 

signals at 4.09 ppm (1JSiH 169 Hz; 1 H) and 3.82 ppm (1JSiH 177 Hz) were assigned as a 

SiHMe2 and SiHMe groups, respectively, based on their correlation to the SiMe2 and SiMe 

signals in a COSY experiment. The 1JSiH value suggests that 8.8 contains terminal silicon 

hydride groups. The observation of NMR signals assigned to SiHMe2 and SiHMe groups 

provide evidence that OPEt3 is coordinated to Zr center instead of either β-Si positions. 

Similar reactivity was previously observed in the reactions of cationic zirconium β-SiH 

containing silazide [Cp2ZrN(SiHMe2)2]+
 with DMAP and OPEt3.  
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Conclusion 

The small molecule activation by zirconacycle 8.1 takes place in both Zr-C and β-SiH 

groups. The reaction of formaldehyde exclusively involves the exocyclic SiHMe2 group. 

Because the zirconium center in 8.1 is accessible to CO, we favor a mechanism for 

formaldehyde hydrosilylation that involves a [Zr]-O=CH2 interaction followed by a β-SiH 

abstraction (Pathway 2B in Scheme 1). Still, we are not able to rule out nucleophilic attack at 

the β-SiHMe2 group (Pathway 2A in Scheme 1), and we are currently investigating related 

systems to trap the kinetic products of nucleophiles and β-hydrogen-containing 

organometallics. Nevertheless, this work shows that introduction of β-SiH groups in a 

metallocyclobutane significantly alters the outcome of small molecule chemistry. 

 

Experimental. 

General. All manipulations were performed under a dry argon atmosphere using standard 

Schlenk techniques or under a nitrogen atmosphere in a glovebox unless otherwise indicated. 

Water and oxygen were removed from benzene, toluene, pentane, diethyl ether, and 

tetrahydrofuran solvents using an IT PureSolv system. Benzene-d6 and tetrahydrofuran-d8 

were heated to reflux over Na/K alloy and vacuum-transferred. PMe3, triethylphosphine 

oxide, DMAP, benzophenone, paraformaldehyde and paraformaldehyde-d3 were purchased 

from Aldrich and were used as received. Acetone, acetophenone, and 

cyclohexanecarbaldehyde were degassed and stored over 4 Å molecular sieves before use. 

The compounds Cp2ZrN(SiHMe2)2(H),19 Cp2ZrN(SiHMe2)2(Me),20 B(C6F5)3,7 Cp2Zr[κ2-

N(SiHMe2)SiHMeCH2] (8.1)20 were prepared following literature procedures. 
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1H, 13C{1H}, 11B and 29Si{1H} NMR spectra were collected on an Agilent MR400 

spectrometer. 11B NMR spectra were referenced to an external sample of BF3
.Et2O. 15N 

chemical shifts were determined either by 1H-15N HMBC experiments on a Bruker Avance II 

700 spectrometer with a Bruker Z-gradient inverse TXI 1H/13C/15N 5mm cryoprobe or by 1H-

15N CIGARAD experiments on an Agilent MR400 spectrometer;	  15N chemical shifts were 

originally referenced to liquid NH3 and recalculated to the CH3NO2 chemical shift scale by 

adding -381.9 ppm. Assignments of resonances are supported by 1H-1H and heteronuclear 

correlation NMR experiments. Infrared spectra were measured on a Bruker IFS66v FTIR. 

Elemental analyses were performed using a Perkin-Elmer 2400 Series II CHN/S. X-ray 

diffraction data was collected on a Bruker APEX II diffractometer. 

 

Cp2Zr[κ2-N(SiMe2OMe)SiHMeCH2] (8.1). Cp2Zr[κ2-N(SiHMe2)SiHMeCH2] (0.115 g, 

0.326 mmol) and formaldehyde (0.010 g, 0.33 mmol) were suspended in benzene and heated 

to 80 °C for 5.5 h. The reaction mixture was filtered, and the volatile components of the 

soluble portion were evaporated under reduced pressure to give a yellow oil. Extraction with 

pentane and evaporation of the pentane provided 8.1 as viscous yellow oil (0.119 g, 0.31 

mmol, 95.4%). 1H NMR (benzene-d6, 600 MHz, 25 °C): δ 5.91 (s, 5 H, C5H5), 5.87 (s, 5 H, 

C5H5), 4.50 (m, 1JSiH = 202 Hz, 1 H, NSiHMe), 3.29 (s, 3 H, SiMe2OMe), 1.90 (dd, 2JHH = 

12.4 Hz, 3JHH = 4.0 Hz, 1 H, CH2), 1.55 (dd, 2JHH = 12.4 Hz, 3JHH = 2.2 Hz, 1 H, CH2), 0.32 

(d, 3JHH = 2.4 Hz, 3 H, CH2SiHMe), 0.12 (s, 3 H, SiMe2OMe), 0.10 (s, 3 H, SiMe2OMe). 

13C{1H} NMR (benzene-d6, 150 MHz, 25 °C): δ 112.32 (C5H5), 112.29 (C5H5), 50.02 

(SiMe2OMe), 35.56 (ZrCH2), 2.14 (CH2SiHMe), 1.26 (SiMe2OMe), 0.80 (SiMe2OMe). 

15N{1H} NMR (benzene-d6, 61 MHz, 25 °C): δ -246.8. 29Si{1H} NMR (benzene-d6, 119.3 
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MHz, 25 °C): δ -6.4 (SiMe2OMe), -65.9 (SiHMe). IR (KBr, cm-1): 2952 m, 2827 w, 2072 m 

br (SiH), 1597 w, 1443 w, 1249 s, 1087 s, 1016 s, 900 s, 796 s br, 720 s. Anal. Calcd for 

C15H25Si2NOZr: C, 47.07; H, 6.58; N, 3.66. Found: C, 47.37; H, 6.59; N, 3.44. 

Cp2ZrN(SiHMe2)2(CHO) (8.3). Excess Carbon monoxide (3 atm) was charged into a NMR 

tube with a J-Young valve containing Cp2ZrN(SiHMe2)2(H) (0.0XX, mmol) in benzene-d6 

(0.6 ml) at 77 K. The solution was slowly thawed and stayed at room temperature for 5 min. 

The excess CO was purged away with argon. The bright yellow solution was transferred to a 

vial and all the volatiles were evaporated under reduced pressure to give 8.3 as a yellow 

gummy solid.  

1H NMR (benzene-d6, 600 MHz, 25 °C): δ 6.10 (s, 10 H, C5H5), 4.55 (br, 3 H, SiH and CHO 

overlapped, assigned by 1H-13C HMQC experiment), 0.32 (br, 6 H, SiMe2). 13C{1H} NMR 

(benzene-d6, 150 MHz, 25 °C): δ 112.66 (C5H5), 103.27 (OCH), 2.79 (SiMe2). 29Si{1H} 

NMR (benzene-d6, 119.3 MHz, 25 °C): δ -23.6 (1JSiH = 201.1 Hz). 

Cp2Zr[κ2-OC(=CH2)SiMeHN(SiHMe2)] (8.4). Cp2Zr[κ2-N(SiHMe2)SiHMeCH2] (0.116 g, 

0.329 mmol) was dissolved in benzene (15 mL), and the solution was degassed with freeze-

pump-thaw cycles (3×). The vessel was charged with CO (1 atm), and the reaction mixture 

was heated to 85 °C for 9 h. Evaporation of the volatile components, extraction of the 

resulting yellow residue with pentane, and evaporation of the pentane provided 4 as yellow 

microcrystalline solid (0.045 g, 0.12 mmol, 36%). 1H NMR (benzene-d6, 400 MHz, 25 °C): 

δ 6.09 (s, 5 H, C5H5), 6.06 (s, 5 H, C5H5), 5.43 (m, 1JSiH = 207 Hz, 1 H, NSiHMe), 4.91 (s br, 

1 H, CH2), 4.48 (s br, 1 H, CH2), 4.27 (m, 1JSiH = 190 Hz, 1 H, NSiHMe2), 0.41 (d, 3JHH = 3.2 

Hz, 3 H, OCNSiHMe) 0.24 (d, 3JHH = 3.1 Hz, 3 H, ZrNSiHMe2), 0.18 (d, 3JHH = 3.2 Hz, 3 H, 
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ZrNSiHMe2). 13C{1H} NMR (benzene-d6, 125 MHz, 25 °C): δ 173.42 (OCCH2), 115.31 

(C5H5), 115.27 (C5H5), 98.41 (OCCH2), 3.35 (OCSiHMe), 2.27 (SiMe2), 0.73 (SiMe2). 

29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -10.5 (SiHMe), -24.6 (SiHMe2). IR (KBr, 

cm-1): 3083 w, 2953 s, 2075 s br (SiH), 1609 m, 1576 s (C=C), 1442 s, 1361 m, 1249 s, 1176 

s, 1015 s, 916 s br, 796 s br. Anal. Calcd for C15H23Si2NOZr: C, 47.32; H, 6.09; N, 3.68. 

Found: C, 47.73; H, 5.85; N, 3.28. mp 120 °C (decomp). 

Cp2Zr[N(SiHMe2)SiHMeCH2B(C6F5)3] (8.5). Cp2Zr[κ2-N(SiHMe2)SiHMeCH2] (0.082 g, 

0.232 mmol) and B(C6F5)3 (0.125 g, 0.244 mmol) were allowed to react in benzene (5 mL) in 

a vial. A light yellow oily layer precipitated from the benzene solution. The top benzene 

layer was removed with a pipet. The remaining oil was washed with benzene (2 × 5 mL) and 

pentane (2 × 5 mL). The resulting material was then dried under vacuum to give 8.5 as a pale 

green solid (0.159 g, 0.184 mmol, 79.2%). 1H NMR (bromobenzene-d5, 600 MHz, 25 °C): 

δ 5.54 (s, 5 H, C5H5), 5.46 (s, 5 H, C5H5), 1.64 (br d, 2JHH = 15 Hz, 1 H, CH2), 0.61 (br d, 

2JHH = 13.0 Hz, 1 H, CH2), 0.02 (br overlapping signal, 1JSiH = 81 Hz, 4 H, ZrNSiHMe2 and 

SiHMeCH2B(C6F5)3), -0.04 (br s,  3 H, ZrNSiHMe2), -0.07 (br s, 3 H, SiHMeCH2B(C6F5)3), -

0.54 (br s, 1JSiH = 83 Hz, 1 H, SiHMe2). 13C{1H} NMR (bromobenzene-d5, 150 MHz, 25 °C): 

δ 148.23 (C6F5), 146.65 (C6F5), 138.08 (C6F5), 136.49 (C6F5), 134.90 (C6F5), 108.17 (C5H5), 

107.74 (C5H5), 8.87 (ZrCH2), -2.05 (SiMe2), -2.80 (CH2SiMe2), -2.88 (SiMe2). 11B NMR 

(bromobenzene-d5, 119.3 MHz, 25 °C): -14.4. 19F NMR (bromobenzene-d5, 564 MHz, 25 

°C): δ -131.9 (d, 3JFF = 21.3 Hz, 6 F, o-F), -162.2 (t, 3JFF = 21.5 Hz, 3 F, p-F), -165.7 (t, 3JFF 

= 19.9 Hz, 6 F, m-F). 29Si{1H} NMR (bromobenzene-d5, 119.3 MHz, 25 °C): δ -36.2 (SiMe), 

-47.3 (SiMe2). IR (KBr, cm-1): 3125 w, 2963 w, 2905 w, 1737 m (SiH), 1641 s, 1579 m br, 
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1512 s, 1456 vs br, 1257 s, 1169 s, 1101 s, 1081 s, 1017 s, 972 s, 925 s, 860 s, 811 s, 778 s, 

750 m. Anal. Calcd for BC32F15H23Si2NZr: C, 44.45; H, 2.68; N, 1.62. Found: C, 44.01; H, 

2.51; N, 1.51. mp 113-120 °C. 

Cp2Zr[N(SiMe2OiPr)(SiMeOiPrCH2B(C6F5) (8.6). Acetone (32.5 µl, 0.444 mmol) was 

added to a methylene chloride (10 ml) solution of 8.5 (0.128 g, 0.148 mmol) and the mixture 

was stirred for 20 min. Volatiles were removed under reduced pressure. The residue was 

washed with pentane (2 x 2 ml). The volatiles were evaporated under reduced pressure to 

give 8.6 as a yellow solid. (0.141 g, 0.144 mmol, 97.4%) 1H NMR (methylene chloride-d2, 

600 MHz, 25 ºC): δ 6.47 (s, 5 H, C5H5), 6.32 (s, 5 H, C5H5), 4.13 (m, 1 H, Me2SiOCH), 3.95 

(m, 1 H, BCH2SiOCH), 1.53 (d, 3JHH = 6.3 Hz, 3 H, BCH2SiOCH(CH3)2), 1.52 (d, 3JHH = 6.2 

Hz, 3 H, Me2SiOCH(CH3)2), 1.49 (d, 3JHH = 6.5 Hz, 3 H, Me2SiOCH(CH3)2), 1.29 (d, 3JHH = 

6.5 Hz, 3 H, BCH2SiOCH(CH3)2), 0.31 (s br, 3 H, SiMe2), 0.13 (s br, 3 H, SiMe2), -0.21 (s 

br, 3 H, SiMe). 13C{1H} NMR (methylene chloride-d2, 150 MHz): δ 149.54 (br, C6F5), 

147.95 (br, C6F5), 139.36 (br, C6F5), 137.90 (br, C6F5), 136.39 (br, C6F5), 116.26 (C5H5), 

115.29 (C5H5), 75.07 (Me2SiOCH), 74.91 (BCH2SiOCH), 25.44 (Me2SiOCH(CH3)2), 25.15 

(BCH2SiOCH(CH3)2), 24.77 (Me2SiOCH(CH3)2), 24.29 (BCH2SiOCH(CH3)2), 4.29 (SiMe2), 

4.20 (SiMeCH), 4.15 (SiMe2). 29Si{1H} NMR (methylene chloride-d2, 119.3 MHz, 25 ºC): δ 

13.8 (SiMe2), 5.7 (SiMeCH2). 19F NMR (methylene chloride-d2, 376 MHz, 25 ºC): δ -133.1 

(d, 3JFF = 22.1 Hz, 6 F, o-F), -165.2 (t, 3JFF = 20.4 Hz, 3 F, p-F), -168.3 (t, 3JFF = 20.5 Hz, 6 

F, m-F). 11B NMR (methylene chloride-d2, 79.5 MHz, 25 ºC): δ -15.1. Calcd for 

BC38F15H35Si2NO2Zr: C, 46.53; H, 3.60; N, 1.43. Found: C, 46.34; H, 4.00; N, 1.14. mp 77-

85 °C. 
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Cp2Zr(H)N{SiHMeCH2B(C6F5)3}(SiMe2DMAP)  (8.7a) and 

Cp2Zr(H)N(SiHMe2){SiMeCH2B(C6F5)3(DMAP)} (8.7b). 8.5 and DMAP were allowed to 

react in methylene chloride (2 mL) in a vial to form a yellow solution and the solution was 

stirred for 5 min. The resulting material was then dried under vacuum and washed with 

pentane (2 × 5 mL). The volatiles were removed under reduced pressure to give 

Cp2Zr(H)N(SiHMe2){SiMeCH2B(C6F5)3(DMAP)} and 

Cp2Zr(H)N{SiHMeCH2B(C6F5)3}(SiMe2DMAP) as a yellow crystalline solid in a 1.65:1 

ratio as determined by integration of the 1H NMR spectrum. 8.7a: 1H NMR (methylene 

chloride-d2, 600 MHz, 25 °C): δ 7.87 (d, 3JHH = 7.3 Hz, 2 H, α-NC5H4NMe2), 6.72 (d, 3JHH = 

7.2 Hz, 2 H, β-NC5H4NMe2), 5.61 (s, 5 H, C5H5), 5.60 (s, 5 H, C5H5), 3.93 (br s, 1 H, ZrH), 

3.17 (s, 6 H, NMe2), 1.17 (br d, 2JHH = 8.2 Hz, 2 H, BCH2), 0.53 (s, 3 H, SiMe2), 0.48 (s, 3 H, 

SiMe2) 0.28 (overlapped with SiHMe2 resonance, assigned by 1H-1H COSY experiment, 

SiH), 0.25 (br s, 6 H, SiHMe2). 13C{1H} NMR (methylene chloride-d2, 125 MHz, 25 °C): δ 

155.28 (ipso-NC5H4NMe2), 142.31 (α-NC5H4NMe2), 105.39 (C5H5), 105.01 (C5H5), 40.13 

(NC5H4NMe2), 8.3 (br, BCH2), 1.05 (SiMe2), 1.03 (SiMe2), -1.96 (SiHMe2). 11B NMR 

(methylene chloride-d2, 119.3 MHz, 25 °C): δ -14.7. 15N{1H} NMR (methylene chloride-d2, 

61 MHz, 25 °C): δ -193.8 (NC5H4NMe2), -295.8 (NC5H4NMe2), -317.7 (ZrN). 19F NMR 

(methylene chloride-d2, 564 MHz, 25 °C): δ -133.3 (br, 6 F, ortho-F), -164.4 (t, 3JFF = 20.2 

Hz, 3 F, para-F), -167.7 (d, 3JFF = 21.1 Hz, 6 F, meta-F). 29Si{1H} NMR (methylene 

chloride-d2, 119.3 MHz, 25 °C): δ -4.6 (SiMe2DMAP), -63.9 (d, 1JSiH = 112.3 Hz, SiHMe2). 

8.7b: 1H NMR (methylene chloride-d2, 600 MHz, 25 °C): δ 7.48 (d, 3JHH = 6.8 Hz, 2 H, α-

NC5H4NMe2), 6.53 (d, 3JHH = 6.5 Hz, 2 H, β-NC5H4NMe2), 5.86 (s, 5 H, C5H5), 5.47 (s, 5 H, 
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C5H5), 3.99 (br s, 1 H, ZrH), 3.17 (s, 6 H, NMe2), 1.33 (br d, 2JHH = 14.1 Hz, 2 H, BCH2), 

1.29 (br, 1 H, SiH), 0.39 (br s, 6 H, SiMe and SiHMe2), 0.27 (br s, 3 H, SiHMe2). 13C{1H} 

NMR (methylene chloride-d2, 125 MHz, 25 °C): δ 156.08 (ipso-NC5H4NMe2), 142.47 (α-

NC5H4NMe2), 105.81 (C5H5), 105.21 (C5H5), 40.20 (NC5H4NMe2), 10.5 (br, BCH2), -0.47 

(SiMe2), -1.20 (SiMe2), -1.96 (SiHMe2). 11B NMR (methylene chloride-d2, 119.3 MHz, 25 

°C): δ -14.7. 15N{1H} NMR (methylene chloride-d2, 61 MHz, 25 °C): δ -192.3 

(NC5H4NMe2), -295.8 (NC5H4NMe2), -311.8 (ZrN). 19F NMR (methylene chloride-d2, 564 

MHz, 25 °C): δ -135.3 (d, 3JFF = 22.3 Hz, 6 F, ortho-F), -164.7 (t, 3JFF = 20.2 Hz, 3 F, para-

F), -167.5 (br, 6 F, meta-F). 29Si{1H} NMR (methylene chloride-d2, 119.3 MHz, 25 °C): δ 

11.4 (SiMe2DMAP), -61.1 (d, 1JSiH = 115.0 Hz, SiHMe2). IR (KBr, cm-1): 2959 m br, 1845 m 

vbr (νSiH), 1641 m (νC6F5), 1601 m, 1565 s, 1511 s (νC6F5), 1458 s br (νC6F5), 1403 m, 1309 m, 

1255 m, 1233 m, 1102 s br, 1069 s  br, 1030 m, 972 s, 846 m, 804 s br, 681 m. 

Cp2Zr[N(SiHMe2)SiHMeCH2B(C6F5)3](OPEt3) (8.8). 8.5 and OPEt were allowed to react 

in methylene chloride (2 mL) in a vial to form a yellow solution and the solution was stirred 

for 5 min. The resulting material was then dried under vacuum and washed with pentane (2 × 

5 mL). The volatiles were removed under reduced pressure to give 8.8 as a yellow crystalline 

solid. 1H NMR (methylene chloride-d2, 600 MHz, 25 °C): δ 6.37 (s, 5 H, C5H5), 6.24 (s, 5 H, 

C5H5), 4.09 (m, 1JSiH = 169.4 Hz, 1 H, SiHMe2), 3.82 (m, 1JSiH = 177 Hz, 1 H, SiHMe), 1.98 

(m, 6 H, PCH2), 1.19 (m, 9 H, PCH2CH3), 0.47 (d, 3JHH = 2.8 Hz, 3 H, SiHMe2), 0.37 (br, 2 

H, CH2), 0.27 (d, 3JHH = 3.0 Hz, 3 H, SiHMe2), -0.45 (d, 3JHH = 2.3 Hz, 3 H, SiHMe). 

13C{1H} NMR (methylene chloride-d2, 150 MHz, 25 °C): δ 149.65 (C6F5), 148.05 (C6F5), 

139.17 (C6F5), 137.82 (C6F5), 137.48 (C6F5), 136.26 (C6F5), 115.13 (C5H5), 114.96 (C5H5), 
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18.79 (d, 1JPC = 65.5 Hz, PCH2CH3), 11.57 (br, BCH2), 5.94 (d, 2JPC = 4.7 Hz, PCH2CH3), 

2.79 (SiHMe), 2.06 (SiHMe2), 1.34 (SiHMe2). 11B NMR (methylene chloride-d2, 119.3 MHz, 

25 °C): -14.7. 19F NMR (methylene chloride-d2, 564 MHz, 25 °C): δ -133.5 (br, 6 F, o-F), -

165.9 (t, 3JFF = 19.9 Hz, 3 F, p-F), -168.8 (br, 6 F, m-F). 31P NMR (methylene chloride-d2, 

243 MHz, 25 °C): 101.9. 29Si{1H} NMR (methylene chloride-d2, 119.3 MHz, 25 °C): δ -7.7 

(SiHMe), -26.3 (SiHMe2). IR (KBr, cm-1): 2956 m, 2914 w, 2890 w, 2135 m br (νSiH), 2099 

m br (νSiH), 1641 m (νC6F5), 1511 s (νC6F5), 1457 s br (νC6F5), 1271 m, 1250 m, 1166 m, 1082 

s br, 1016 m, 973 s, 930 s, 861 s, 804 s, 681 m.  
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Supplementary information 

Ortep figure for Cp2Zr[N(SiMe2OiPr)(SiMeOiPrCH2B(C6F5) (8.6). 
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Chapter 9: Lewis base mediated β-hydrogen elimination and Lewis acid mediated 

insertion reactions of disilazido zirconium compounds 

Modified from a paper to be submitted to J. Am. Chem. Soc. 

KaKing Yan, Juan Duchimaza, Arkady Ellern, Mark S. Gordon and Aaron D. Sadow* 

Department of Chemistry and US Department of Energy Ames Laboratory, Iowa State 

University, Ames IA, 50011, USA 

ABSTRACT. The reactivity of a series of cationic disilazido zirconocene complexes is 

dominated by the migration of anionic groups (hydrogen, alkyl, halide, OTf) between the 

zirconium and silicon centers. These migrations are controlled by addition of two-electron 

donors (Lewis bases) and two-electron acceptors (Lewis acids). The cationic non-classical 

[Cp2Zr{N(SiHMe2)2}]+ [9.2]+ is prepared from Cp2Zr{N(SiHMe2)2}H (9.1) and B(C6F5)3, 

while reactions of B(C6F5)3 and zirconium alkyl tetramethyldisilazide Cp2Zr{N(SiHMe2)2}R 

(R = Me (9.6), Et (9.8), n-C3H7 (9.10), CH=CHSiMe3 (9.12)) provide a mixture of [9.2]+ and 

[Cp2Zr{N(SiHMe2)(SiRMe2)}]+. The latter product is formed through B(C6F5)3 abstraction of 

a β-SiH and R group migration from Zr to the b-Si group. The selectivity for the alkyl group 

migration pathway to [Cp2Zr{N(SiHMe2)(SiRMe2)}]+ increases following the trend Me < Et 

< n-C3H7 < CH=CHSiMe3. Related β-SiH group abstraction and X group migration reactions 

are observed for Cp2Zr{N(SiHMe2)2}X (X = Cl (9.19), OTf (9.14), OMe (9.25), Oi-C3H7 

(9.26)). Resonance structures for the proposed intermediates include a transient silylium 

moiety and a cationic alkylzirconocene coordinated by a silanimine, and the latter resonance 

structure suggests parallels to classical migratory insertion reactions. In contrast, addition of 

DMAP to [9.2]+ results in coordination to a Si center and hydrogen migration to zirconium to 
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give the cationic complex [Cp2ZrH{N(SiHMe2)(SiMe2DMAP)}]+. Related hydrogen 

migration occurs from [Cp2Zr{N(SiHMe2)(SiMe2OCHMe2)}]+ to give 

[Cp2ZrH{N(SiMe2DMAP)(SiMe2OCHMe2)}]+, whereas X-group migration is observed upon 

addition of DMAP to [Cp2Zr{N(SiHMe2)(SiMe2X)}]+ (X = Cl, OTf). Addition of B(C6F5)3 

to these cationic [Zr]-X species provides the [Zr]-N(SiHMe2)(SiXMe2) starting material, 

indicating the Lewis base induced X-group and H migrations are reversible upon loss of 

DMAP. The species involved in these transformations are described by resonance structures 

that, by analogy to corresponding hydrocarbyl chemistry, are suggestive of β-hydrogen 

elimination. Notably, such pathways are previously unknown in early-metal amide 

chemistry, which is dominated by formally reductive β-hydrogen abstraction and γ-hydrogen 

abstractions. Finally, these reversible migrations facilitate SiH addition to carbonyls 

(hydrosilylation) through a proposed pathway that previously had been reserved for later 

transition metal compounds.  

 

Introduction 

β-Elimination and its microscopic reverse, 1,2-migratory insertion of an unsaturated 

moiety into a M-R bond (R = H, alkyl), are central to bond forming and breaking processes. 

These reactions are well studied for many metal-ligand pairs; however, the formation of new 

C-E bonds through insertion reactions into M-E bonds (E = halide, OR, NR2) remains a 

major challenge in chemistry. New elementary steps could provide enabling strategies, 

including catalytic methods, for the synthesis of functionalized organic compounds (e.g., 

enantioselective hydration, halogenation) or the selective defunctionalization of organic 

compounds (e.g. for the conversion of biorenewables).  
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When the migrating ligand is hydrogen, β-agostic species are the proposed 

intermediates on this pathway.1 Detailed structural and spectroscopic studies of these 

compounds are suggested to provide a description of the species on the reaction coordinate 

between the alkyl to the olefin. The bonding nature of agostic interactions, the chemical 

interpretations offered to describe the interactions, and the anticipated reactions associated 

with the structures, however, vary with the relative position of a C-H with respect to the 

metal (α, β, etc.), the metal center and its valence, and the other elements present in the 

agostic ligand.2 On one end of the continuum, such 3-center-2-electron (3c-2e) interactions of 

aromatic C-H bonds and electron rich metal centers may be viewed as an arrested C-H bond 

oxidative addition.3 Similarly, β-agostic organometallics containing a low valent metal center 

may be viewed as an intermediate between the metal alkyl and the 2-electron-oxidized 

metallacyclopropane hydride, or the olefin-hydride resonance form, where olefin 

coordination involves 2-electron π-back donation.4 On the other hand, high valent metals 

containing β-agostic C-H bonds are characterized as arrested intermediates on the path to an 

isovalent metal hydride and olefin.4a,5 β-agostic main group alkyls, are at the other end of the 

continuum, and electron-density analysis suggests the metal-CH interaction is mainly 

electrostatic;4a β-hydrogen elimination is least facile in the main group systems. These 

electrostatic agostic structures are not established as intermediates on pathways for insertion 

or elimination. 

Thus, among agostic structures, β-agostic species have a special relationship with the 

pathways involving insertion of unsaturated organics into M-H bonds and β-hydrogen 

elimination. However, strong Lewis acidic metal centers and polarizable E-E' bonds (e.g., E-
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E' = Si-H, Si-C, B-H) are well-known to form side-on interactions.2,6,7,8 For example, the rare 

earth disilazides such as Cp*2LaN(SiHMe2)2 contain a unusual structure characterized by 

obtuse Si-N-Si angle, upfield SiH resonances and low 1JSiH (ca 120 Hz), and low energy νSiH 

bands in the IR spectra (1900 cm-1).9 Bonding may be silimilar in a related 

bis(catacolborane) compound Cp2Ti(η2-HBcat)2 that contains two side-on HBcat ligands.10 

A key question associated with these bridging structures involves their relationship to 

the insertion-elimination reactivity. It has been suggested that rarity of β-eliminations for 

transition-metal amido compounds11 is related to the nature of agostic β-CH structures of 

amide ligands that is distinct in geometry and spectroscopy from the agostic alkyls.12 For 

example, β-agostic amides generally feature long N-C bonds, large (ca. ~120 °) ∠M-N-C 

angles, and short β-C-H distances,11 whereas β-agostic alkyls contain short C-C bonds, acute 

∠M-C-C angles, and elongated β-CH bonds.4b As the microscopic reverse of β-elimination, 

the insertion of olefins into more polar M-X bonds (e.g., M-F, M-Cl, M-OR, M-NR2) are 

vary from unknown to rare.13 Interestingly, a Si-N bond forming reaction was recently 

described in the reaction of [Sc]{N(SiHMe2)2}2 and Ph3C+ that gives 

[Sc]N(SiHMe2)SiMe2N(SiHMe2)2.14 

Here, we present a study of a cationic disilazidozirconium compound 

[Cp2Zr{N(SiHMe2)2}]+ [9.2]+ that possesses extreme spectroscopic and structural features 

attributed to the side-on interaction of two SiH groups with a zirconium center. The analogy 

of the side-on β-Si-H⇀Zr interaction with agostic β-CH organometallic compounds is 

supported by pathways to form [9.2]+ and its reactivity. This cationic disilazidozirconium 

reacts with DMAP to give a zirconium hydride through an apparent β-hydrogen elimination 
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process. Addition of the Lewis acid B(C6F5)3 to Cp2Zr{N(SiHMe2)2}R results in Si-C bond 

formation through an apparent migratory insertion reaction. Furthermore, 

[Cp2ZrN(SiHMe2)2]+ reacts with carbonyls to give the hydrosilylation products; the pathway 

for this reaction is explored through the study of migration chemistry of β-OR, β-OTf, and β-

Cl migration between zirconium and silicon centers (Scheme 9.1). 

 

Scheme 9.1. General scheme illustrating 2-electron donor/acceptor mediated anionic group 

transfer based on resonance structures that depend on the relative charges on zirconium and 

silicon. 

In fact, the reactivity of the β-groups on the disilazido ligand, in response to 2-

electron donors and 2-electron acceptors, provides connections to β-elimination and insertion 

chemistry reminiscent of late transition-metal β-agostic alkyl systems. In addition, these 

compounds react with carbonyls, resulting in hydrosilylation. The mechanism of this 

hydrosilylation is shown to be related to the hydrogen shuttling between Zr and Si centers. 

 

Results  

Synthesis of the neutral precursor of Cp2Zr{N(SiHMe2)2}H.  
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We recently reported the formation of Cp2Zr{N(SiHMe2)2}H (9.1) as a side product 

in the reaction of Cp2Zr{N(SiHMe2)2}OTf and LiN(SiHMe2)t-Bu. Identification of 9.1 in 

that reaction required its independent synthesis,15 which was achieved by reaction of 

Cp2ZrHCl and LiN(SiHMe2)2. We have also briefly communicated its solution-phase 

structure in the context of an unusual γ-abstraction reaction.16 Surprisingly, 

[ZrCl{N(SiHMe2)2}2(µ-Cl)]2 is the only other reported zirconium complex containing the 

N(SiHMe2)2 moiety,17 even though this hydrosilazide ligand is widely used in Group 3 and 

lanthanide chemistry,18 and the related hexamethyldisilazide ligand (N(SiMe3)2) is important 

in transition-metal, lanthanide, and main group chemistry.19 We describe this compound here 

because the spectroscopy associated with the non-classical SiH zirconium interaction 

represents a starting point for comparison to the unique compounds described here. 

The 1H NMR spectrum of 9.1 contained the expected resonances including the ZrH 

(5.60 ppm) and SiH (3.78 ppm, 1JSiH = 161.0 Hz). The slightly upfield silicon hydride 

resonance and moderately low 1JSiH (cf. HN(SiHMe2)2, 1JSiH = 170 Hz) suggest a possible 

side-on Si-H interaction with Zr,20 however, the SiMe2 groups are equivalent in the 1H, 

13C{1H}, and 29Si NMR spectra acquired at room temperature. 

Therefore, 1H NMR spectra of 9.1 in toluene-d8 were recorded from 298 to 191 K. 

The SiH and SiMe resonances broaden to the coalescence point at 210 K. At 191 K, the 1H 

NMR spectrum contains two SiH resonances and two SiMe2 signals. The two SiH resonances 

were assigned as non-classical SiH (2.13 ppm, 1JSiH  = 129.7 Hz) and terminal SiH (4.99 

ppm, 1JSiH  = 179.6 Hz) based on the 1JSiH coupling constants. At 191 K, the 29Si NMR 

spectrum was resolved to show resonances at -23.1 and -62.9 ppm, which were assigned to 

silicon atoms with terminal and bridging hydrogen, respectively, by a 1H-29Si HMBC 
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experiment. A similar upfield 29Si NMR resonance was reported for the non-classical 

Cp2Zr{N(SiHMe2)t-Bu}H (-73.4 ppm),21 while the downfield signal is comparable to 29Si 

NMR resonance of the SiH in Y{N(SiHMe2)2}3(NHC)2 (δ -22.5, 1JSiH  = 172 Hz, NHC = 1,3-

dimethylimidazolin-2-ylidene) which contains short Y-Si distances (Y-Si ~ 3.13 Å; Y-N-Si = 

105.1(3)°) and a low energy νSiH (2041 cm-1).22 Bands at 2047 and 1907 cm-1 in the infrared 

spectrum of 9.1 further indicate a non-classical interaction, and IR also provides support for 

the ZrH (1559 cm-1). 

Interestingly, the reaction of deuterium-labeled Cp2ZrDCl and LiN(SiHMe2)2 

provides an isotopically-scrambled mixture of Cp2Zr{N(SiDMe2)(SiHMe2)}H and 

Cp2Zr{N(SiHMe2)2}D (eq 9.1). 

 

As expected, the deuterium distribution favors its localization in the most tightly bonded 

position based on IR analysis.23 

Synthesis of the cationic [Cp2ZrN(SiHMe2)2]+. 

Cationic [Cp2ZrN(SiHMe2)2]+ ([9.2]+) is synthesized from reactions of 9.1 and 

B(C6F5)3 or [Ph3C][B(C6F5)4] as [HB(C6F5)3]– or [B(C6F5)4]– salts (eq 9.2). The reactions are 

quantitative in bromobenzene-d5 on micromolar scale, but benzene is preferable as solvent in 

preparatory scale reactions for easy separation of [9.2]+ as an insoluble oil. 
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The unusual NMR spectroscopic features of the N(SiHMe2)2 ligand in [9.2]+ are similar in 

both the [HB(C6F5)3]– and [B(C6F5)4]– compounds, and the spectroscopic data here is given 

for the [B(C6F5)4]– salt.24 The SiH in [9.2]+ was characterized by a far upfield 1H NMR signal 

at -0.48 ppm and an unusually low 1JSiH (89.3 Hz). For comparison, the 1H NMR spectrum of 

the isoelectronic rac-Me2Si(2-Me-Benz-Ind)2]YN(SiHMe2)2 contained upfield SiH (2.65 

ppm) and low 1JSiH (133 Hz).9 The spectroscopy of [9.2]+ is consistent with a C2v symmetric 

compound. One 29Si NMR signal was observed at -43 ppm; the 29Si NMR resonance of [9.2]+ 

is upfield of terminal SiH groups in 9.1, but downfield of the nonclassical SiH in 9.1. In the 

IR spectrum of [9.2][B(C6F5)4], two bands are observed at 1738 and 1659 cm-1 may be 

assigned to νSiH. These energies are significantly lower than 2c-2e SiH's in the classical 

[Cp2Zr{N(SiHMe2)2}OPEt3]+ (2122 cm-1, see below) or the neutral mixed classical/non-

classical 9.1 (2047 and 1907  cm-1). 

X-ray quality crystals of [9.2][HB(C6F5)3] are obtained by slow diffusion of pentane 

into a concentrated bromobenzene solution at -30 °C. In the solid state structure, the cationic 

portion [Cp2Zr(N(SiHMe2)2]+ is separated from the [HB(C6F5)3]– anion, and the shortest 

distance in the ion pair is 3.27 Å between an aryl fluoride and one of the silicon centers 

(ΣSiF
VDW = 3.57 Å). The solid state structure contains a significant, almost perfectly 

symmetrical distortion of the N(SiHMe2)2 ligand. The short Zr-Si distances (Zr1-Si1: 

2.8740(8) and Zr1-Si2: 2.8706(7) Å) and the N-Si distances are equivalent within error 

Cp2Zr
H

N SiHMe2

SiMe2H 9.1

B(C6F5)3 or [Ph3C][B(C6F5)4]

benzene or bromobenzene
Cp2Zr N

SiMe2

SiMe2H

H +

[9.2]HB(C6F5)3  89.5%
[9.2]B(C6F5)4    83.4%

(9.2)

r.t., 20 min



	  

 

261	  

(1.661(2) and 1.662(2) Å). For comparison, the Zr-Si distance in an authentic zirconium silyl 

Cp2ZrSiMe3(S2CNEt2) is 2.815(1) Å,25 while the Zr-Si distance in Cp2Zr{η2-N(t-

Bu)SiMe2}PMe3 is 2.654(1) Å.26 The latter distances are ca. 0.05 Å shorter than the Si-N 

distance associated with the terminal SiHMe2 in 9.1 (1.710(2) Å), and ca. 0.02 Å shorter than 

the Si-N distance of 1.863(2) associated with the non-classical β-SiHMe2 group. The ∠Zr-N-

Si angles are small (95.4(1) and 95.3(1)°), and the ∠Si-N-Si angle approaches linearity at 

168.9(2)°. 

Interestingly, the Zr-N distance of 2.193(2) Å is 0.05 Å longer than that in 

Cp2ZrHN(SiHMe2)2. The hydrogen atoms on the SiHMe2 (as well as the HB(C6F5)3 group) 

were located in the Fourier difference map and refined; the Zr-N bond and the two Si-H 

bonds are essentially coplanar, as indicated by the torsion angles Zr1-N1-Si1-H1s (0(1)°), the 

Zr1-N1-Si2-H2s (-3(1)°), and H1s-Si1-Si2-H2s (3(2)°).  

The Zr-H (2.06(3) Å) distances in [9.2]+ are long in comparison to the Zr-H distance 

for the zirconium hydride in 9.1 (1.90(3) Å). Although it is significantly shorter than the Zr-

H(Si) distance of the non-classical SiH in that compound (2.469 Å), while the terminal Si-H 

distance and the non-classical Si-H distance in 9.1 are 1.53(4) and 1.47(4) Å, respectively. 

The observed spectroscopic and structural features provide support for significant non-

classical Zr-N(SiHMe2)2 interactions in the electron-poor metal complex.9,17  

Furthermore, the HB(C6F5)3 counterion has minimal, but tantalizing, impact on the 

distances and angles of the N(SiHMe2)2 ligand. The Zr-H (2.06(3) Å) and Si-H (1.54(4) Å) 

distances of the SiHMe2 with the fluorine-silicon close contact are within 3 e.s.d.s of the 

distances in the other SiHMe2 (2.09(3) and 1.69(3) Å, respectively). 
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Figure 9.1. ORTEP diagram of [Cp2ZrN(SiHMe2)2][HBC6F5)3] [9.2][HB(C6F5)3]. Ellipsoids 

are drawn at 35% probability. The dashed line between Si2 and F12 indicates the shortest 

contact between the cation and anion. Significant interatomic distances (Å): Zr1-N1, 

2.193(2); Zr1-Si1, 2.8740(8); Zr1-H1s, 2.09(3); Si1-H1s, 1.69(3); Zr1-Si2, 2.8706(7); Zr1-

H2s, 2.06(3); Si2-H2s, 1.54(4); N1-Si1, 1.662(2); N1-Si2, 1.661(2). Selected interatomic 

angles (°): Zr1-N1-Si1, 95.4(1); Zr1-N1-Si2, 95.3(1); Si1-N1-Si2, 168.9(1); H1s-Zr1-H2s, 

137(x); Zr1-N1-Si1-H1s, 0(1); Zr1-N1-Si2-H2s, -3(1), H1s-Si1-Si2-H2s. 3(2). 

 

Computational  model of [Cp2Zr{N(SiHMe2)2]+ 

More insight into the relationship between the structural features of [Cp2Zr{N(SiHMe2)2]+ 

and its spectroscopic properties is provided by a computational study. The optimized 

geometry of the cationic portion of [Cp2ZrN(SiHMe2)2]+ shown in Figure 9.2 is in good 

agreement with the coordinates obtained from X-ray crystallographic structure determination. 
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For example, the Zr-Si distances, calculated to be 2.861 Å, match the experimental Zr-Si 

distances. The calculated Zr-N distance of 2.22 Å is slightly longer than the experimental 

value. The bridging hydrogen atoms are of particular interest, and the calculated Zr-H and Si-

H distances are 2.06 and 1.57 Å, respectively. 

 

Figure 9.2. Rendered illustration of MP2-optimized coordinates of [Cp2ZrN(SiHMe2)2]+. 

Hydrogen atoms on methyl and cyclopentadienyl groups are not included in the image. 

The vibrational calculation verified that this structure is a ground state on the potential 

energy surface. Two normal modes are associated with the bridging Zr↼H-Si structure; these 

are symmetric and asymmetric SiH stretching motion at 1800 and 1743 cm-1. These energies 

compare well to the bands in IR spectrum of [9.2]+; furthermore, the motion is parallel to the 

Si-H bond vector rather than along the Zr-H vector. 

Reactions Cp2Zr{N(SiHMe2)2}R with B(C6F5)3. 
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Two pathways could provide [9.2]+ from 9.1 and B(C6F5)3: (A) abstraction of the ZrH 

and (B) β-hydrogen abstraction to give a silylium intermediate followed by ZrH migration. 

Although labeled Cp2Zr{N(SiHMe2)2}D could resolve this issue, attempted synthesis 9.1-d1 

from Cp2ZrDCl and LiN(SiHMe2)2 provides a mixture with Cp2Zr{N(SiHMe2)2-d1}H. Thus, 

SiH/ZrH exchange occurs and labeling cannot distinguish the two pathways.  Alkyl 

disilazido zirconium compounds could provide a means for distinguishing the abstraction 

pathways; furthermore, variation of the alkyl group is a means to control the nucleophilic site 

in the zirconium compound as probed by reactions with B(C6F5)3.  

 

Scheme 9.2. Possible pathways for formation of [9.2]+. (A) ZrH abstraction or (B) SiH 

abstraction followed by intramolecular ZrH abstraction.  

Treatment of zirconium methyl Cp2Zr{N(SiHMe2)2}Me (9.3) with B(C6F5)3  gives 

[9.2][MeB(C6F5)3] as the major product (70%) and [Cp2Zr{N(SiHMe2)(SiMe3)}][HB(C6F5)3] 

([9.4][HB(C6F5)3]) is also formed in 30% yield (eq 9.3).  
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In the reaction mixture, two 11B NMR resonances were observed at -14.2 ppm 

(singlet; major) and -24.8 ppm (1JBH = 81.5 Hz; minor). A 1H-11B HMQC experiment 

contained a crosspeak between the resonance at -14.2 ppm and a broad 1H NMR resonance at 

1.11 ppm (3 H) assigned to a [MeB(C6F5)3] group. Integration of the resonances for [9.2]+ 

and [MeB(C6F5)3] is the basis for assignment of the major product as [9.2][MeB(C6F5)3]. The 

minor product [9.7][HB(C6F5)3], meanwhile, contained a doublet (0.31 ppm, 3JHH = 2.4 Hz, 6 

H) and a singlet 0.27 ppm (9 H) assigned to SiMe2 and SiMe3 groups and a multiplet at 0.64 

ppm (1JSiH = 94.4 Hz) assigned to a non-classical β-Si-H⇀Zr. 

The proposed pathway to the minor product [9.7]+ involves b-hydrogen abstraction 

from the disilazido ligand to give a silylium center followed by ZrMe migration. Based on 

this idea, the reaction of B(C6F5)3 and sterically hindered alkyl groups should be disfavored 

with respect to β-hydrogen abstraction. The compounds Cp2Zr{N(SiHMe2)2}R (R = Et (9.5), 

n-C3H7 (9.7), CH=CHSiMe3 (9.9))  were allowed to react with B(C6F5)3 to give mixtures of 

[Cp2Zr{N(SiHMe2)(SiRMe2)]+ (R = Et (9.6), n-C3H7 (9.8), CH=CHSiMe3 (9.10)) and [9.2]+ 

(Scheme 9.3). Importantly, the ratio of [Cp2Zr{N(SiHMe2)(SiRMe2)]+ to [9.2]+ increases 

following the trend Me < Et < n-C3H7 < CH=CHSiMe3. 
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Scheme 9.3. Competition between [Zr]R abstraction and β-hydrogen abstraction in reactions 

of mixed alkyl disilazido zirconium compounds and B(C6F5)3. 

Although [9.4]+, [9.6]+, [9.8]+, and [9.10]+ could not be separated from the side 

product [9.2]+, the assignments of Si-C bond formation are unambiguously supported by 1H-

29Si HMBC and COSY experiments. For example in compound [9.10]+, a crosspeak is 

detected between the 29Si NMR signal at -12.9 ppm and the 1H NMR vinylic signals at 6.43 

and 6.75 ppm. 

Interestingly, B(C6F5)3 reacts with the ethyl, n-propyl, and trimethylsilylvinyl 

zirconium compounds to give [HB(C6F5)3]– as the only counterion in the reaction mixture. 

Meanwhile, the corresponding byproducts ethylene, propylene, and trimethylacetylene are 

formed. Thus, β-hydrogen abstraction (as part of either SiH or CH groups) is favored with 

respect to alkyl group abstraction.27 Previously, we observed a concentration dependence on 

β-hydrogen abstraction vs alkyl group abstraction in reactions of ZnR2 and bis(4,4-dimethyl-

2-oxazolinyl)phenyl borane.28 However, in the current system carbon-boron bond formation 

was below 1H and 11B NMR detection limits, and the product ratios were similar in reaction 

performed at concentrations from 2.4 mM to 9.6 mM. 
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Reactions Cp2Zr{N(SiHMe2)2}X with B(C6F5)3. 

Zirconium alkyls, and likely a zirconium hydride, migrate to the β-silicon center. 

Therefore, we were interested to study the migration of other anionic groups, such as OR, Cl 

and OTf.  

The compounds Cp2Zr{N(SiHMe2)2}X (X = OTf (9.11), Cl (9.13), OMe (9.15), 

OCHMe2 (9.16)) react with B(C6F5)3 or [Ph3C][B(C6F5)4] in benzene to give 

[Cp2ZrN(SiHMe2)(SiMe2-µ-X)]+ (X = OTf [9.12]+, Cl [9.14]+, OMe [9.17]+, OCHMe2 

[9.18]+) (Scheme 9.4). 

 

Scheme 9.4. β-Hydrogen abstraction reactions of zirconium disilazido triflate, chloride, and 

alkoxide compounds. 
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In all cases, hydrogen abstraction is supported by formation of  [HB(C6F5)3]– (11B 

NMR: -24.8, 1JBH = 87.1 Hz) or Ph3CH. The series of products [9.12]+, [9.14]+, [9.17]+ and 

[9.18]+ contain similar spectroscopic features for the N(SiHMe2)(SiXMe2) ligand. The 

cationic [Cp2ZrN(SiHMe2)(SiMe2X)]+ is Cs symmetric, as two SiMe2 and one C5H5  

resonance were observed in the 1H NMR spectrum. All the compounds feature upfield-

shifted 1H NMR resonances for the β-SiH, extremely low 1JSiH values, and 29Si NMR 

resonances for the β-SiH ranging from -26 to -32 ppm (Table 9.1). These assignments are 

supported by 1H-29Si HMBC experiments. 

Table 9.1. 1H and 29Si NMR data of cationic β-SiH containing zirconium silazide. 

Compounda  δ SiH 1JSiH (Hz) δ SiHMe2 δ SiMe2X 

[Cp2ZrN(SiHMe2)2][HB(C6F5)3] 

[9.2][HB(CF5)3] 

-0.44 107 -42.7 n.a. 

[Cp2ZrN(SiHMe2)2][B(C6F5)4] 

[9.2][B(C6F5)4] 

-0.48 89 -43.7 n.a. 

[Cp2ZrN(SiHMe2)(SiMe3)]+ [9.4]+ 0.64 94 8.2 -0.2 

[Cp2ZrN(SiHMe2)(SiMe2Et)]+ [9.6]+ 0.5 94 7.4 5.6 

[Cp2ZrN(SiHMe2)(SiMe2-C3H7)]+ [9.8]+ 0.46 87 5.2 6.0 

[Cp2ZrN(SiHMe2)(SiMe2-CHCHSiMe3)]+ 

[9.10]+ 

0.56 89 -11.5 -5.2 

[Cp2ZrN(SiHMe2)(SiMe2-µ-κ2-

OTf)][HB(C6F5)3] [9.12][HB(C6F5)3] 

0.22 107 -25.9 21.4 

[9.12][B(C6F5)4] 0.18 99 -25.2 21.4 
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[Cp2ZrN(SiHMe2)(SiMe2-µ-Cl)]+ [9.14]+ 0.65 89 -32.5 29.6 

Cp2ZrN(SiHMe2)(SiMe2-µ-OMe)]+ 

[9.17]+ 

0.34 96 -29.7 20.4 

Cp2ZrN(SiHMe2)(SiMe2-µ-OCHMe2)]+ 

[9.18]+ 

0.41 94 -33.0 13.2 

[Cp2Zr{N(SiHMe2)(SiMe2-DMAP)}H]+ 

[9.19]+  

0.95 118b -63.6 -0.6 

[Cp2Zr{N(SiHMe2)(SiMe2-DMAP)}Cl]+ 

[9.20]+ 

3.04 155 -34.2 5.7 

[Cp2Zr{N(SiHMe2)(SiMe2py)}OTf]+ 

[9.25]+ 

1.27 115 -24.0 14.4 

[Cp2Zr{N(SiHMe2)(SiMe2-

DMAP)}OTf]+ [9.26]+ 

1.37 115 -26.6 7.7 

[Cp2Zr{N(SiHMe2)(SiMe2-OPEt3)}OTf]+ 

[9.27]+ 

1.35 115 -29.1 2.4 

     aAll compounds are [HB(C6F5)3] salts unless otherwise noted. bAcquired at -88 °C. 

The upfield SiH chemical shifts and 1JSiH values for both salts of [9.12]+ provide 

support for the non-classical structure. The 29Si NMR resonances at 21.4 ppm (SiMe2OTf) 

and -25.9 ppm (SiHMe2) were assigned by 1H-29Si HMBC experiments. For comparison, the 

Me3SiOTf 29Si NMR chemical shift is +43.5 ppm and the Me2(Et2N)2SiOTf 29Si NMR 

chemical shift is -19.29 
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X-ray quality crystals of [9.12][HB(C6F5)3] were obtained from a concentrated 

bromobenzene solution layered with pentane cooled to -30 °C. A single crystal X-ray 

diffraction study shows the OTf– is bridging between Zr and a β-Si center (Figure 9.3). In 

addition, there is a short Zr1-Si2 distance of 2.89 Å, respectively. The Zr1-H1g distance (of 

the nonclassical SiH) of 2.20(3) Å is in between the related distances in neutral 9.1 and 

cationic 9.2. However, [9.12]+ does not display the other unusual structural features of [9.2]+, 

namely the Si1-N1-Si2 angle is normal (127.7(2)°) and the Zr1-Si1 distance is long (3.59 

Å). Thus, the features of the Zr↼H-Si structure are in between those of neutral 9.1 and [9.2]+. 

 

Figure 9.3. ORTEP diagram of [Cp2ZrN(SiHMe2)(SiMe2-µ-κ2-OTf)][HB(C6F5)3] 

([9.12][HB(C6F5)3]). The cationic portion of the structure is illustrated, and only the bridging 

hydrogen atom is plotted. All other hydrogen atoms, the HB(C6F5)3 counterion, and a 

disordered C6H5Br molecule are not included for clarity. 
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In addition, the Zr1-O10 distance of 2.313(2) Å is slightly longer than the Zr-OTf 

distance in [Cp2Zr(κ1-OTf)(µ-H)]2 (2.205(2) Å).30 The Si1-O1 distance of 1.788(2) Å is 

within the sum of covalent radii.31 These distances, the 29Si NMR chemical shift of the SiOTf 

center, and the short Zr-H and Zr-Si distances argue for greater positive charge localization 

on Zr rather than on the Si center. 

Similarly, reaction of Cp2Zr{N(SiHMe2)2}Cl and B(C6F5)3 gives 

[Cp2ZrN(SiHMe2)(SiMe2-µ-Cl)]+ ([9.14][HB(C6F5)3]) via β-hydrogen abstraction. The 29Si 

NMR chemical shift for the SiMe2Cl moiety is 29.6 ppm; for comparison the value for 

Me3SiCl is 30.2 ppm,32 and the value for Me2NSiMe2Cl is 13.9 ppm.33 

Finally, reactions of 9.1 and paraformaldehyde or acetone provide the alkoxide 

(disilazido)zirconium compounds Cp2Zr{N(SiHMe2)2}OR (R = Me (9.15); CHMe2 (9.16)). 

Notably, reactions of 9.1 and excess ketone or aldehyde do not involve insertion into Si-H 

bonds in the N(SiHMe2)2 group under these conditions. The bonding of the N(SiHMe2)2 

group in neutral Cp2Zr{N(SiHMe2)2}OR is classical, as evidenced by downfield SiH 

chemical shifts (δ 4.71 and 4.77), high SiH coupling constants (1JSiH = 180 and 182 Hz), and 

high energy νSiH bands (9.15: 2078 cm-1; 9.16: 2113 and 2051 cm-1). The structure is further 

supported by a single crystal X-ray diffraction study of 9.16.34 The ∠Zr1-N1-Si1 and ∠Zr1-

N1-Si2 angles are 121.4(1) and 122.2(1)°, respectively; the Zr1-Si1 and Zr1-Si2 distances 

are 3.37 Å and 3.38 Å. In addition, the Zr1-O1 distance is 1.937(2) Å while the O1-Si1 

distance is 3.35 Å.  

The reactions of methoxyzirconium 9.15 and B(C6F5)3 or [Ph3C][B(C6F5)4] provide 

[Cp2ZrN(SiHMe2)(SiMe2-µ-OMe)]+ [9.17]+. Likewise, the reactions of isopropoxyzirconium 
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9.16 and B(C6F5)3 or [Ph3C][B(C6F5)4] yield [9.18]+ (Scheme 9.4). Compounds [9.17]+ and 

[9.18]+, remarkably, also feature spectroscopic features associated with nonclassical Zr-H-Si 

structures. This, perhaps, is most notable because the neutral precursors 9.15 and 9.16 

contain only 2c-2e SiH moieties. Abstraction of a β-hydrogen and formation of a Zr-O-Si 

bridging interaction might be expected to geometrically limit possible Zr-H-Si interactions. 

Instead, the structure of [Cp2ZrN(SiMe2OCHMe2)2]+ suggests that the N(SiMe2OCHMe2) 

moiety is best described as a β-silylether, and this permits a long Zr-O distance (see below).  

Overall, the addition of Lewis acids to Cp2Zr{N(SiHMe2)2}X-type compounds results in β-

hydrogen abstraction and Si-X bond formation, accompanied by the formation of 

nonclassical Zr↼H-Si structures.  

 

Reactions with Lewis bases. Hydride migration. 

Interestingly, the cationic disilazide compounds [9.2]+ reacts with 4-

dimethylaminopyridine (DMAP) to give [Cp2ZrH{N(SiHMe2)(SiMe2DMAP)}]+ ([9.19]+; X 

= HB(C6F5)3, B(C6F5)4) (eq 9.4); the product contains only one β-Si-H⇀Zr and a new 

zirconium hydride. 

 

A 1H NMR spectrum acquired at room temperature in methylene chloride-d2 was 

slightly broad but the SiMe2 groups (0.51 and 0.21 ppm), ZrH (4.43 ppm), SiH (1.27 ppm), 

and aromatic (pyridine) CH resonances (7.93 and 6.78 ppm) were readily assigned. The 
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resonances assigned to the C5H5 (5.81 ppm) and NMe2 (3.21 ppm) were sharp (all 

assignments are supported by COSY experiments, chemical shift, and integration). However, 

we were unable to detect 29Si NMR resonances at room temperature using 29Si INEPT 

experiments. 

The low temperature NMR spectra of [9.19]+ were sharper and better resolved. At 

185 K, two 29Si resonances were observed at -0.5 and -63.6 ppm. Only the signal at -63.6 

ppm (1JSiH = 118 Hz) was observed in a 29Si INEPT experiment optimized for JSiH = 120 Hz, 

and the signal at -0.5 ppm was only detected in a 29Si INEPT experiment optimized for long 

range proton coupling (JSiH = 7 Hz). In a 1H-29Si HMBC experiment optimized for long range 

1H-29Si coupling (JSiH = 7 Hz) shown in Figure 9.2, the -63.6 ppm 29Si resonance was 

correlated with a 1H NMR signal at 0.21 ppm assigned to a SiMe2. In that experiment, 

crosspeaks from the 29Si signal at -0.5 were correlated to a second SiMe2 (0.51 ppm), the 

signal at 3.95 ppm (1 H) assigned to the ZrH, and the aromatic resonances assigned to 

DMAP (7.93 ppm). The correlations between the silicon atom and the aromatic signals 

provide convincing evidence that DMAP is coordinated to silicon rather than zirconium. 

Further evidence for Si-N bond formation is the 1H-15N HMBC experiments that showed a 

correlation between the pyridine nitrogen and the SiMe2 at 0.51 ppm. We assign the 1H NMR 

signal at 3.95 to a zirconium hydride based on a correlation in a COSY experiment between 

that signal and the resonance at 0.95 ppm assigned to a β-Si-H⇀Zr. The extent of interaction 

between the ZrH and the silicon center in the SiMe2DMAP group is considerably less than in 

[9.2]+ (1JSiH = 89 Hz). The chemical shift of 3.95 ppm is upfield relative to the signal for the 

zirconium hydride in 9.1 (5.60 ppm). However, zirconium hydrides have been assigned to 

signals at 3.12-3.61 ppm in Cp2Zr(H)NH2BH3.35 Although spectra were obtained for [9.19]+ 
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in methylene chloride-d2, after solutions are heated to 120 °C for 45 min in that solvent, a 

reaction occurs to provide [Cp2Zr{N(SiMe2DMAP)(SiHMe2)}Cl]+ ([9.20]+). The identity of 

[9.20]+ is supported by its independent synthesis (see below). 

 

Figure 9.2. 1H-29Si HMBC experiment on Cp2Zr{N(SiHMe2)(SiMe2DMAP)}[HB(C6F5)3] 

[9.19][HB(C6F5)3] in methylene chloride-d2 optimized for JSiH = 7 Hz and acquired at 185 K. 

The experiment is optimized for long-range bonding, so there is no crosspeak for the SiH; the 

crosspeak between ZrH and SiMe2DMAP shows small scalar coupling. 

The broad, room temperature 1H NMR spectrum for compound [9.3]+ suggests a fast 

exchange process involving the silyl groups, the zirconium hydride and DMAP. In an EXSY 

experiment performed at room temperature, a crosspeak between the SiMe2 and SiHMe2 

groups and a crosspeak between ZrH and SiH showed exchange involving hydrogen transfer 
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between Zr and both silicon centers. However, this fast exchange process significantly slows 

down at low temperature. 

In contrast, reactions of [9.2]+ and triethylphosphine oxide afford 

[Cp2Zr{N(SiHMe2)2}OPEt3]+ ([9.21]+, eq 9.5). 

 

The structure of [9.21]+ is readily distinguished from the DMAP adduct [9.19]+ by 

NMR spectroscopy. In the 1H NMR spectrum of [9.21]+, a single resonance assigned to 

equivalent SiMe groups was observed at 0.11 ppm (3JHH = 4.2 Hz; 12 H), and a signal at 4.09 

ppm (1JSiH 181.8 Hz; 2 H) was assigned as a SiH based on its correlation to the SiMe2 signal 

in a COSY experiment. The typical chemical shift and 1JSiH value suggests that [9.21]+ 

contains terminal silicon hydride groups. A single 29Si NMR signal was detected at -19.2 

ppm. In addition, compound [9.19]+ and OPEt3 react to give [9.21]+ and free DMAP, while 

starting materials are observed in the reaction of [9.21]+ and DMAP.  

 Based on the interesting results in reactions of [9.2]+ with two electron donors, we 

also examined reactions of [9.18]+ with coordinating ligands. The reaction of [9.18]+ with 

DMAP in CH2Cl2 forms [Cp2ZrH{N(SiMe2OCHMe2)(SiMe2DMAP)}]+ (9.22; Scheme 9.5). 
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Scheme 9.5. Reversible hydrogen migration between Zr and Si is controlled by the addition 

or removal of a two-electron donor. 

In contrast to the NMR spectroscopy of [9.3]+
, the 1H, 13C and 29Si NMR spectra of 

[9.22]+ were sharp at room temperature. The 1H NMR resonances of the ZrH, SiMe2DMAP 

and SiMe2OCHMe2 of [9.27][HB(C6F5)3] were observed at 4.44 (1 H), 0.39 (6 H) and -0.06 

ppm (6 H), respectively. Coordination of DMAP to the silicon center was supported by 

crosspeaks between the 1H NMR signals of DMAP and a SiMe2 group in a COSY 

experiment. In contrast, the ZrH signal at 4.44 ppm did not show any correlation to either 

SiMe2 signal in COSY experiments. Two 29Si NMR resonances were detected at 16.6 and -

11.0 ppm with INEPT experiments. 1H-29Si HMBC experiments (optimized for JSiH = 7 Hz) 

contained crosspeaks between the 29Si signal at 16.6 ppm and the resonances assigned to one 

SiMe2, the OCHMe2 and the ZrH; the upfield 29Si resonance (-11.0 ppm) was correlated to 

the other SiMe2, the ZrH and the α-CH protons of the DMAP. The latter crosspeak supports 

the structural assignment involving a DMAP-silicon interaction. Moreover, the long-range 

correlations between the Zr-H proton and both Si atoms (SiMe2DMAP and SiMe2OCHMe2) 

in the 1H-29Si HMBC experiment provides support for a Zr-H that is formed via DMAP-

induced hydrogen elimination. 
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Interestingly, this migration is reversible. Addition of B(C6F5)3 to a methylene 

chloride solution of [9.22][HB(C6F5)3] provides [9.18][HB(C6F5)3] and (DMAP)B(C6F5)3.  

Furthermore, compound [9.22]+ reacts similarly to related zirconium hydride 9.1, as 

well as Cp2Zr{N(SiMe3)2}H, by undergoing γ-hydrogen abstraction.15,36 Thus, thermolysis of 

[9.22]+ in a sealed glass tube at 140 °C for 4 h affords H2 and  [Cp2ZrN(SiMe-

2OCHMe2)SiMe(DMAP)CH2]+ ([9.23]+; eq 9.6).  

 

The 1H NMR spectrum of [9.23]+ contained signals assigned to a diastereotopic 

isopropyl group (1.32 ppm, 3JHH = 6.1 Hz; 1.29 ppm, 3JHH = 6.1 Hz) and a diastereotopic 

ZrCH2 (1.14 ppm, 2JHH = 13.4 Hz; 0.95 ppm, 2JHH = 13.3 Hz), as well as three SiMe signals 

(0.44, 0.17, and 0.14 ppm). 1H-29Si HMBC experiment revealed correlations from the chiral 

Si center to the aromatic α-CH proton of DMAP and the diastereotopic CH2, which 

unambiguously confirms the connectivity between ZrCH2Si and DMAP. 

As in the reaction of [9.2]+ and OPEt3, phosphine oxide coordinates to the zirconium 

center in [9.18]+ to give [Cp2Zr{N(SiHMe2)(SiMe2OCHMe2)}OPEt3]+ ([9.24]+; eq 9.7). The 

NMR spectroscopy of [9.24]+, particularly the SiH (d 4.04, 1JSiH = 187 Hz) distinguishes its 

connectivity from the silicon-coordinated DMAP [9.22]+. 
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In a COSY experiment, the 1H NMR resonance at 0.12 ppm (6 H) assigned to the 

SiMe2 correlated with the SiH resonance at 4.04 ppm. Two 29Si resonances were detected in 

29Si INEPT and 1H-29Si HMBC experiments at -5.1 and -21.9 ppm. In the latter experiments, 

crosspeaks between the 29Si resonance at -5.1 ppm and the methine proton (3.74 ppm) of the 

OCHMe2 group and OSiMe2 protons (0.06 ppm, 6 H) provided evidence for Si-O-C linkage 

in the SiOCHMe2 moiety. 

 

Halide and pseudo halide migration 

Reactions of [9.12]+ with DMAP, pyridine or OPEt3 result migration of OTf– to zirconium to 

provide the series of compounds [Cp2Zr{N(SiHMe2)(SiMe2L}OTf]+ (L = py ([9.25]+), 

DMAP ([9.26]+); OPEt3 ([9.27]+), eq 9.8).  

 

The 1H NMR spectra of [9.25]+, [9.26]+, and [9.27]+ contain resonances in the region 

1.27-1.37 ppm assigned to SiH groups; the upfield chemical shift and the 1JSiH values of 115 
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Hz establish the nonclassical Zr-H-Si structures. 1H-29Si HMBC experiments revealed two 

silicon signals for [9.16]+-[9.18]+; correlations between the further downfield signals and 

aromatic resonances of pyridine and DMAP established Si-L bond formation. These 

correlations are not available for OPEt3, and in that case we relied on the similarity in other 

spectral features of [9.27]+ with [9.25]+ and [9.26]+. The upfield 29Si NMR resonances 

correlated in 1H-29Si HMBC experiments to the upfield 1H NMR peaks assigned to the SiH in 

[9.16]+-[9.18]+. The 19F NMR chemical shifts of the signals assigned to OTf– for compounds 

[9.25]+-[9.27] varied only 0.3 ppm from -78.5 to -78.8 ppm, whereas the signal for bridging 

OTf– in [9.12]+ appears at -75.0 ppm. The monodentate OTf– in 9.11 is -78.2 ppm. Thus, of 

three possible outcomes that include coordination to zirconium, coordination to silicon with 

hydrogen migration, and coordination to silicon with OTf– migration, the observed products 

are consistent with the last pathway. 

Likewise, reaction of [9.14]+ and DMAP gives 

Cp2Zr{N(SiHMe2)(SiMe2DMAP)}Cl]+ ([9.20]+). Interestingly, [9.20]+ is also prepared 

quantitatively through the thermolysis of [9.19]+ in methylene chloride.  Similarly, reaction 

of [9.19]+ and MeOTf gives [9.26]+ and methane. 

 

Synthesis of cationic [Cp2ZrN(SiMe2OR)2]+. 

The implications of the nonclassical structure of [9.2]+ on reactivity was further 

explored with carbonyl reagents. Compound [9.2]+ and 2 equiv of paraformaldehyde react at 

80 °C in bromobenzene to yield [Cp2ZrN(SiMe2OMe)2]+ ([9.28]+) (eq 9.9). 
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In the 1H NMR spectrum of [9.28]+, a resonance at 2.99 ppm (3 H) in the 1H NMR 

spectrum is characteristic of a methoxy group. A single 29Si NMR signal at 9.6 ppm was 

observed that is >50 ppm further downfield than the corresponding resonance at -43 ppm in 

the starting material [9.2]+. The formation of a SiOMe group was unambiguously supported 

by a 1H-29Si HMBC experiment that contained a crosspeak between the methoxy group and 

the silicon center. The methoxy group, however, is likely bridging silicon and zirconium, as 

shown below in the structure of [Cp2ZrN(SiMe2OCHMe2)2]+. 

The preparation of [9.28]+ requires elevated temperature to dissolve and 

depolymerize paraformaldehyde. In contrast, the reaction of [9.2]+ and 2 equiv of acetone 

occurs within 10 min at room temperature in bromobenzene or methylene chloride to give 

[Cp2ZrN(SiMe2OCHMe2)2]+ ([9.29]+) (Scheme 9.6). 
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Scheme 9.6. Hydrosilylation of [9.2]+ with acetone, followed by slower hydroboration of 

acetone with HB(C6F5)3
–. 

The 1H NMR spectrum of [9.29]+ contained a multiplet at 4.14 ppm (2 H) and a 

doublet at 1.51 ppm (3JHH = 6.5 Hz, 12 H) that are characteristic of the isopropoxy group. 

One 29Si resonance was detected by 29Si INEPT experiments at 5.2 ppm, and this signal 

correlated to 1H NMR signals of the SiMe2 (12 H) and the OCHMe2 in 1H-29Si HMBC 

experiments. Thus, the spectroscopy unambiguously identified the SiOCHMe2 moiety.  

X-ray quality crystals of [9.29][HB(C6F5)3] are obtained from a concentrated 

methylene chloride solution cooled to -30 °C. Hydrosilylation of the acetone is confirmed, 

and the resulting isopropoxy groups bridge between the silicon and zirconium centers. The 

Zr1-O1 and Zr1-O2 distances of 2.385(4) and 2.333(3) Å are similar to other distances in 

three-coordinated oxygen centers bonded to silicon and zirconium where the O center is 

unambiguously described as an L-type ligand,37 such as {(C6H11NSiMe2)2O}Zr(CH2Ph)2 
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which feature a Zr-O distance of 2.381(2) Å.38 The Si1-O1 and Si2-O2 distances of 1.711(4) 

and 1.699(4) are slightly longer than the distances in that compound. For comparison, the Zr-

O distance in neutral Cp2Zr{N(SiHMe2)2}OCHMe2 (9.16) is 1.937(2) Å,32 while the Zr-O 

and Si-O distances in Cp2Zr(OSiMe2CH2Cl)Cl are and 1.943(3) and 1.609(3) Å, 

respectively.39 Based on these structural comparisons, [9.22]+ is probably best described as a 

N(SiMe2OCHMe2)2 tridentate L2X-type ligand coordinated to the Zr center through an amide 

and two silyl ether groups. 

 

Figure 9.3. ORTEP diagram of the cationic portion of [9.22]+ with ellipsoids plotted at 50% 

probability. The HB(C6F5)3 and a CH2Cl2 solvent molecule are not illustrated. The hydrogen 

on the C5H5 and methyl groups are not shown for clarity. Significant interatomic distances 

(Å): Zr1-N1, 2.121(4); Zr1-O1, 2.385(4); Zr1-O2, 2.333(3); N1-Si1, 1.642(4); N1-Si2, 

1.712(4); Si1-O1, 1.711(4); Si2-O2, 1.699(4). Selected interatomic angles (°): Zr1-N1-Si1, 

Zr1

O1

C8

Si1

Si2O2

N1
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108.5(2); Zr1-N1-Si2, 104.88(19); Si1-N1-Si2, 146.6(2); O1-Zr1-O2, 130.65(12); Zr1-N1-

Si1-O1, -1.4(2); Zr1-N1-Si2-O2, -2.3(2), O1-Si1-Si2-O2. -4.0(2). 

Addition of excess acetone (> 3 equiv) to [9.2][HB(C6F5)3] yields 

[Cp2ZrN(SiMe2OCHMe2)2][(Me2HCOB(C6F5)3] ([9.29][Me2HCOB(C6F5)3]) over 2 h 

(Scheme 9.6). The formation of [9.22][HB(C6F5)3] as an intermediate occurs within 5 min, 

followed by slow conversion of [HB(C6F5)3] into [Me2HCOB(C6F5)3]–. The 1H NMR 

spectrum of [9.29][Me2HCOB(C6F5)3] contained two sets of isopropoxy resonances in a 2:1 

ratio assigned to the Me2HCOSi (1.51 ppm, 3JHH = 6.5 Hz;  4.14 ppm) and the Me2HCOB 

(0.88 ppm, 3JHH = 5.9 Hz; 3.60 ppm). Furthermore, the resonance in the 11B NMR spectrum 

at -3.4 is characteristic of formation of an alkoxyborate moiety.40 Interestingly, the rate of 

insertion to non-classical SiH group (10 min) is much faster than B-H bond (2 h). 

Furthermore, conversion of [HB(C6F5)3] in [9.29]+ into the [Me2HCOB(C6F5)3] anion is not 

detected in the absence of excess acetone.  

 

Discussion 

9.1. Migrations from Zr to Si  

The migration of an anionic group (H, alkyl, halide, triflate, alkoxide) from zirconium 

to a β-silicon center can be described as an X-group abstraction by a transient cationic β-

silylium electrophile generated by hydrogen abstraction of a β-hydrogen by a Lewis acid. 

This description is based on a resonance structure of the transient where charge is localized 

on silicon center (Scheme 9.7, structure I.A.). Additionally, silylium cations are known as 

strong Lewis acids in hydride and halide abstractions.41  
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An alternative resonance structure of the cationic transient shows localization of 

charge on the electropositive Zr center, in which case the intermediate is described as a 

cationic zirconium-coordinated silanimine complex (Scheme 9.7, I.B.). Notably, reactions of 

β-SiH containing alkyl moieties MC(SiHMe2)3 and B(C6F5)3 produce M-H-B(C6F5)3 and 

disilacyclobutane (Scheme 9.7, II.).42 The latter species is postulated to form via 2π+2π 

cyclodimerization of the silene intermediate that forms upon β-hydrogen abstraction. 

Likewise, reactions of M-N(SiHMe2)2 and B(C6F5)3 afford M-H-B(C6F5)3 and 

diazadisilacyclobutane, where the reactive silanimine undergoes 2π+2π cyclodimerization.43 

Furthermore, abstraction of a β-hydrogen from an alkyl ligand in Cp2Zr{N(SiHMe2)2}R 

provides the olefin, as noted above. The intermediacy of a coordinated Me2Si=NSiHMe2 in 

the present system is thus supported by the selective dimerization observed in the absence of 

a reactive M-X group. 
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Scheme 9.7. Comparisons between (I) borane-induced X-group migration through a 

silanimine, (II) β-hydrogen abstraction to generate transient R'N=SiR2 or 

Me2Si=C(SiHMe2)2, and  (III) insertion of an olefin into a M-C bond. 

In addition, both 1,1-insertions and 1,2-insertions are better described as migrations 

of a X-type ligand to an electrophilic, metal-coordinated carbon center (Scheme 9.7, III.), as 

evidenced by stereochemical studies of insertion reactions.44,45 Thus, formation of Si-X 

bonds from the polarized silanimine/silylium in [Cp2Zr{N(SiMe2)(SiHMe2)}]+ is best 

understood with both resonance structures that highlight polarization of unsaturated moieties 

as an important component of insertion reactions. 

The influence of the alkyl group R on reactions of Cp2Zr{N(SiHMe2)2}R and Lewis 

acids provides data to compare the interpretation of abstraction. In these reactions, four 
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pathways may be postulated based on structures of the products: a) alkyl group abstraction by 

the Lewis acid; b) β-hydrogen abstraction from the alkyl group; c) β-hydrogen abstraction 

from the disilazido group followed by β-hydrogen abstraction by the transient silylium 

electrophile; and d) β-hydrogen abstraction from the disilazido group followed by alkyl 

group migration (Scheme 9.8). 

 

Scheme 9.8. Possible reaction pathways in the reactions of Cp2Zr{N(SiHMe2)2}R and 

B(C6F5)3. 

With larger R groups (e.g., n-C3H7) the pathway that provides Si-C bond formation 

(alkyl migration) is the most favored, and alkyl group abstraction products (pathway a) are 

not detected. β-CH abstraction (pathways b and c) as a minor pathway is evident by the 

formation of [9.2]+ and the corresponding olefin. It is important that alkyl group migration is 

favored over β-CH abstraction. The dominance of alkyl migration suggests that the 

silanimine resonance structure is a more important contributor than the silylium structure in 

Scheme 9.8; the latter would be expected to react by β-hydrogen abstraction because the 

well-defined Lewis acid B(C6F5)3 reacts by β-hydrogen abstraction in this system.26  
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Related X-group migration was also observed for chloride, triflate, methoxide, and 

isopropoxide. In the final products, bridging Zr-X-Si structures are obtained. In these 

bridging compounds, the X group on X-SiMe2 behaves as a L-type, two-electron donor to the 

electron-deficient Zr center.  This assignment is supported by 29Si NMR spectroscopy and X-

ray diffraction studies of [9.22]+.  

In addition, a recent report documents a related N(SiHMe2)2 migration from a 

scandium center to a β-Si upon addition of a Lewis acid, and a similar sequential hydrogen 

abstraction/silazide migration sequence was proposed.8 These similarities indicate that the 

reactivity pattern described in the current contribution is not simply limited to the Cp2Zr-

system. 

 

9.2. Migrations from Si to Zr 

The entry-points to the Si-to-Zr migration chemistry in all cases are bridging Si-X-Zr 

structures. DMAP induces migration of a monovalent group from silicon to the zirconium 

center. The migrating group may be hydrogen, alkoxide, chloride, or triflate. In the systems 

where both β-H and β-X (X = Cl, OTf) are present, migration of X rather than H is observed, 

whereas competition between β-H and β-OR results in hydrogen migration. Other 

nucleophilic ligands coordinate, such as OPEt3 and pyridine, and the binding site varies 

between Si and Zr depending on the identity of the migrating X group. There are similarities 

in these donor-assisted migrations to β-elimination as well as to Lewis base-induced cleavage 

reactions. The comparison between β-elimination versus Lewis acid/base chemistry is 

evaluated through analogies to main group and transition-metal chemistry and through 

analysis of the microscopic reverse reaction. 
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A related Lewis-base induced hydride transfer is reported for the reaction of 

symmetrical hydrogen-bridged, cationic disilyl [(µ-H)(Me2Si(CH2)3SiMe2]+ and acetonitrile 

that gives [(Me2HSi(CH2)3SiMe2(NCMe)]+.46  

In contrast to the [Si-H-Si]+ system, the atoms in the bridging Zr↼H-Si moieties are 

inequivalent. In these structures, a coordinating ligand may interact with the zirconium center 

or the silicon center and disrupt the M-H-Si interaction. These bridging structures, and their 

interactions with ligands, may be compared to bona fide M-H-LA adducts (LA = Lewis 

acid). In that case as a typical example, THF or pyridine binds to metal center rather than the 

LA center.47  

It should also be noted that the nucleophilicity of a hydrosilane is proposed to be 

enhanced by coordination of a Lewis base such as F–, for example, to facilitate the 

hydrosilylation of a carbonyl compound.48 

Alternatively, rare earth metal tetraalkylaluminate adducts react with pyridine to form 

metal alkyls.49,50 Although aluminum-pyridine adducts are formed in these reactions, both a 

[M]-Me bond and an [Al]-Me bond are broken during the transformation; in addition, both 

bridging methyl groups are engaged in electron-deficient bonding, and therefore elimination 

gives saturated products (as opposed to unsaturated products). While [Cp2ZrMe2AlMe2]+ are 

proposed to dissociate AlMe3 to generate active [Cp2ZrMe]+ catalytic species, the only 

donors present in such polymerizations are olefins.51 Additionally, a yttrium 

hydridoaluminate is converted to a [Y(µ-H)]2 species in the presence of excess DIBAH.52 

That conversion occurs without an additional two-electron donor. 

Thus, the present example of DMAP coordination to the β-silicon of the disilazido 

ligand is distinguished from typical Lewis base chemistry of bridging aluminates or borates. 
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Here, it should be noted that β-hydrogen elimination in transition-metal amido compounds is 

rare,10 and β-eliminations of amides from d0 transition-metal and rare earth centers are 

unknown.  Still, there are also similarities in the present system to the β-elimination 

chemistry of transition-metal alkyls.4a,11 

The unsaturated β-elimination products from reactions of low valent transition-metal 

alkyls are stabilized by two-electron π back-donation to give metallacyclopropyl resonance 

structures. In the cationic zirconium disilazido compounds, two electrons from DMAP serve 

as a surrogate for metal-based π back-donation to stabilize the silanimine (Scheme 9.9).  

 

Scheme 9.9. Comparison of resonance structures for H migration products in (A) DMAP 

induced reactions and (B) low valent β-eliminations. 

β-Hydrogen elimination and insertion into a M-H bond are related by the principle of 

microscopic reversibility. Likewise, this Si-to-Zr migration and its microscopic reverse of Zr-

to-Si migrations are controlled by the addition of Lewis acids or Lewis bases. Thus, the 

zirconium hydride DMAP adduct [9.22]+ and B(C6F5)3 react to reform β-SiH-containing 

[9.18]+ and (DMAP)B(C6F5)3. 
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The migration of halide, alkoxide, and triflate from Si to Zr of Scheme 9.4 should 

also be considered in the context of abstraction vs. elimination. While the lone pair electrons 

on X argue for the Lewis acid model, several other comparisons are worth noting. First, β-Cl 

eliminations from metal chloroalkyls limit vinyl chloride polymerizations (indeed this 

reaction limits many transition-metal vinyl chloride eliminations).53 Moreover, similar β-X 

elimination reactions were observed from Cp*2ScCH2CH2X (X = PPh2, OEt, F).54 In these 

systems, as well as in the current cationic zirconium compounds, β-X elimination products 

are formed instead of β-H (at least as the isolated products).  

Finally, it is remarkable that the non-classical Zr↼H-Si interactions in [9.2]+ reacts as 

if it is an intermediate on the reaction coordinate for β-hydrogen elimination. This 

comparison further reinforces the description of the reaction as a Lewis base mediated β-

hydrogen elimination and highlights the similarities between these bridging SiH groups and 

β-agostic alkyls.  

 

9.3. Carbonyl hydrosilylation. 

 Given the observations of hydrogen migration between silicon and zirconium centers, 

several pathways for the formation of silyl ethers from the carbonyl compounds may be 

considered. First, (Pathway A) a carbonyl oxygen may coordinate to the zirconium center, 

disrupting the nonclassical Zr↼H-Si structure, as was observed in the interaction of [9.2]+ and 

OPEt3. Transfer of hydrogen to the carbonyl carbon, followed by alkoxide migration to 

silicon would then provide the hydrosilylated product. Alternatively, (Pathway B) the 

carbonyl may coordinate to the silicon center to induce migration of hydrogen from silicon to 
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form a ZrH, which subsequently is transferred to the carbon of the coordinated carbonyl. A 

third possible mechanism (Pathway C) again invokes the carbonyl-assisted ZrH formation, 

which is then followed by insertion of a second carbonyl into the ZrH bond to give a 

zirconium alkoxide. Dissociation of the coordinated carbonyl from the silicon center, 

followed by migration of the alkoxide to silicon, would then provide the product. In general, 

Lewis acid assisted hydrosilylation reactions involve hydrogen abstraction from silane, 

coordination of the carbonyl oxygen to a silylium center, and transfer of hydride from silicon 

to the resulting carbocation.55 Note that the cationic components of complexes containing 

[HB(C6F5)3]– or [B(C6F5)4]– react similarly, and the hydroboration of the carbonyls by 

[HB(C6F5)3] is slow relative to the hydrosilylation. These observations rule out a B(C6F5)3-

catalyzed process and hydride transfer from [HB(C6F5)3]–, as proposed by Piers (not shown 

in Scheme 9.10).56   

 

Scheme 9.10. Possible pathways for the hydrosilylation of carbonyl compounds by [9.2]+. 
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Attempts to distinguish these pathways through kinetic studies were not successful, 

because the reaction of [9.2]+ and acetone is finished before it can be measured even at 200 

K. Furthermore, kinetic studies were limited by the heterogeneous nature of the reaction 

between [9.2]+ and paraformaldehyde. Other carbonyl compounds, including bulky 

aldehydes and ketones, also were not useful for kinetic studies. 

Thus, alternative tests are needed probe the pathway(s) by which hydrosilylation 

occurs. While the Zr-H in 9.1 reacts with acetone and paraformaldehyde to form 9.15 and 

9.16, the β-SiH groups in these molecules do not react with either substrate (at least under the 

conditions tested). We then attempted to block the zirconium center by OPEt3 coordination. 

In fact, reactions of the OPEt3 adduct [Cp2Zr{N(SiHMe2)2}OPEt3]+ [9.21]+ with 

paraformaldehyde or acetone provided the hydrosilylation products, albeit qualitatively 

slower than in the absence of OPEt3. Still, OPEt3 is displaced from zirconium in the final 

product. 

Similarly, reactions of DMAP adduct [9.19]+ and paraformaldehyde provide [9.28]+. 

Again, these reactions are slower than the corresponding reaction of [9.2]+ and the carbonyls, 

suggesting that the silicon site is involved in the hydrosilylation pathway. Interestingly, an 

additional product [Cp2ZrN(SiMe2OCMeCH2)2]+ and H2 are obtained (from reactions of 

DMAP adduct [9.19]+ and acetone; these products correspond to deprotonation of acetone 

and formation of an enolate (the ratio of enolate:insertion = 1.8:1).  Enolate formation is not 

observed in reactions of [9.2]+ and acetone, nor in reactions of OPEt3 adduct 

[Cp2Zr{N(SiHMe2)2}OPEt3]+ and acetone. This observation suggests that the ZrH can react 

with acetone through two routes, insertion or deprotonation/enolate formation. Because 
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enolate formation is not observed in reactions of [9.2]+, it seem unlikely that Pathway C is 

dominant. 

These experiments suggest that both sites are necessary for the hydrosilylation. In 

accordance with this idea, compounds [9.25]+, [9.26]+ and [9.27]+, which contain OTf 

bonded to the zirconium center, a Lewis base coordinated to a silicon center, and a non-

classical β-SiH are unchanged in the presence of acetone, even at elevated temperature (85 

°C). In those compounds, excess DMAP does not induce migration of hydrogen to 

zirconium.  

We rule out Pathway 1 because it should be available for compounds such as [9.25]+ 

that feature a non-classical Zr↼H-Si structure that could be disrupted by carbonyl 

coordination to zirconium. Yet, no hydrosilylation is observed with [9.25]+. Furthermore, the 

OPEt3 adduct [9.21]+, as a model for the intermediate on Pathway A, features classical 2c-2e 

SiH moieties that should not be reactive in hydrosilylation.54 Although coordination of a 

carbonyl to a Lewis acid Mo center was recently proposed as a pathway for hydrosilylation 

based on an isotopic labeling experiment,57 this mechanism seems unlikely in the current 

case.  

Instead, a pathway in which hydride migrates to zirconium is favored, as suggested 

by Pathways B and C. The formation of enolates from the cationic ZrH DMAP-adduct 

[9.19]+ suggests that Pathway C should also feature enolate formation in general. Because 

[9.2]+ and acetone react to give enolate-free products, we rule out Pathway C for the 

hydrosilylation of carbonyls by [9.2]+. 

The remaining mechanism, Pathway B, features formation of a Si-O bond and Zr-H 

bond, followed by hydrogen transfer to the electrophilic carbonyl site. The proposed pathway 
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is similar to the one proposed by Abu-Omar and co-workers for the Re(V)-catalyzed 

hydrosilylation of carbonyls, based on elimination of a mechanism involving carbonyl 

insertion into a ReV-H.58 A related proposed mechanism is described by Brookhart that 

features an IrIII-(η1-H-SiR3) that transfers R3Si+ to the carbonyl oxygen.59 Notably, the 

zirconium center in [9.2]+ is d0 and thus p back-donation is not available to stabilize the M-

(η2-HSiR3) interaction or to populate the σ*-orbital to assist in the Si-H bond cleavage. 

 

Conclusion 

The non-classical Zr↼H-Si in compounds [9.2]+ and its derivatives provide a 

connection between the insertion/β-agostic CH/elimination organometallic reaction pathways 

and inorganic Lewis acid/Lewis base chemistry of silylium, boranes and 

trialkylaluminum/tetraalkylaluminate adducts. This comparison is important, particularly 

with respect to the transfer of anionic hydride and alkyl ligands between Lewis acidic 

centers. Furthermore, the addition of a two-electron donor to facilitate hydrogen migration 

shows the connection between the two seemingly unrelated organometallic systems in terms 

of reactivity. The transformation from non-classical Zr↼H-Si to a trapped β-eliminated 

product is noteworthy. 

In addition, the non-classical structures in [9.2]+ are central to the observed carbonyl 

hydrosilylation reaction. Here, it is seen that the non-classical structure facilitates the overall 

addition reaction without generating an enolate side product, as is observed with the cationic 

ZrH [9.19]+. The similarities between the chemistry of [9.2]+ and the proposed catalytic 

mechanisms based on ReV and IrIII catalysts further support the generality of the pathway 

across the transition metal series. 
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Experimental 

General Procedures. All reactions were performed under a dry argon atmosphere using 

standard Schlenk techniques, or under a nitrogen atmosphere in a glovebox unless otherwise 

indicated. Dry, oxygen-free solvents were used throughout. Benzene, toluene, pentane, and 

methylene chloride solvents were degassed by sparging with nitrogen, filtered through 

activated alumina columns, and stored under N2. Benzene-d6 and toluene-d8 were vacuum 

transferred from Na/K alloy and stored under N2 in the glovebox. Methylene chloride-d2 was 

dried over CaH2 and filtered and stored over 4 Å molecular sieve under N2 in the glovebox. 

Bromobenzene-d5, pyridine, acetone were degassed in three freeze-pump-thaw cycles and 

stored over 4 Å molecular sieve under N2 in the glovebox. All organic reagents were 

purchased from Aldrich and used as received. Cp2ZrMeCl,60 Cp2ZrEtCl,61 Cp2Zr(n-

C3H7)Cl,59 Cp2Zr{(E)-CH=CHSiMe3}Cl,62 Cp2Zr{N(SiHMe2)2}H (9.1),63 

Cp2Zr{N(SiHMe2)2}Me (9.3),64 Cp2Zr{N(SiHMe2)2}OTf,61 B(C6F5)3,65 and 

[Ph3C][B(C6F5)4]66 were prepared as described in literature procedures. 1H, 13C{1H}, 11B, 19F, 

and 29Si NMR spectra were collected on Agilent MR-400, Bruker DRX-400, or Bruker 

AVIII 600 NMR spectrometers. 15N chemical shifts were determined by 1H-15N HMBC 

experiments on a Bruker AVII 600 spectrometer with a Bruker Z-gradient inverse TXI 

1H/13C/15N 5mm cryoprobe; 15N chemical shifts were originally referenced to an external 

liquid NH3 standard and recalculated to the CH3NO2 chemical shift scale by adding -381.9 

ppm. 29Si{1H} NMR spectra were recorded using DEPT experiments, and assignments were 

verified by 1H COESY, 1H-13C HMQC, 1H-13C HMBC, and 1H-29Si HMBC experiments. 

Elemental analysis was performed using a Perkin-Elmer 2400 Series II CHN/S by the Iowa 
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State Chemical Instrumentation Facility. X-ray diffraction data was collected on a Bruker 

APEX II diffractometer. 

 

Cp2Zr[N(SiHMe2)2]H (9.1). The synthesis and characterization data of 9.1 was previously 

reported in reference 61; the low temperature 1H, 13C and 29Si NMR spectra that provide 

support for a β-agostic interaction were recently reported in reference Error! Bookmark not 

defined.. The synthetic procedure and spectroscopic data is repeated here for the reader's 

convenience in comparison with the cationic compounds.  A suspension of [Cp2ZrHCl]n 

(0.909 g, 3.53 mmol) and LiN(SiHMe2)2 (0.491 g, 3.53 mmol) was stirred for 30 min in 

benzene (15 mL) at room temperature. The volatile materials were removed under reduced 

pressure to leave an off-white solid residue, which was extracted with pentane (15 mL). The 

pentane extract was concentrated and cooled to -30 °C, yielding 9.1 (0.931 g, 2.62 mmol, 

74.4%). 1H NMR (benzene-d6, 400 MHz, 25 °C): δ 5.78 (s, 10 H, C5H5), 5.60 (s, 1 H, ZrH), 

3.78 (m, 1JSiH = 161.0 Hz, 2 H, SiH), 0.18 (d, 3JHH = 3.2 Hz, 12 H, SiHMe2). 13C{1H} NMR 

(benzene-d6, 125 MHz, 25 °C): δ 107.58 (C5H5), 1.76 (SiMe). 15N{1H} NMR (benzene-d6, 

61 MHz, 25 °C): δ -292.4. 29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -40.7. 1H 

NMR (toluene-d8, 600 MHz, -82 °C): δ 5.67 (s, 10 H, C5H5), 5.48 (s, 1 H, ZrH), 4.99 (s br, 

1JSiH = 179.6 Hz, 1 H, SiHterminal), 2.13 (s br, 1JSiH = 129.7 Hz, 1 H, SiHagostic), 0.49 (s br, 6 H, 

SiMe), 0.06 (s br, 6 H, SiMe). 13C{1H} NMR (toluene-d8, 125 MHz, -82 °C): δ 106.58 

(C5H5), 2.96 (SiHterminalMe2), -1.13 (SiHagosticMe2). 29Si{1H} NMR (toluene-d8, 119.3 MHz, -

82 °C): δ -23.1 (SiHterminalMe2), -62.9 (SiHagosticMe2). IR (KBr, cm-1): 3099 w br, 2955 m, 

2895 w, 2047 s br (νSiH-terminal), 1907 m br (νSiH-agostic), 1559 m br (νZrH), 1441 w, 1246 s, 
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1014 s, 890 s, 798 s br, 765 s br, 650 s br. Anal. Calcd for C14H25NSi2Zr: C, 47.40; H, 7.10; 

N, 3.95. Found: C, 47.02; H, 6.96; N, 3.92. mp 104-106 °C.  

 [Cp2ZrN(SiHMe2)2][HB(C6F5)3] ([9.2][HB(C6F5)3]). Compound 9.1 (0.098 g, 0.277 mmol) 

and B(C6F5)3 (0.142 g, 0.278 mmol) were dissolved in benzene (10 mL). The reaction 

mixture was stirred at room temperature for 20 min, and a light yellow oil layer precipitated 

from the solvent. The top layer was decanted, and the oil layer was washed with benzene (4 

×  5 mL) and pentane (2 ×  5 mL). All the volatile materials were removed under reduced 

pressure to yield [9.3][HB(C6F5)3] (0.215 g, 0.248 mmol, 89.5%) as a light yellow solid. X-

ray quality crystals were grown from a concentrated bromobenzene solution at -30 °C. 1H 

NMR (bromobenzene-d5, 600 MHz, 25 °C): δ 5.64 (s, 10 H, C5H5), 4.25 (q br, 1 H, HB), 

0.11 (s br, 12 H, SiMe), -0.44 (m, 1JSiH = 106.8 Hz, 2 H, SiH). 13C{1H} NMR 

(bromobenzene-d5, 150 MHz, 25 °C): δ 148.68 (br, C6F5), 146.28 (br, C6F5), 137.96 (br, 

C6F5), 136.86 (br, C6F5), 135.52 (br, C6F5), 134.50 (br, C6F5), 108.65 (C5H5), -2.55 (SiMe). 

11B NMR (bromobenzene-d5, 119.3 MHz, 25 °C): δ -24.8 (d, 1JBH = 91.2 Hz). 15N{1H} NMR 

methylene chloride-d2, 61 MHz, 25 °C): δ -314.9. 19F NMR (bromobenzene-d5, 376 MHz, 25 

°C): δ -131.9 (d, 3JFF = 22.2 Hz 6 F, ortho-F), -162.5 (t, 3JFF = 20.7 Hz, 3 F, para-F), -165.5 

(t, 3JFF = 19.6 Hz, 6 F, meta-F). 29Si{1H} NMR (bromobenzene-d5, 119.3 MHz, 25 °C): δ -

42.7. IR (KBr, cm-1): 3120 w, 2962 w, 2368 br m (νBH), 1742 m, 1665 br s (νSiH), 1642 s 

(νC6F5), 1605 m, 1510 s, 1463 s br (νC6F5), 1377 m, 1275 s, 1259 s, 1184 s, 1103 s, 1067 s, 

1021 m, 969 s br, 905 m, 865 m, 827 s, 803 s, 781 s, 763 m. Anal. Calcd for 

BC32F15H25Si2NZr: C, 44.34; H, 2.91; N, 1.62. Found: C, 44.51; H, 3.51; N, 1.53. mp 159-

160 °C. 
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[Cp2ZrN(SiHMe2)2][B(C6F5)4] ([9.2][B(C6F5)4]). The procedure described above for 

[9.3][HB(C6F5)3] was used, starting from 9.1 (0.149 g, 0.420 mmol) and [Ph3C][B(C6F5)4] 

(0.387 g, 0.420 mmol) to afford [9.3][B(C6F5)4] (0.361 g, 0.350 mmol, 83.4%) as a light 

yellow solid. 1H NMR (bromobenzene-d5, 400 MHz, 25 °C): δ 5.60 (s, 10 H, C5H5), 0.10 (br 

s, 12 H, SiMe,), -0.48 (br m, 1JSiH = 89.3 Hz, 2 H, SiH). 13C{1H} NMR (bromobenzene-d5, 

125 MHz, 25 °C): δ 148.68 (br, C6F5), 146.26 (br, C6F5), 138.47 (br, C6F5), 136.59 (br, 

C6F5), 134.26 (br, C6F5), 108.56 (C5H5), -2.57 (SiMe). 11B NMR (bromobenzene-d5, 119.3 

MHz, 25 °C): δ -15.9. 15N{1H} NMR (methylene chloride-d2, 61 MHz, 25 °C): δ -314.5. 19F 

NMR (bromobenzene-d5, 376 MHz, 25 °C): δ -131.4 (s br, 8 F, ortho-F), -161.6 (t, 3JFF = 

21.1 Hz, 4 F, para-F), -165.4 (t, 3JFF = 17.7 Hz, 8 F, meta-F). 29Si{1H} NMR 

(bromobenzene-d5, 119.3 MHz, 25 °C): δ -43.1. IR (KBr, cm-1): 3134 w, 2963 w, 1738 m, 

1659 s sh (νSiH), 1644 s (νC6F5), 1609 m, 1515 s (νC6F5), 1463 br s (νC6F5), 1382 m, 1264 s br, 

1180 s, 1087 s br, 1021 s, 979 s br, 863 s, 816 s br, 775 s, 756 s, 726 s. Anal. Calcd for 

BC38F20H24Si2NZr: C, 44.19; H, 2.34; N, 1.36. Found: C, 43.86; H, 2.27; N, 1.30. mp 85-88 

°C. 

Cp2Zr{N(SiHMe2)2}Me (9.3). The orginal synthesis was given in reference 62; the 

procedure is repeated here because this preparation is the model for the series of 

Cp2Zr{N(SiHMe2)2}R compounds. Cp2ZrMeCl (0.716 g, 2.63 mmol) and LiN(SiHMe2)2 

(0.367 g, 0.264 mmol) were suspended in benzene (15 mL). This mixture was stirred at room 

temperature for 13 h. Evaporation of the volatile materials provided an off-white solid. 

Extraction with pentane (15 mL), concentration of the solution in vacuo, and cooling of the 

saturated solution to -30 °C yielded crystals of Cp2Zr{N(SiHMe2)2}Me. The mother liquor 
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was further concentrated and cooled to provide a second crop of crystals in good overall 

yield (0.823 g, 2.23 mmol, 84.8%). 1H NMR (benzene-d6, 400 MHz, 25 °C): δ 5.82 (s, 10 H, 

C5H5), 4.44 (m, 1JSiH = 180.8 Hz, 2 H, SiH), 0.47 (s, 3 H, ZrMe), 0.22 (d, 3JHH = 3.2 Hz, 12 

H, SiMe). 13C{1H} NMR (benzene-d6, 125 MHz, 25 °C): δ 112.41 (C5H5), 34.46 (ZrMe), 

1.96 (SiMe). 15N{1H} NMR (benzene-d6, 61 MHz, 25 °C): δ -278.2.  29Si{1H} NMR 

(benzene-d6, 119.3 MHz, 25 °C): δ -27.6. IR (KBr, cm-1): 3104 br m, 2954 s br, 2074 br s 

(νSiH), 1815 w br, 1718 br w, 1616 br w, 1247 s, 1015 s, 901 br s, 800 br s, 763 br s. Anal. 

Calcd for C15H27Si2NZr: C, 48.85; H, 7.38; N, 3.80. Found: C, 49.15; H, 7.20; N, 3.79. mp 

185-191 °C. 

[Cp2ZrN(SiMe3)(SiHMe2)][HB(C6F5)3] ([9.4]+). Compound 9.3 (0.011 g, 0.029 mmol) and 

B(C6F5)3 (0.015 g, 0.029 mmol) were dissolved in bromobenzene-d5 (0.6 mL). The mixture 

was subjected to multinuclear NMR analysis, which revealed a mixture of two Cp2Zr-

containing species and two RB(C6F5)3 anions. Compound [9.4]+ and [HB(C6F5)3]– were 

formed  in equal amounts; [9.2]+ and [MeB(C5F5)3]– were formed in equal amounts. The 

spectral data here describes [9.4]+. Attempts to separate [9.2]+ and [9.4]+ by crystallization 

were not successful.  1H NMR (bromobenzene-d5, 600 MHz, 25 °C): δ 6.13 (s, 10 H, C5H5), 

0.64 (m, 1JSiH = 94.4 Hz, 1 H, SiH), 0.31 (s br, 6 H, SiHMe2), 0.27 (s, 9 H, SiMe3). 13C{1H} 

NMR (bromobenzene-d5, 150 MHz, 25 °C): δ 116.29 (C5H5), 1.50 (SiMe3), 0.31 (SiHMe2). 

15N{1H} NMR (bromobenzene-d5, 61 MHz, 25 °C): δ -209.8. 29Si{1H} NMR 

(bromobenzene-d5, 119.3 MHz, 25 °C): δ 8.21 (SiH), -0.17 (SiMe3). 

Cp2Zr{N(SiHMe2)2}Et (9.5). The procedure described above for 9.3 was used, starting from 

Cp2ZrEtCl (0.074 g, 0.259 mmol) and LiN(SiHMe2)2 (0.036 g, 0.258 mmol) to afford 5 
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(0.081 g, 0.211 mmol, 81.8%) as light brown solid. 1H NMR (benzene-d6, 400 MHz, 25 °C): 

δ 5.84 (s, 10 H, C5H5), 4.46 (m, 1JSiH = 183.2 Hz, 2 H, SiH), 1.41 (t, 3JHH = 7.4 Hz, 3 H, 

ZrCH2CH3), 1.10 (q, 3JHH = 7.4 Hz, 2 H, ZrCH2CH3), 0.22 (d, 3JHH = 3.1 Hz, 12 H, SiMe). 

13C{1H} NMR (benzene-d6, 125 MHz, 25 °C): δ 112.38 (C5H5), 47.66 (ZrCH2), 18.44 (CH3), 

2.28 (SiMe). 15N{1H} NMR (benzene-d6, 61 MHz, 25 °C): δ -277.4.  29Si{1H} NMR 

(benzene-d6, 119.3 MHz, 25 °C): δ -25.8. IR (KBr, cm-1): 3104 m br, 2954 s br, 2074 s br 

(νSiH), 1815 w br, 1718 w br, 1616 w br, 1247 s, 1015 s, 901 s br, 800 s br, 763 s br. Anal. 

Calcd for C16H29Si2NZr: C, 50.20; H, 7.64; N, 3.66. Found: C, 50.46; H, 7.42; N, 3.56. mp 

79-83 °C. 

[Cp2ZrN(SiMe2Et)(SiHMe2)][HB(C6F5)3] ([9.6]+). Compound 9.5 (0.011 g, 0.029 mmol) 

and B(C6F5)3 (0.015 g, 0.029 mmol) were dissolved in bromobenzene-d5. The mixture was 

transferred to a NMR tube for analysis, which showed a mixture of two Cp2Zr-containing 

species and HB(C6F5)3, as well as C2H4. Compounds [9.6]+ and [9.2]+ were observed in a 

2.6:1 ratio. The spectral data here describes [9.6]+. Attempts to separate [9.6]+ and [9.2]+ by 

crystallization were not successful. 1H NMR (bromobenzene-d5, 600 MHz, 25 °C): δ 6.14 (s, 

10 H, C5H5), 0.55 (t, 3JHH = 7.8, 4 H, SiCH2CH3 and SiH resonances were overlapped), 0.32 

(d, 3JHH = 2.1 Hz, 6 H, SiHMe2), 0.09 (q, 3JHH = 7.7 Hz, 2 H, SiCH2CH3), -0.28 (s, 6 H, 

SiMe2Et). 13C{1H} NMR (bromobenzene-d5, 150 MHz, 25 °C): δ 115.88 (C5H5), 9.89 

(SiCH2), 7.34 (SiCH2CH3), 0.33 (SiMe2Et), -1.00 (SiHMe2). 15N{1H} NMR (bromobenzene-

d5, 61 MHz, 25 °C): δ -215.3. 29Si NMR (bromobenzene-d5, 119.3 MHz, 25 °C): δ 5.64 

(SiEt), 7.35 (1JSiH = 94.4 Hz, SiH). 
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Cp2Zr{N(SiHMe2)2}(n-C3H7) (9.7). The procedure described above for 9.3 was used, 

starting from Cp2Zr(n-C3H7)Cl (0.172 g, 0.573 mmol) and LiN(SiHMe2)2 (0.080 g, 0.574 

mmol) to afford 9.7 (0.195 g, 0.491 mmol, 85.9%) as light brown solid. 1H NMR (benzene-

d6, 400 MHz, 25 °C): δ 5.84 (s, 10 H, C5H5), 4.47 (m, 1JSiH = 183.3 Hz, 2 H, SiH), 1.51 (m, 2 

H, ZrCH2CH2CH3), 1.10 (m, 5 H, ZrCH2CH2CH3), 0.23 (d, 3JHH = 3.2 Hz, 12 H, SiHMe2). 

13C{1H} NMR (benzene-d6, 125 MHz, 25 °C): δ 112.28 (C5H5), 59.67 (ZrCH2), 27.77 

(CH2CH2CH3), 22.23 (CH2CH2CH3), 2.34 (SiHMe2). 15N{1H} NMR (benzene-d6, 61 MHz, 

25 °C): δ -277.0.  29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -25.6. IR (KBr, cm-1): 

3361 w, 3090 w, 2952 s, 2896 m, 2084 s br (νSiH), 1892 w, 1586 m, 1440 m, 1366 m, 1247 s, 

1173 m, 1015 s, 908 s, 797 s, 595 m. Anal. Calcd for C17H31Si2NZr: C, 51.45; H, 7.87; N, 

3.53. Found: C, 51.72; H, 7.47; N, 3.51. mp 64-67 °C. 

[Cp2ZrN{SiMe2(n-C3H7)}(SiHMe2)][HB(C6F5)3] ([9.8]+). Compound 9.7 (0.012 g, 0.029 

mmol) and B(C6F5)3 (0.015 g, 0.029 mmol) were dissolved in bromobenzene-d5, and the 

product mixture was analyzed by NMR spectroscopy. Compound [9.8]+ was formed as a 

mixture with [9.2]+ in a 10.7:1 ratio, along with the counterion [HB(C6F5)3]– and propylene. 

The spectral data here describes [9.8]+. Attempts to separate [9.8]+ and [9.2]+ by 

crystallization were not successful.  1H NMR (bromobenzene-d5, 600 MHz, 25 °C): δ 6.11 (s, 

10 H, C5H5), 0.91 (t, 3JHH = 7.1, 3 H, SiCH2CH2CH3), 0.46 (m, 3 H, SiCH2CH2CH3 and SiH 

resonances were overlapped, as determined by 1H-29Si HMQC and COSY experiments), 0.31 

(d, 3JHH = 2.2 Hz, 6 H, SiHMe2), 0.13 (m, 2 H, SiCH2CH2CH3), -0.24 (s, 6 H, SiHMe2). 

13C{1H} NMR (bromobenzene-d5, 150 MHz, 25 °C): δ 115.41 (C5H5), 20.30 

(SiCH2CH2CH3), 19.92 (SiCH2CH2CH3), 16.99 (SiCH2CH2CH3), 0.26 (SiMe), -0.24 
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(SiHMe2). 15N{1H} NMR (bromobenzene-d5, 61 MHz, 25 °C): δ -218.8. 29Si NMR 

(bromobenzene-d5, 119.3 MHz, 25 °C): δ 6.0 (Si(n-C3H7)Me2), 5.2 (1JSiH = 87.1 Hz, 

SiHMe2). 

Cp2Zr{N(SiHMe2)2}{(E)-CH=CHSiMe3} (9.9). The procedure described above for 9.3 was 

used, starting from Cp2Zr{(E)-CH=CH2SiMe3}Cl (0.13 g, 0.364 mmol) and LiN(SiHMe2)2 

(0.050 g, 0.359 mmol) to afford 9.9 (0.154 g, 0.339 mmol, 95.3%) as a green solid. 1H NMR 

(benzene-d6, 600 MHz, 25 °C): δ 8.26 (d, 3JHH = 20.8 Hz, 1 H, ZrCH=CHSiMe3), 6.63 (d, 

3JHH = 20.8 Hz, 1 H, ZrCH=CHSiMe3), 5.89 (s, 10 H, C5H5), 4.46 (m, 1JSiH = 179 Hz, 2 H, 

SiH), 0.26 (s, 9 H, SiMe3), 0.24 (d, 3JHH = 3.2 Hz, 12 H, SiHMe2). 13C{1H} NMR (benzene-

d6, 150 MHz, 25 °C): δ 201.94 (ZrCH=CHSiMe3), 147.30 (ZrCH=CHSiMe3), 112.95 (C5H5), 

1.94 (SiHMe2), -0.55 (SiMe3). 15N{1H} NMR (benzene-d6, 61 MHz, 25 °C): δ -276.6. 

29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -11.2 (SiMe3), -27.2 (SiHMe2). IR (KBr, 

cm-1): 2952 s, 2895 s, 2084 s br (νSiH), 1706 w, 1605 w, 1508 w (νC=C), 1441 m, 1244 s, 1014 

s, 903 s br, 795 s br, 735 s br, 686 s br. Anal. Calcd for C19H36Si3NZr: C, 50.27; H, 7.99; N, 

3.09. Found: C, 50.49; H, 7.89; N, 3.17. mp 45-50 °C. 

[Cp2ZrN{Si((E)-CH=CHSiMe3)Me2}(SiHMe2)][HB(C6F5)3] ([9.10]+). Compound 9.9 

(0.013 g, 0.029 mmol) and B(C6F5)3 (0.015 g, 0.029 mmol) were dissolved in bromobenzene-

d5, and the product mixture was analyzed by NMR spectroscopy. The resulting mixture 

contained compounds [9.10]+ and [9.3]+ in a 11.5:1 ratio, the counterion [HB(C6F5)3]–, and 

trimethylsilylacetylene. The spectral data given here describes [9.10]+. Attempts to separate 

[9.10]+ and [9.2]+ by crystallization were not successful.  1H NMR (bromobenzene-d5, 600 

MHz, 25 °C): δ 6.75 (d, 3JHH = 22.7 Hz, 1 H, CH=CHSiMe3), 6.43 (d, 3JHH = 22.7 Hz, 1 H, 
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CH=CHSiMe3), 6.08 (s, 10 H, C5H5), 0.56 (m, 1JSiH = 89.2 Hz, 1 H, SiH), 0.26 (d, 3JHH = 2.2 

Hz, 6 H, SiHMe2), 0.10 (s, 9 H, SiMe3), -0.05 (s, 6 H, SiMe2). 13C{1H} NMR 

(bromobenzene-d5, 150 MHz, 25 °C): δ 160.02 (CH=CHSiMe3), 142.99 (CH=CHSiMe3), 

114.27 (C5H5), -0.29 (SiHMe2), -0.50 (SiMe2), -2.91 (SiMe3). 15N{1H} NMR 

(bromobenzene-d5, 61 MHz, 25 °C): δ -236.4. 29Si{1H} NMR (bromobenzene-d5, 119.3 

MHz, 25 °C): δ -5.2 (SiMe3), -11.5 (SiH), -12.9 (SiMe2). 

[Cp2ZrN(SiHMe2)SiMe2-µ-κ2-OTf][HB(C6F5)3] ([9.12][HB(C6F5)3]). 

Cp2Zr{N(SiHMe2)2}OTf (0.091 g, 0.181 mmol) and B(C6F5)3 (0.097 g, 0.190 mmol) were 

dissolved in benzene (5 mL). The mixture was stirred for 20 min to give a biphasic solution. 

The top clear layer was decanted and the bottom yellow oil layer was washed with benzene 

(3 ×  3 mL) and pentane (2 ×  3 mL). All the volatiles were evaporated to dryness under 

reduced pressure to give [9.12][HB(C6F5)3] (0.065 g, 0.0641 mmol, 35.4%) as a yellow solid. 

1H NMR (bromobenzene-d5, 600 MHz, 25 °C): δ 5.91 (s, 10 H, C5H5), 4.22 (s br, 1 H, HB), 

0.22 (s br, 7 H, SiHMe2), 0.13 (s br, 6 H, SiMe). 13C{1H} NMR (bromobenzene-d5, 150 

MHz, 25 °C): δ 148.64 (br, C6F5), 146.30 (br, C6F5), 136.82 (br, C6F5), 134.23 (br, C6F5), 

113.04 (C5H5), 0.96 (br, SiMe2OTf), -1.60 (br, SiHMe2). 11B NMR (bromobenzene-d5, 119.3 

MHz, 25 °C): δ -24.8 (d, 1JBH = 87.1 Hz). 15N{1H} NMR (bromobenzene-d5, 61 MHz, 25 

°C): δ -294.6. 19F NMR (bromobenzene-d5, 564 MHz, 25 °C): δ -75.0 (s, OTf), -132.1 (br s, 

6 F, ortho-F), -162.7 (br s, 3 F, para-F), -165.7 (br s, 6 F, meta-F). 29Si{1H} NMR 

(bromobenzene-d5, 119.3 MHz, 25 °C): δ 21.4 (SiMe2OTf), -25.9 (1JSiH = 106.7 Hz, 

SiHMe2). IR (KBr, cm-1): 3117 m br, 2964 w, 2915 w, 2383 s br (νBH), 1817 m br, 1737 s, 

1640 s (νC6F5), 1603 s, 1550 s, 1511 s (νC6F5), 1462 s br (νC6F5), 1371 s br, 1268 s, 1240 s, 
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1125 s, 969 s, 817 s br, 632 s. Anal. Calcd for BC33F18H24Si2NO3SZr: C, 39.06; H, 2.38; N, 

1.38; Found: 39.01; H, 2.43; N, 1.40. mp 94-98 °C. 

[Cp2ZrN(SiHMe2)(SiMe2-µ-κ2-OTf)][B(C6F5)4] ([9.12][B(C6F5)4]). A similar procedure 

was used to the one described for [9.12][HB(C6F5)3], starting from Cp2Zr{N(SiHMe2)2}OTf 

(0.081 g, 0.160 mmol) and [Ph3C][B(C6F5)4] (0.155 g, 0.168 mmol) to afford 

[9.12][B(C6F5)4] (0.145 g, 0.122 mmol, 76.5 %) as a yellow solid. 1H NMR (bromobenzene-

d5, 600 MHz, 25 °C): δ 5.85 (s br, C5H5, 10 H), 0.18 (br s, 7 H, SiHMe2), 0.10 (br s, 

SiMe2OTf, 6 H). 13C{1H} NMR (bromobenzene-d5, 150 MHz, 25 °C): δ 148.30 (br, C6F5), 

146.70 (br, C6F5), 138.24 (br, C6F5), 136.55 (br, C6F5), 134.61 (br, C6F5), 112.96 (C5H5), 

0.57 (br, SiMe2), -1.73 (br, SiHMe2). 11B NMR (bromobenzene-d5, 119.3 MHz, 25 °C): δ -

15.9. 15N{1H} NMR (bromobenzene-d5, 61 MHz, 25 °C): δ -293.4. 19F NMR 

(bromobenzene-d5, 564 MHz, 25 °C): δ -76.3 (s, OTf), -132.9 (s br, 8 F, ortho-F), -163.1 (t, 

3JFF = 20.8 Hz, 4 F, para-F), -167.0 (s br, 8 F, meta-F). 29Si NMR (bromobenzene-d5, 119.3 

MHz, 25 °C): δ 21.4 (SiMe2OTf), -25.2 (1JSiH = 99.2 Hz, SiHMe2). IR (KBr, cm-1): 3126 w 

br, 2965 w, 1826 m br, 1741 m, 1644 s (νC6F5), 1599 m, 1515 s (νC6F5), 1464 s br (νC6F5), 

1374 s, 1270 s, 1239 s, 1126 s 1090 s, 980 s, 819 s br. Anal. Calcd for 

BC39F23H23Si2NO3SZr: C, 39.67; H, 1.96; N, 1.19; Found: 39.95; H, 1.91; N, 1.19. mp 77-80 

°C. 

Cp2Zr{N(SiHMe2)2}Cl (9.13). Compound 9.1 (0.228 g, 0.642 mmol) was stirred in 

methylene chloride (3 mL) for 4 h. The volatiles were evaporated under reduced pressure. 

The yellow solid was extracted with benzene (3 mL); evaporation of the solid provided 

Cp2Zr{N(SiHMe2)2}Cl as an analytically and spectroscopically pure pale yellow solid (0.243 
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g, 0.624 mmol, 97.2%). 1H NMR (benzene-d6, 600 MHz, 25 °C): δ 5.99 (s, 10 H, C5H5), 4.52 

(m, 1JSiH = 178.5 Hz, 2 H, SiH), 0.36 (d, 3JHH = 3.1 Hz, 12 H, SiHMe2). 13C{1H} NMR 

(benzene-d6, 150 MHz, 25 °C): δ 115.35 (C5H5), 1.39 (SiMe). 15N{1H} NMR (benzene-d6, 

61 MHz, 25 °C): δ -270.4. 29Si{1H} NMR (benzene-d6, 119.3 MHz, 

25 °C): δ -22.8. IR (KBr, cm-1): 3107 m, 2954 m, 2896 m, 2107 s (νSiH), 2071 s (νSiH), 1736 

w, 1628 w, 1439 m, 1247 s, 1013 s, 943 s, 895 s, 854 s, 807 s, 797 s, 702 s, 638 s. Anal. 

Calcd for C14H24Si2NClZr: C, 43.21; H, 6.22; N, 3.60. Found: C, 43.32; H, 5.81; N, 3.53. mp 

140-143 °C. 

[Cp2Zr{N(SiHMe2)(SiMe2-µ-Cl)][HB(C6F5)3] ([9.14][HB(C6F5)3]). The procedure 

described above for [9.12][HB(C6F5)3] was used, starting from Cp2Zr{N(SiHMe2)2}Cl (0.205 

g, 0.526 mmol) and B(C6F5)3 (0.269 g, 0.526 mmol) to afford [9.12][HB(C6F5)3] (0.396 g, 

0.440 mmol, 83.6%) as a yellow solid. 1H NMR (methylene chloride-d2, 600 MHz, 25 °C): 

δ 6.38 (s, 10 H, C5H5), 3.60 (br, 1 H, HB), 0.65 (br, 7 H, SiHMe2 and SiMe2Cl), 0.59 (br, 6 

H, SiHMe2). 13C{1H} NMR (bromobenzene-d5, 150 MHz, 25 °C): δ 149.59 (br, C6F5), 

148.00 (br, C6F5), 137.86 (br, C6F5), 136.29 (br, C6F5), 114.91 (C5H5), 6.34 (SiMe2Cl), 0.18 

(SiHMe2). 11B NMR (bromobenzene-d5, 119.3 MHz, 25 °C): δ -25.3 (d, 1JBH = 87.4 Hz). 

15N{1H} NMR (methylene chloride-d2, 61 MHz, 25 °C): δ -295.2. 19F NMR (bromobenzene-

d5, 564 MHz, 25 °C): δ -135.4 (6 F, ortho-F), -165.8 (3 F, para-F), -168.7 (6 F, meta-F). 29Si 

NMR (bromobenzene-d5, 119.3 MHz, 25 °C): δ 29.6 (SiMe2Cl), -32.5 (1JSiH = 89.0 Hz, 

SiHMe2). IR (KBr, cm-1):  3120 m, 2975 w, 2911 w, 2377 s (νBH), 1765 m (νSiH), 1673 s, 

1642 s (νC6F5), 1605 s, 1511 s (νC6F5), 1464 s (νC6F5), 1375 m, 1262 s, 1184 s, 1089 s, 1024 
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m, 968 s, 915 m, 867 m, 805 s, 722 m, 660 m, 602 w. Anal. Calcd for C32H24BNF15Si2ClZr: 

C, 42.65; H, 2.68; N, 1.55. Found: C, 43.00; H, 2.43; N, 1.50. mp 121-123 °C. 

Cp2Zr{N(SiHMe2)2}OMe (9.15). Paraformaldehyde (0.010 g, 0.327 mmol) and 

Cp2Zr{N(SiHMe2)2}H (0.105 g, 0.296 mmol) were suspended in benzene (1 mL) at room 

temperature. The mixture was heated at 85 °C for 6 h. The resulting yellow solution was 

filtered, and the benzene supernatant was evaporated to dryness under reduced pressure to 

afford 9.22 as an analytically and spectroscopically pure yellow oil (0.110 g, 0.286 mmol, 

96.7%). 1H NMR (benzene-d6, 600 MHz, 25 °C): δ 5.96 (s, 10 H, C5H5), 4.71 (br m, 1JSiH = 

179.6 Hz, 2 H, SiHMe2), 3.62 (s, 3 H, OMe), 0.31 (d, 3JHH = 3.6 Hz, 12 H, SiHMe2). 13C{1H} 

NMR (benzene-d6, 150 MHz, 25 °C): δ 112.95 (C5H5), 62.22 (OMe), 1.91 (SiHMe2). 

15N{1H} NMR (benzene-d6, 61 MHz, 25 °C): δ -296.2. 29Si{1H} NMR (benzene-d6, 119.3 

MHz, 25 °C): δ -20.1. IR (KBr, cm-1): 3100 w, 2952 s, 2913 s, 2807 s, 2078 s (νSiH), 1800 w, 

1694 w, 1596 w, 1444 m, 1244 s, 1139 s br, 912 s br, 795 s br, 701 s. Anal. Calcd for 

C15H27Si2NOZr: C, 46.82; H, 7.07; N, 3.64. Found: C, 46.70; H, 7.42; N, 3.46.  

Cp2Zr{N(SiHMe2)2}OCHMe2 (9.16). Acetone (0.049 mL, 0.663 mmol) was added to a 

benzene (5 mL) solution of 9.1 (0.214 g, 0.603 mmol). The very pale yellow solution was 

stirred for another 30 min. The volatiles were evaporated under reduced pressure to give 9.14 

as an analytical and spectroscopically pure pale yellow solid (0.242 g, 0.586 mmol, 97.3%). 

X-ray quality crystal was grown from concentrated pentane solution at -30 °C. 1H NMR 

(benzene-d6, 600 MHz, 25 °C): δ 6.01 (s, 10 H, C5H5), 4.77 (m, 1JSiH = 182.4 Hz, 2 H, SiH), 

4.10 (m, 1 H, OCHMe2), 1.02 (d, 3JHH = 6.1 Hz, 6 H, OCHMe2), 0.35 (d, 3JHH = 2.9 Hz, 12 

H, SiHMe2). 13C{1H} NMR (benzene-d6, 150 MHz, 25 °C): δ 112.84 (C5H5), 75.94 

(OCHMe2), 26.74 (OCHMe2), 2.32 (SiHMe2). 15N{1H} NMR (benzene-d6, 61 MHz, 25 °C): 
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δ -297.7. 29Si{1H} NMR (benzene-d6, 119.3 MHz, 25 °C): δ -19.5. IR (KBr, cm-1): 3107 w, 

2964 s, 2899 m, 2861 m, 2113 s (νSiH), 2051 s (νSiH), 1808 w, 1701 w, 1597 w, 1445 m, 1374 

m, 1362 m, 1335 m, 1242 s, 1138 s, 1003 s, 956 s, 900 s br, 845 s, 797 s, 763 s, 700 s. Anal. 

Calcd for C17H31Si2NOZr: C, 49.46; H, 7.57; N, 3.39. Found: C, 49.96; H, 7.43; N, 3.37. mp 

57-59 °C. 

[Cp2ZrN(SiHMe2)(SiMe2-µ-OMe)][HB(C6F5)3] ([9.17][HB(C6F5)3]). 

Cp2Zr{N(SiHMe2)2}OMe (0.059 g, 0.154 mmol) and B(C6F5)3 (0.079 g, 0.154 mmol) were 

dissolved in benzene (3 mL). The mixture was stirred for 20 min to give a biphasic solution. 

The top clear layer was decanted, and the bottom yellow oil layer was washed with benzene 

(3 ×  2 mL) and pentane (2 ×  2 mL). All the volatiles were evaporated from the oil to dryness 

under reduced pressure to give [9.13][HB(C6F5)3] (0.101 g, 0.113 mmol, 73.2%) as a light 

yellow solid. 1H NMR (bromobenzene-d5, 600 MHz, 25 °C): δ 5.83 (s, 10 H, C5H5), 4.31 (br, 

1 H, HB), 3.07 (s, 3 H, OMe), 0.34 (br m, 1JSiH = 95.5 Hz, 1 H, SiH), 0.18 (d, 3JHH = 1.9 Hz, 

6 H, SiHMe2), -0.03 (s, 6 H, SiMe2). 13C{1H} NMR (bromobenzene-d5, 150 MHz, 25 °C): δ 

148.27 (br, C6F5), 146.67 (br, C6F5), 136.55 (br, C6F5), 134.81 (br, C6F5), 111.90 (C5H5), 

53.32 (OMe), -1.26 (SiMe2OMe), -1.56 (SiHMe2). 11B NMR (bromobenzene-d5, 119.3 MHz, 

25 °C): δ -24.4 (br). 15N{1H} NMR (benzene-d6, 61 MHz, 25 °C): δ -294.2. 19F NMR 

(bromobenzene-d5, 564 MHz, 25 °C): δ -132.8 (s br, 8 F, ortho-F), -163.0 (t, 3JFF = 20.9 Hz, 

4 F, para-F), -166.9 (s br, 8 F, meta-F). 29Si{1H} NMR (bromobenzene-d5, 119.3 MHz, 25 

°C): δ 20.4 (SiMe2OMe), -29.7 (SiHMe2). IR (KBr, cm-1): 2961 m, 2363 m br (νBH), 1642 s 

(νC6F5), 1605 m, 1511 s (νC6F5), 1459 s (νC6F5), 1375 s, 1263 s, 1188 s, 1103 s br, 1047 s br, 
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970 s br, 869 s, 814 s br, 734 s br, 661 m. Anal. Calcd for C33H27BNO2F15Si2Zr: C, 44.20; H, 

3.03; N, 1.56. Found: C, 43.69; H, 2.86; N, 1.47. mp 129-132 °C. 

[Cp2ZrN(SiHMe2)(SiMe2-µ-OMe)][B(C6F5)4] ([9.17][B(C6F5)4]). The procedure described 

above for [9.13][HB(C6F5)3] was used, starting from Cp2Zr{N(SiHMe2)2}OMe (0.054 g, 

0.141 mmol) and [Ph3C][B(C6F5)4] (0.130 g, 0.141 mmol) to afford [9.13][B(C6F5)4] (0.130 

g, 0.122 mmol, 86.9%) as a light yellow solid. 1H NMR (bromobenzene-d5, 600 MHz, 25 

°C): δ 5.79 (s, 10 H, C5H5), 3.01 (s, 3 H, OMe), 0.30 (br m, 1JSiH = 87.1 Hz, 1 H, SiH), 0.17 

(s, 6 H, SiMe2OMe), -0.03 (s br, 6 H, SiHMe2). 13C{1H} NMR (bromobenzene-d5, 150 MHz, 

25 °C): δ 148.28 (br, C6F5), 146.69 (br, C6F5), 138.14 (br, C6F5), 136.29 (br, C6F5), 134.65 

(br, C6F5), 111.80 (C5H5), 53.18 (OMe), -1.30 (SiMe2OMe),  -1.58 (SiHMe2). 11B NMR 

(bromobenzene-d5, 119.3 MHz, 25 °C): δ -15.9. 15N{1H} NMR (bromobenzene-d5, 61 MHz, 

25 °C): δ -294.2. 19F NMR (bromobenzene-d5, 564 MHz, 25 °C): δ -132.8 (br s, 6 F, ortho-

F), -163.9 (br s, 3 F, para-F), -166.6 (br s, 6 F, meta-F). 29Si{1H} NMR (bromobenzene-d5, 

119.3 MHz, 25 °C): δ 20.1 (MeOSiMe2), -29.8 (SiHMe2). IR (KBr, cm-1): 3367 w, 3093 w, 

3037 w, 2960 m, 2852 w, 2360 w, 1762 m (νSiH), 1644 s (νC6F5), 1514 s (νC6F5), 1464 s 

(νC6F5), 1374 m, 1264 s, 1186 s, 1088 s, 1047 s, 980 s, 907 m, 869 m, 815 s, 794 s, 775 s, 756 

s, 727 m, 683 s, 661 s, 610 w. Anal. Calcd for C39H26BNOF20Si2Zr: C, 44.07; H, 2.47; N, 

1.32. Found: C, 44.34; H, 2.19; N, 1.16. mp 90-92 °C. 

[Cp2ZrN(SiHMe2)(SiMe2-µ-OCHMe2)][HB(C6F5)3] ([9.18][HB(C6F5)3]). The compound 

Cp2Zr{N(SiHMe2)2}OCHMe2 (0.136 g, 0.330 mmol) and B(C6F5)3 (0.178 g, 0.347 mmol) 

were dissolved in benzene (5 mL). The mixture was stirred for 20 min to give a biphasic 

solution. The top clear layer was decanted and the bottom yellow oil layer was washed with 
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benzene (3 ×  3 mL) and pentane (2 ×  3 mL). All the volatiles were evaporated to dryness 

under reduced pressure to give [9.14][HB(C6F5)3] (0.257 g, 0.278 mmol, 84.2%) as a light 

yellow solid. X-ray quality crystal was grown from concentrated methylene chloride solution 

at -30 °C. 1H NMR (bromobenzene-d5, 600 MHz, 25 °C): δ 5.87 (s, C5H5, 10 H), 4.34 (br, 

HB, 1 H), 3.66 (m, 1 H, OCHMe2), 0.99 (d, 3JHH = 6.4 Hz, 6 H, OCHMe2), 0.41 (br m, 1JSiH = 

93.6 Hz, 1 H, SiH), 0.16 (d, 3JHH = 1.9 Hz, 6 H, SiHMe2), 0.02 (s, 6 H, SiMe2OCHMe2). 

13C{1H} NMR (bromobenzene-d5, 150 MHz, 25 °C): δ 148.33 (br, C6F5), 146.76 (br, C6F5), 

136.65 (br, C6F5), 136.38 (br, C6F5), 136.03 (br, C6F5), 134.76 (br, C6F5), 112.09 (C5H5), 

74.14 (OCHMe2), 22.90 (OCHMe2), 2.55 (SiMe2OCHMe2), -1.66 (SiHMe2). 11B NMR 

(bromobenzene-d5, 119.3 MHz, 25 °C): δ -24.8 (d, 1JBH = 89.0 Hz). 15N{1H} NMR 

(methylene chloride-d2, 61 MHz, 25 °C): δ -286.8. 19F NMR (bromobenzene-d5, 564 MHz, 

25 °C): δ -133.6 (d, 3JFF = 21.6 Hz, 6 H, ortho-F), -164.5 (t, 3JFF = 21.0 Hz, 3 F, para-F), -

167.4 (t, 3JFF = 19.8 Hz, 6 F, meta-F). 29Si{1H} NMR (bromobenzene-d5, 119.3 MHz, 25 °C): 

δ 13.2 (SiMe2OCHMe2), -33.0 (SiHMe2). IR (KBr, cm-1): 3123 m, 2994 s, 2381 s br (νBH), 

1767 s, 1689 s br, 1641 s (νC6F5), 1603 s, 1510 s (νC6F5), 1463 s br (νC6F5), 1376 s, 1263 s br, 

1180 s, 1109 s br, 1068 s, 1013 s, 970 s br, 813 s br, 713 s. Anal. Calcd for 

BC35F15H31Si2NOZr: C, 45.46; H, 3.38; N, 1.51. Found: C, 45.97; H, 3.47; N, 1.48. mp 105-

110 °C. 

[Cp2ZrN(SiHMe2)(SiMe2-µ-OCHMe2)][B(C6F5)4] ([9.18][B(C6F5)4]). The procedure 

described above for [9.14][HB(C6F5)3] was used, starting from Cp2Zr{N(SiHMe2)2}OMe 

(0.011 g, 0.266 mmol) and [Ph3C][B(C6F5)4] (0.238 g, 0.258 mmol) to afford 

[9.14][B(C6F5)4] (0.091 g, 0.084 mmol, 78.5%) as a light yellow solid. 1H NMR 
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(bromobenzene-d5, 600 MHz, 25 °C): δ 5.83 (s, 10 H, C5H5), 3.61 (m, 1 H, OCHMe2), 0.99 

(d, 3JHH = 6.2 Hz, 6 H, OCHMe2), 0.37 (m br, 1JSiH = 92.7 Hz, 1 H, SiH), 0.16 (br, 6 H, 

SiHMe2), 0.03 (s, 6 H, SiMe2). 13C{1H} NMR (bromobenzene-d5, 150 MHz, 25 °C): δ 

148.26 (br, C6F5), 146.63 (br, C6F5), 136.26 (br, C6F5), 135.45 (br, C6F5), 134.65 (br, C6F5), 

111.98 (C5H5), 74.08 (OCHMe2), 22.88 (OCHMe2), 2.47 (SiMe2OCHMe2), -1.70 (SiHMe2). 

11B NMR (bromobenzene-d5, 119.3 MHz, 25 °C): δ -15.9. 15N{1H} NMR (methylene 

chloride-d2, 61 MHz, 25 °C): δ -289.1. 19F NMR (bromobenzene-d5, 564 MHz, 25 °C): δ -

132.9 (s br, 8 H, ortho-F), -162.9 (t, 3JFF = 20.9 Hz, 4 F, para-F), -166.9 (s br, 8 F, meta-F). 

29Si{1H} NMR (bromobenzene-d5, 119.3 MHz, 25 °C): δ 13.9 (SiMe2OCMe2), -32.6 

(SiHMe2). IR (KBr, cm-1): 3125 w, 2977 m, 2381 s, 1764 m, 1690 m, 1644 s (νC6F5), 1603 m, 

1514 s (νC6F5), 1464 s br (νC6F5), 1376 s, 1265 s br, 1177 s, 1091 s br, 980 s br, 814 s br, 792 

s.  Anal. Calcd for BC41F20H30Si2NOZr: C, 45.14; H, 2.77; N, 1.28. Found: C, 45.28; H, 2.38; 

N, 1.12. mp 115-120 °C. 

[Cp2Zr{N(SiHMe2)(SiMe2DMAP)}H][HB(C6F5)3] ([9.19][HB(C6F5)3]). The cationic 

compound [9.2][HB(C6F5)3] (0.113 g, 0.130 mmol) and 4-dimethylaminopyridine (0.016 g, 

0.130 mmol) were dissolved in methylene chloride (5 mL) at room temperature. The mixture 

was stirred for 20 min. The solvent was removed under reduced pressure and the residue was 

washed with pentane (2 ×  2 mL). All the volatile materials were evaporated to dryness under 

reduced pressure to give [9.19][HB(C6F5)3] as a light yellow sticky solid. (0.126 g, 0.126 

mmol, 96.5%) 1H NMR (methylene chloride-d2, 600 MHz, 25 °C): d 7.93 (d, 3JHH = 6.0 Hz, 2 

H, α-NC5H4NMe2), 6.78 (d, 3JHH = 6.2 Hz, 2 H, β-NC5H4NMe2), 5.81 (s, 10 H, C5H5), 4.43 

(br s, 1 H, ZrH), 3.21 (s, 6 H, NMe2), 1.27 (br, 1 H, SiH), 0.51 (s, 6 H, SiMe2), 0.21 (s br, 6 



	  

 

311	  

H, SiHMe2). 1H NMR (methylene chloride-d2, 600 MHz, -88 °C): d 7.76 (d, 3JHH = 6.6 Hz, 2 

H, α-NC5H4NMe2), 6.67 (d, 3JHH = 7.2 Hz, 2 H, β-NC5H4NMe2), 5.67 (s, 10 H, C5H5), 3.95 

(br s, 1 H, ZrH), 3.15 (s, 6 H, NMe2), 0.95 (br, 1JSiH = 118.1 Hz, 1 H, SiH), 0.39 (s, 6 H, 

SiMe2), 0.11 (d, 3JHH = 2.4 Hz, 6 H, SiHMe2). 13C{1H} NMR (methylene chloride-d2, 125 

MHz, 25 °C): d 157.15 (ipso-NC5H4NMe2), 149.55 (br, C6F5), 147.98 (br, C6F5), 143.42 (α-

NC5H4NMe2), 139.16 (br, C6F5), 137.77 (br, C6F5), 136.21 (br, C6F5), 106.56 (β-

NC5H4NMe2), 106.56 (C5H5), 40.37 (NC5H4NMe2), 1.82 (SiMe2), -0.54 (SiHMe2). 11B NMR 

(methylene chloride-d2, 119.3 MHz, 25 °C): δ -25.4 (d, 1JBH = 91.7 Hz). 15N{1H} NMR 

(methylene chloride-d2, 61 MHz, -88°C): δ -197.3 (NC5H4NMe2), -292.5 (NC5H4NMe2), -

327.8 (ZrN). 19F NMR (methylene chloride-d2, 564 MHz, 25 °C): δ -135.2 (d, 3JFF = 21.7 Hz, 

6 F, ortho-F), -165.9 (t, 3JFF = 20.0 Hz, 3 F, para-F), -168.8 (t, 3JFF = 19.0 Hz, 6 F, meta-F). 

29Si{1H} NMR (methylene chloride-d2, 119.3 MHz, -88 °C): δ -0.6 (SiMe2DMAP), -63.6 

(SiHMe2). IR (KBr, cm-1): 3116 w, 2958 m, 2376 m br (νBH), 1889 m br (νSiH), 1640 s 

(νC6F5), 1568 s (νDMAP), 1509 s (νC6F5), 1464 s (νC6F5), 1404 m, 1373 m, 1348 w, 1310 s, 1272 

s, 1104 s, 1072 s, 1030 s, 968 s, 907 m, 857 m, 800 s, 725 s, 659 m. Anal. Calcd for 

BC39F15H35Si2N3Zr: C, 47.37; H, 3.57; N, 4.25. Found: C, 46.85; H, 3.96; N, 4.29. mp 80-86 

°C. 

[Cp2Zr{N(SiHMe2)(SiMe2DMAP)}H][B(C6F5)4] ([9.19][B(C6F5)4]). A similar procedure as 

described for the preparation of [9.19][HB(C6F5)3] was used, starting from [9.2][B(C6F5)4] 

(0.071 g, 0.069 mmol) and DMAP (0.008 g, 0.069 mmol) to afford [9.5][B(C6F5)4] (0.055 g, 

0.047 mmol, 68.3%) as a light yellow sticky solid. 1H NMR (bromobenzene-d5, 600 MHz, 25 

°C): δ 7.65 (br, 2 H, α-NC5H4NMe2), 6.17 (br, 2 H, β-NC5H4NMe2), 5.61 (s, 10 H, C5H5), 
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4.40 (br s, 1 H, ZrH), 2.54 (s, 6 H, NC5H4NMe2), 0.89 (br, 1JSiH = 120.7 Hz, 1 H, SiH), 0.32 

(s, 6 H, SiMe2DMAP), -0.03 (br, 6 H, SiHMe2). 13C{1H} NMR (bromobenzene-d5, 150 MHz, 

25 °C): δ 154.80 (ipso-NC5H4NMe2), 148.25 (br, C6F5), 146.65 (br, C6F5), 141.19 (α-

NC5H4NMe2), 138.13 (br, C6F5), 136.22 (br, C6F5), 134.60 (br, C6F5), 105.35 (β-

NC5H4NMe2), 104.72 (C5H5), 37.84 (NC5H4NMe2), 0.12 (SiMe2DMAP), -2.22 (SiHMe2). 

11B NMR (bromobenzene-d5, 119.3 MHz, 25 °C): δ -16.2. 15N{1H} NMR (methylene 

chloride-d2, 61 MHz, -73 °C): δ -195.5 (NC5H4NMe2), -292.9 (NC5H4NMe2), -323.1 (ZrN). 

19F NMR (bromobenzene-d5, 564 MHz, 25 °C): δ -133.1 (d, 3JFF = 17.5 Hz, 8 F, ortho-F), -

163.3 (t, 3JFF = 20.9 Hz, 4 F, para-F), -167.2 (t, 3JFF = 19.7 Hz, 8 F, meta-F). 29Si{1H} NMR 

(methylene chloride-d2, 119.3 MHz, -73 °C): δ -0.4 (SiMe2), -63.5 (SiHMe2). IR (KBr, cm-1): 

3074 w, 2960 m, 2619 w, 1889 m (νSiH), 1643 s (νC6F5), 1568 s (νDMAP), 1514 s (νC6F5), 1464 

s (νC6F5), 1405 m, 1374 m, 1349 w, 1310 s, 1274 s, 1234 s, 1087 s, 1031 s, 979 s, 906 m, 858 

m, 814 s, 774 s, 756 s, 726 s, 683 s, 661 s, 601 w, 573 m. Anal. Calcd for 

BC45F20H34Si2N3Zr: C, 46.80; H, 2.97; N, 3.64. Found: C, 46.35; H, 3.08; N, 3.64. mp 68-73 

°C. 

[Cp2Zr{N(SiMe2DMAP)(SiHMe2)}Cl][HB(C6F5)3] ([9.20][HB(C6F5)3]). The procedure 

described above for the synthesis of [9.19][HB(C6F5)3] was used, with 

[Cp2ZrN(SiHMe2)(SiMe2-µ-Cl)][HB(C6F5)3] ([9.14][HB(C6F5)3]; 0.170 g, 0.188 mmol) and 

4-dimethylaminopyridine (0.023 g, 0.188 mmol) to afford [9.20][HB(C6F5)3] (0.191 g, 0.187 

mmol, 99.4%) as a yellow gummy solid. 1H NMR (methylene chloride-d2, 600 MHz, 25 °C): 

δ 7.87 (d, 3JHH = 7.8 Hz, 2 H, α-NC5H4NMe2), 6.77 (d, 3JHH = 7.8 Hz, 2 H, β-NC5H4NMe2), 

6.23 (s, C5H5, 10 H), 3.21 (br q, 1 H, BH), 3.21 (s, 6 H, NMe2), 3.04 (m, 1JSiH = 154.7 Hz, 1 
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H, SiH), 0.60 (s, 6 H, SiMe2DMAP), 0.48 (d, 3JHH = 2.9 Hz, 6 H, SiHMe2). 13C{1H} NMR 

(methylene chloride-d2, 150 MHz, 25 °C): δ 157.34 (ipso-CNMe2), 149.54 (br, C6F5), 147.98 

(br, C6F5), 143.32 (α-NC5H4NMe2), 139.16 (br, C6F5), 137.66 (br, C6F5), 136.27 (br, C6F5), 

116.68 (C5H5), 107.59 (β-NC5H4NMe2), 40.43 (NC5H4NMe2), 3.22 (SiMe2DMAP), 1.00 

(SiHMe2). 11B NMR (methylene chloride-d2, 119.3 MHz, 25 °C): δ -25.4 (d, 1JBH = 88.3 Hz). 

15N{1H} NMR (methylene chloride-d2, 61 MHz, 25 °C): δ -197.7 (NC5H4NMe2), -294.2 

(NC5H4NMe2), -301.8 (ZrN). 19F NMR (methylene chloride-d2, 564 MHz, 25 °C): δ -135.2 

(d, 3JFF = 21.3 Hz, 6 F, ortho-F), -165.9 (t, 3JFF = 20.0 Hz, 3 F, para-F), -168.8 (t, 3JFF = 18.9 

Hz, 6 F, meta-F). 29Si{1H} NMR (methylene chloride-d2, 119.3 MHz, 25 °C): δ 5.7 

(SiMe2DMAP), -34.2 (SiHMe2). IR (KBr, cm-1): 3117 m, 2960 s, 2375 m br (νBH), 1930 m br 

(νSiH), 1639 s (νC6F5), 1569 s (νDMAP), 1509 s (νC6F5), 1467 s (νC6F5), 1405 s, 1374 s, 1272 s, 

1232 s, 1077 s br, 970 s br, 908 s br, 811 s br. Anal. Calcd for C39H34BN3F15Si2ClZr: C, 

45.77; H, 3.35; N, 4.11. Found: C, 46.02; H, 3.46; N, 3.98. mp 127-139 °C. 

[Cp2Zr{N(SiHMe2)2}OPEt3][B(C6F5)4] ([9.21][B(C6F5)4]). The procedure described above 

for [9.19][HB(C6F5)3] was used, starting from [9.2][B(C6F5)4] (0.103 g, 0.100 mmol) and 

triethylphosphine oxide (0.013 g, 0.100 mmol) to afford [9.21][B(C6F5)4] (0.091 g, 0.078 

mmol, 78.3%) as a light yellow oil. 1H NMR (bromobenzene-d5, 600 MHz, 25 °C): δ 5.98 (br 

s, 10 H, C5H5), 4.09 (br s, 1JSiH = 181.8 Hz, 2 H, SiH), 1.52 (m, 6 H, PCH2CH3), 0.82 (m, 9 

H, PCH2CH3), 0.11 (d, 3JHH = 4.2 Hz, 12 H, SiMe2). 13C{1H} NMR (bromobenzene-d5, 125 

MHz, 25 °C): δ 148.29 (br, C6F5), 146.64 (br, C6F5), 138.04 (br, C6F5), 136.34 (br, C6F5), 

134.67 (br, C6F5), 113.56 (C5H5), 16.53 (d, 1JPC = 64.8 Hz, PCH2CH3), 3.93 (d, 2JPC = 4.8 

Hz, PCH2CH3), 0.81 (SiHMe2). 11B NMR (bromobenzene-d5, 119.3 MHz, 25 °C): δ -15.9. 



	  

 

314	  

15N{1H} NMR (methylene chloride-d2, 61 MHz, 25 °C): δ -256.3. 19F NMR (bromobenzene-

d5, 564 MHz, 25 °C): δ -132.8 (d, 3JFF = 17.5 Hz, 8 F, ortho-F), -163.0 (t, 3JFF = 20.9 Hz, 4 F, 

para-F), -166.9 (t, 3JFF = 20.3 Hz, 8 F, meta-F). 29Si{1H} NMR (bromobenzene-d5, 119.3 

MHz, 25 °C): δ -19.2. 31P NMR (bromobenzene-d5, 243 MHz, 25 °C): δ 103.1. IR (KBr, cm-

1): 3129 w, 2956 m, 2361 w, 2122 m br (νSiH), 1644 m (νC6F5), 1515 s (νC6F5), 1464 s (νC6F5), 

1411 m, 1374 m, 1276 s, 1092 s, 1016 m, 980 s, 937 s, 880 s, 809 s, 773 s, 756 m, 726 m, 

683 s, 661 s, 603 w. Anal. Calcd for BC44F20H39Si2NOPZr: C, 45.29; H, 3.37; N, 1.20. 

Found: C, 45.13; H, 3.40; N, 1.16. mp 65-69 °C. 

[Cp2Zr{N(SiMe2OCHMe2)(SiMe2DMAP)}H][HB(C6F5)3] ([9.22][HB(C6F5)3]). 

Compound [9.18][HB(C6F5)3] (0.076 g, 0.082 mmol) and 4-dimethylaminopyridine (0.010 g, 

0.082 mmol) were dissolved in methylene chloride (5 mL). The mixture was stirred for 20 

min. The solvent was removed under reduced pressure, and the residue was washed with 

pentane (2 mL ×  2). All the volatile materials were evaporated to dryness under reduced 

pressure to give [9.22][HB(C6F5)3] as a crystalline white solid (0.085 g, 0.081 mmol, 99%). 

1H NMR (bromobenzene-d5, 600 MHz, 25 °C): δ 7.66 (d, 3JHH = 6.8 Hz, 2 H, α-

NC5H4NMe2), 6.25 (d, 3JHH = 6.8 Hz, 2 H, β-NC5H4NMe2), 5.61 (s, 10 H, C5H5), 4.44 (s, 1 

H, ZrH), 4.29 (q br, 1 H, BH), 3.77 (m, 1 H, OCHMe2), 2.56 (s, 6 H, NMe2), 1.05 (d, 3JHH = 

9.6 Hz, 6 H, OCHMe2), 0.39 (s, 6 H, SiMe2DMAP), -0.06 (s, 6 H, SiMe2OCHMe2). 13C{1H} 

NMR (bromobenzene-d5, 150 MHz, 25 °C): δ 154.53 (ipso-NC5H4Me2), 148.65 (br, C6F5), 

146.36 (br, C6F5), 141.62 (α-NC5H4NMe2), 137.96 (br, C6F5), 136.81 (br, C6F5), 134.25 (br, 

C6F5), 105.77 (C5H5), 105.39 (β-NC5H4NMe2), 69.88 (OCHMe2), 37.83 (NMe2), 23.38 

(OCHMe2), 3.47 (SiMe2OCHMe2), 1.38 (SiMe2DMAP). 11B NMR (bromobenzene-d5, 119.3 
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MHz, 25 °C): δ -24.9 (d, 1JBH = 88.2 Hz, BH). 15N{1H} NMR (methylene chloride-d2, 61 

MHz, 25 °C): δ -195.4 (NC5H4NMe2), -295.4 (NMe2), -310.2 (ZrN). 19F NMR 

(bromobenzene-d5, 564 MHz, 25 °C): δ -136.6 (d, 3JFF = 21.2 Hz, 6 H, ortho-F), -164.7 (t, 

3JFF = 21.1 Hz, 3 F, para-F), -167.5 (t, 3JFF = 19.0 Hz, 6 F, meta-F). 29Si{1H} NMR 

(bromobenzene-d5, 119.3 MHz, 25 °C): δ 16.6 (SiMe2OCHMe2), -11.0 (SiMe2DMAP). IR 

(KBr, cm-1): 3099 m, 2962 s, 2376 m br (νBH), 1709 m sh, 1640 s (νC6F5), 1566 s (νDMAP), 

1509 s (νC6F5), 1464 s br (νC6F5), 1374 m, 1258 s, 1100 s, 1071 s, 967 s br, 862 s, 794 s br. 

Anal. Calcd for BC42F15H41Si2N3OZr: C, 48.18; H, 3.95; N, 4.01. Found: C, 48.51; H, 3.46; 

N, 3.64. mp 55-58 °C. 

[Cp2Zr{N(SiMe2OCHMe2)(SiMe2DMAP)}H][B(C6F5)4] ([9.22][B(C6F5)4]). The procedure 

described above for [9.22][HB(C6F5)3] was used, starting from [9.18][B(C6F5)4] (0.091 g, 

0.084 mmol) and 4-dimethylaminopyridine (0.010 g, 0.084 mmol) to afford [9.22][B(C6F5)4] 

(0.094 g, 0.095 mmol, 92.6%) as a crystalline white solid. 1H NMR (bromobenzene-d5, 600 

MHz, 25 °C): δ 7.65 (br, 2 H, α-NC5H4NMe2), 6.17 (br, 2 H, β-NC5H4NMe2), 5.61 (s, 10 H, 

C5H5), 4.40 (s, 1 H, ZrH), 3.78 (m, 1 H, OCHMe2), 2.52 (s, 6 H, NMe2), 1.06 (d, 3JHH = 6.3 

Hz, 6 H, OCHMe2), 0.38 (s, 6 H, SiMe2DMAP), -0.05 (s, 6 H, SiMe2OCHMe2). 13C{1H} 

NMR (methylene chloride-d2, 150 MHz, 25 °C): δ 158.20 (ipso-NC5H4NMe2), 149.51 (br, 

C6F5), 147.90 (br, C6F5), 144.20 (α-NC5H4NMe2), 137.67 (br, C6F5), 136.05 (br, C6F5), 

119.96 (β-NC5H4NMe2), 107.51 (C5H5), 71.96 (OCHMe2), 40.22 (NMe2), 25.31 (OCHMe2), 

5.23 (SiMe2OCHMe2), 3.00 (SiMe2DMAP). 11B NMR (bromobenzene-d5, 119.3 MHz, 25 

°C): δ -15.9. 15N{1H} NMR (methylene chloride-d2, 61 MHz, 25 °C): δ -192.6 

(NC5H4NMe2), -295.4 (NMe2), -311.8 (ZrN). 19F NMR (bromobenzene-d5, 564 MHz, 25 °C): 
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δ -132.8 (br, 8 H, ortho-F), -163.1 (t, 3JFF = 20.3 Hz, 4 F, para-F), -167.0 (s br, 8 F, meta-F). 

29Si{1H} NMR (bromobenzene-d5, 119.3 MHz, 25 °C): δ 16.8 (SiMe2OCHMe2), -10.8 

(SiMe2DMAP). IR (KBr, cm-1):  3093 w, 2968 s, 2619 w, 1643 s (νC6F5), 1566 m (νDMAP), 

1514 s (νC6F5), 1464 s (νC6F5), 1403 m, 1374 m, 1274 s, 1233 s, 1088 s, 1016 m, 980 s, 861 

m, 812 s, 775 s, 756 s, 727 m, 683 s, 661 s, 610 w, 573 w. Anal. Calcd for 

BC48F20H40Si2N3OZr: C, 47.53; H, 3.32; N, 3.46. Found: C, 47.81; H, 3.10; N, 3.36. mp 56-

60 °C. 

Cp2ZrN(SiMe2OCHMe2)SiMe(DMAP)CH2][HB(C6F5)3]   ([9.23][HB(C6F5)3]). 

[9.22][HB(C6F5)3] (0.088 g, 0.084 mmol) was dissolved in methylene chloride (2 ml) and 

transfer to a storage tube with a Teflon valve. The mixture was heated to 140 °C for 4 h. The 

volatiles were removed under reduced pressure to give [9.23][HB(C6F5)3]  (0.080 g, 0.077 

mmol, 90.7%) as a yellow solid. 1H NMR (methylene chloride-d2, 600 MHz, 25 °C): δ 8.09 

(d, 3JHH = 7.8 Hz, 2 H, α-NC5H4NMe2), 6.76 (d, 3JHH = 7.0 Hz, 2 H, β-NC5H4NMe2), 6.28 (s, 

5 H, C5H5), 6.13 (s, 5 H, C5H5), 4.07 (m, 1 H, OCHMe2), 3.60 (q br, 1 H, BH), 3.20 (s, 6 H, 

NMe2), 1.32 (d, 3JHH = 6.1 Hz, 3 H, OCHMe2), 1.29 (d, 3JHH = 6.1 Hz, 3 H, OCHMe2), 1.14 (d 

br, 2JHH = 13.4 Hz, 1 H, ZrCH2),  0.95 (d br, 2JHH = 13.3 Hz, 1 H, ZrCH2), 0.44 (s, 3 H, 

SiMeDMAP), 0.17 (s, 3 H, SiMe2OCHMe2), 0.14 (s, 3 H, SiMe2OCHMe2). 13C{1H} NMR 

(methylene chloride-d2, 150 MHz, 25 °C): δ 157.29 (ipso-CNMe2), 149.90 (br, C6F5), 147.52 

(br, C6F5), 143.07 (α-NC5H4NMe2), 139.48 (br, C6F5), 138.03 (br, C6F5), 137.09 (br, C6F5), 

107.95 (β-NC5H4NMe2), 113.48 (C5H5), 113.39 (C5H5), 67.14 (Me2SiOCH), 40.41 (NMe2), 

25.91 (Me2SiOCH(CH3)2), 25.77 (Me2SiOCH(CH3)2), 23.69 (ZrCH2), 3.18 (SiMe2OCHMe2), 

2.95 (SiMeDMAP), 2.03 (SiMe2OCHMe2). 29Si{1H} NMR (methylene chloride-d2, 119.3 
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MHz, 25 °C): δ -1.8 (SiMe2OCHMe2), -22.7 (SiMeDMAP). 19F NMR (methylene chloride-

d2, 376 MHz, 25 °C): δ -135.3 (d, 3JFF = 22.5 Hz, 6 F, ortho-F), -166.1 (t, 3JFF = 20.4 Hz, 3 F, 

para-F), -168.9 (t, 3JFF = 19.2 Hz, 6 F, meta-F). 11B NMR (methylene chloride-d2, 79.5 MHz, 

25 °C): δ -25.4 (d, 1JBH = 88.0 Hz). 15N{1H} NMR (methylene chloride-d2, 61 MHz, 25 °C): 

δ -194.6 (NC5H4NMe2), -266.7 (ZrN), -295.7 (NMe2). IR (KBr, cm-1): 2970 m, 2376 m (νBH), 

1640 s (νC6F5), 1567 m (νDMAP), 1509 s (νC6F5), 1464 s (νC6F5), 1402 w, 1373 w, 1260 m, 

1233 m, 1172 w, 1103 m, 1072 m, 1015 m, 968 s, 803 s, 726 m, 659 m. Anal. Calcd for 

C42H39BN3OF15Si2Zr: C, 48.28; H, 3.76; N, 4.02. Found: C, 48.14; H, 3.59; N, 3.88. mp 65-

67 °C. 

[Cp2Zr{N(SiHMe2)(SiMe2OCHMe2)}OPEt3][HB(C6F5)3] ([9.24][HB(C6F5)3]). The 

procedure described above for [9.22][HB(C6F5)3] was used, starting from [9.18][HB(C6F5)3] 

(0.103 g, 0.111 mmol) and triethylphosphine oxide (0.015 g, 0.111 mmol) to afford 

[9.24][HB(C6F5)3] (0.082 g, 0.077 mmol, 69.5%) as a light yellow oil. 1H NMR 

(bromobenzene-d5, 600 MHz, 25 °C): δ 6.04 (s, C5H5, 10 H), 4.27 (q br, 1 H, BH), 4.04 (br s, 

1JSiH = 186.9 Hz, 1 H, SiH), 3.74 (br s, 1 H, OCHMe2), 1.59 (m, 6 H, PCH2CH3), 1.07 (d, 

3JHH = 6.1 Hz, 6 H, OCHMe2), 0.87 (m, 9 H, PCH2CH3), 0.12 (s br, 6 H, SiHMe2), 0.06 (s, 6 

H, SiMe2OCHMe2). 13C{1H} NMR (bromobenzene-d5, 150 MHz, 25 °C): δ 148.31 (br, 

C6F5), 146.74 (br, C6F5), 137.68 (br, C6F5), 136.34 (br, C6F5), 136.04 (br, C6F5), 134.73 (br, 

C6F5), 113.88 (C5H5), 63.90 (OCHMe2), 24.12 (OCHMe2), 16.70 (d, 1JPC = 64.7 Hz, 

PCH2CH3), 4.07 (d, 2JPC = 4.6 Hz, PCH2CH3), 2.11 (SiMe2OCHMe2), 1.18 (SiHMe2). 11B 

NMR (bromobenzene-d5, 119.3 MHz, 25 °C): δ -24.9 (br). 15N{1H} NMR (methylene 

chloride-d2, 61 MHz, 25 °C): δ -291.5. 19F NMR (bromobenzene-d5, 564 MHz, 25 °C): δ -
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132.4 (d, 3JFF = 21.8 Hz, 6 F, ortho-F), -163.2 (t, 3JFF = 20.7 Hz, 3 F, para-F), -166.1 (t, 3JFF 

= 19.9 Hz, 6 F, meta-F). 29Si{1H} NMR (bromobenzene-d5, 119.3 MHz, 25 °C): δ -5.1 

(SiMe2OCHMe2), -21.9 (SiHMe2). 31P NMR (bromobenzene-d5, 243 MHz, 25 °C): δ 102.5. 

IR (KBr, cm-1):  2975 m, 2375 m (νBH), 2146 s (νSiH), 1641 m (νC6F5), 1509 s (νC6F5), 1464 s 

(νC6F5), 1371 m, 1273 s, 1095 s, 1015 m, 968 s, 893 m, 808 s, 729 m, 648 w, 603 w. Anal. 

Calcd for BC41F15H46Si2NO2PZr: C, 46.50; H, 4.38; N, 1.32. Found: C, 46.49; H, 4.77; N, 

1.33. 

[Cp2Zr{N(SiHMe2)(SiMe2py)}OTf][HB(C6F5)3] ([9.25][HB(C6F5)3]). The procedure 

described above for [9.22][HB(C6F5)3]) was used, starting from [Cp2ZrN(SiHMe2)(SiMe2-µ-

κ2-OTf)][HB(C6F5)3] ([9.12][HB(C6F5)3]) (0.091 g, 0.090 mmol) and pyridine (7.5 mL, 

0.090 mmol)  to afford [9.25][HB(C6F5)3] (0.095 g, 0.087 mmol, 96.7%) as a gummy yellow 

solid. 1H NMR (methylene chloride-d2, 600 MHz, 25 °C): δ 8.61 (br, 2 H, ortho-NC5H5), 

8.48 (br, 1 H, para-NC5H5), 8.04 (br, 2 H, meta-NC5H5), 6.39 (s, 10 H, C5H5), 3.61 (br q, 1 

H, BH), 1.27 (br s, 1JSiH = 115.3 Hz, 1 H, SiH), 0.69 (s, 6 H, SiMe2NC5H5), 0.67 (br s, 6 H, 

SiHMe2). 13C{1H} NMR (methylene chloride-d2, 150 MHz, 25 °C): δ 149.78 (br, C6F5), 

147.47 (br, C6F5), 144.97 (ortho-NC5H5), 139.53 (br, C6F5), 138.35 (br, C6F5), 137.09 (br, 

C6F5), 135.91 (br, C6F5), 128.50 (para-NC5H5), 114.47 (C5H5), 117.52 (meta-NC5H5), 2.78 

(SiMe2py), 1.01 (SiHMe2). 11B NMR (methylene chloride-d2, 119.3 MHz, 25 °C): δ -25.4 (d, 

1JBH = 90.0 Hz). 15N{1H} NMR (methylene chloride-d2, 61 MHz, 25 °C): δ -154.0 (NC5H5), -

309.5 (ZrN). 19F NMR (methylene chloride-d2, 564 MHz, 25 °C): δ -78.8 (s, OTf), -135.2 (d, 

3JFF = 21.5 Hz, 6 F, ortho-F), -165.8 (t, 3JFF = 20.5 Hz, 3 F, para-F), -168.7 (t, 3JFF = 17.5 Hz, 

6 F, meta-F). 29Si NMR (methylene chloride-d2, 119.3 MHz, 25 °C): δ 14.4 (SiMe), -24.0 
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(SiHMe). IR (KBr, cm-1): 3121 m, 2962 m, 2920 w, 2373 m (νBH), 2131 w, 1880 m, 1767 m, 

1642 w (νC6F5), 1624, 1511 s (νC6F5), 1465 s (νC6F5), 1373 m, 1339 s, 1270 s, 1237 s, 1206 s, 

1102 s, 1018 s, 968 s, 910 m, 861 s, 818 s, 766 m. Anal. Calcd for BC40F18H34Si2N3O3SZr: 

C, 41.72; H, 2.67; N, 2.56. Found: C, 42.27; H, 2.22; N, 2.34. mp 77-86 °C. 

[Cp2Zr{N(SiHMe2)(SiMe2DMAP)}OTf][HB(C6F5)3] ([9.26][HB(C6F5)3]). The procedure 

described above for ([9.22][HB(C6F5)3]) was used, starting from [Cp2ZrN(SiHMe2)(SiMe2-µ-

κ2-OTf)][HB(C6F5)3] ([9.12][HB(C6F5)3]) (0.118 g, 0.116 mmol) and 4-

dimethylaminopyridine (0.014 g, 0.116 mmol) to afford [9.30][HB(C6F5)3] (0.131 g, 0.116 

mmol, 99.6%) as a gummy yellow solid. 1H NMR (methylene chloride-d2, 600 MHz, 25 °C): 

δ 7.89 (d, 3JHH = 7.6 Hz, 2 H, a-NC5H4NMe2), 6.80 (d, 3JHH = 7.2 Hz, 2 H, b-NC5H4NMe2), 

6.37 (s, 10 H, C5H5), 3.61 (br q, 1 H, BH), 3.21 (s, 6 H, NMe2), 1.37 (s br, 1JSiH = 115.3 Hz, 1 

H, SiH), 0.58 (d, 3JHH = 2.4 Hz, 6 H, SiHMe2), 0.54 (s br, 6 H, SiMe2DMAP). 13C{1H} NMR 

(methylene chloride-d2, 150 MHz, 25 °C): δ 157.47 (ipso-NC5H4NMe2), 149.86 (br, C6F5), 

147.50 (br, C6F5), 142.47 (α-NC5H4NMe2), 139.46 (br, C6F5), 138.18 (br, C6F5), 137.07 (br, 

C6F5), 135.70 (br, C6F5), 114.36 (C5H5), 108.22 (β-NC5H4NMe2), 40.48 (NMe2), 2.32 

(SiMe2DMAP), 0.89 (SiHMe2). 11B NMR (methylene chloride-d2, 119.3 MHz, 25 °C): δ -

25.4 (d, 1JBH = 91.1 Hz). 15N{1H} NMR (methylene chloride-d2, 61 MHz, 25 °C): δ -201.8 

(NC5H4NMe2), -292.3 (NMe2), -302.8 (ZrN). 19F NMR (methylene chloride-d2, 564 MHz, 25 

°C): δ -78.7 (s, OTf), -135.2 (d, 3JFF = 20.9 Hz, 6 F, ortho-F), -165.8 (t, 3JFF = 20.7 Hz, 3 F, 

para-F), -168.8 (t, 3JFF = 18.3 Hz, 6 F, meta-F). 29Si{1H} NMR (methylene chloride-d2, 

119.3 MHz, 25 °C): δ 7.7 (SiMe2DMAP), -26.6 (SiHMe2). IR (KBr, cm-1): 3119 m br, 2961 

m br, 2375 m br (νBH), 1881 m br, 1770 w, 1639 s (νC6F5), 1570 s (νDMAP), 1509 s (νC6F5), 
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1464 s (νC6F5), 1405 m, 1373 m, 1337 m, 1312 s, 1271 s, 1235 s, 1203 s, 1102 s, 1078 s, 1031 

s, 1001 s, 819 s. Anal. Calcd for BC40F18H34Si2N3O3SZr: C, 42.26; H, 3.01; N, 3.70. Found: 

C, 42.06; H, 2.85; N, 3.43. mp 60-65 °C. 

 [Cp2Zr{N(SiHMe2)(SiMe2OPEt3)}OTf][HB(C6F5)3] ([9.27][HB(C6F5)3]). The procedure 

described above for [9.22][HB(C6F5)3] was used, starting from [9.12][HB(C6F5)3] (0.101 g, 

0.099 mmol) and triethylphosphine oxide (0.0133 g, 0.099 mmol) to afford 

([9.27][HB(C6F5)3] (0.114 g, 0.099 mmol, 99.8%) as a yellow gummy solid. Unlike the 

pyridine and DMAP compounds [9.25]+ and [9.26]+, 1D and 2D NMR spectroscopy does not 

distinguish [Si]-OPEt3 coordination from [Zr]-OPEt3. However in [9.25]+ and [9.26]+, the 

[Si]-L adduct is well-supported by COSY experiments; in these compounds an non-classical 

SiH is observed. An agostic SiH is observed here in [9.31]+, and by analogy we assign this 

compound as a [Si]-OPEt3 adduct. In contrast, when OPEt3 coordinates to zirconium in 

[Cp2Zr{N(SiHMe2)2}OPEt3]+ ([9.21]+) and  [Cp2Zr{N(SiHMe2)(SiMe2OCHMe2)}OPEt3]+ 

[9.24]+, the resulting adduct contains only classical SiH moieties. 1H NMR (methylene 

chloride-d2, 600 MHz, 25 °C): δ 6.34 (s, C5H5, 10 H), 3.62 (br q, 1 H, BH), 2.23 (m, 6 H, 

PCH2CH3), 1.35 (s br, 1JSiH = 114.5 Hz, 1 H, SiH), 1.26 (m, 9 H, PCH2CH3), 0.52 (s br, 6 H, 

SiHMe2), 0.37 (s, 6 H, SiMe2OPEt3). 13C{1H} NMR (methylene chloride-d2, 150 MHz, 25 

°C): δ 149.92 (br, C6F5), 147.59 (br, C6F5), 139.41 (br, C6F5), 138.16 (br, C6F5), 137.15 (br, 

C6F5), 135.74 (br, C6F5), 114.28 (C5H5), 17.75 (d, 1JPC = 62.5 Hz, PCH2CH3), 5.50 (d, 2JPC = 

4.6 Hz, PCH2CH3), 3.99 (SiMe2), 0.88 (SiHMe2). 11B NMR (methylene chloride-d2, 119.3 

MHz, 25 °C): δ -25.3 (d, 1JBH = 93.1 Hz). 15N{1H} NMR (methylene chloride-d2, 61 MHz, 

25 °C): δ -291.5. 19F NMR (methylene chloride-d2, 564 MHz, 25 °C): δ -78.5 (s, OTf), -

135.2 (d, 3JFF = 21.2 Hz, 6 F, ortho-F), -165.8 (t, 3JFF = 20.9 Hz, 3 F, para-F), -168.8 (t, 3JFF 
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= 19.3 Hz, 6 F, meta-F). 29Si{1H} NMR (methylene chloride-d2, 119.3 MHz, 25 °C): δ 2.4 

(SiMe2OPEt3), -29.1 (SiHMe2). 31P NMR (methylene chloride-d2, 243 MHz, 25 °C): δ 105.1. 

IR (KBr, cm-1): 3126 m, 2985 m, 2959 m, 2920 m, 2362 m (νBH), 1880 s, 1766 m, 1642 s 

(νC6F5), 1603 w, 1511 s (νC6F5), 1463 s (νC6F5), 1411 m, 1374 m, 1329 s, 1262 s, 1236 s, 1205 

s, 1079 s, 1037 s, 969 s, 906 m, 861 s, 818 s. Anal. Calcd for BC39F18H39Si2NO4PSZr: C, 

40.77; H, 3.42; N, 1.22. Found: C, 40.85; H, 3.50; N, 1.20.  
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Chapter 10: A facile synthesis to constrained-geometry complexes facilitated by 

B(C6F5)3. 

Modified from a paper to be submitted to Organometallics 

KaKing Yan, Arkady Ellern, Aaron D. Sadow 

 

Abstract. Cationic zirconocene amido compounds containing the dimethylsilyl(t-

butyl)amido ligand [Cp2ZrN(SiHMe2)t-Bu]+ [10.2]+ are prepared by Zr-H abstraction from 

Cp2Zr{N(SiHMe2)(t-Bu}H (10.1) with Lewis acids. The β-SiH agostic structure in [10.2]+ is 

characterized by NMR and IR spectroscopy and X-ray diffraction study. Low 1JSiH coupling 

constants in the NMR spectra, and low-energy νSiH band in the IR spectra, and short M-Si 

distances and acute M-N-Si angles in the X-ray structure suggest non-classical three-center-

two-electron bonding mode on N(SiHMe2)(t-Bu) ligand in [10.2]+. Addition of DMAP to 

[10.2]+ provides a mixture of products that includes a azaziconasilacyclobutane product 

[Cp2Zr{CH2SiMe(DMAP)Nt-Bu}][HB(C6F5)3] ([3][HB(C6F5)3]) and H2 from a sequence of 

b-SiH migration to Zr, and g-H abstraction. The reactions of Cp2Zr{N(SiHMe2)(t-Bu}X (X = 

Cl (10.4), I (10.5), OTf (10.6)) and B(C6F5)3 give C-H/Si-H dehydrocoupling constrained-

geometry complex (cgc) {Me2Si(C5H4)N(t-Bu)}Zr(C5H5)X (X = Cl (10.7), I (10.8), OTf 

(10.9)) and hydrogen from a silicon cation-induced electrophilic aromatic substitution. 
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Introduction 

Silicon element multiple-bonded species (R2E=SiR’2) (E = C, Si, N) have been 

intensively studied for their remarkably reactive nature, in comparison with the relatively 

inert carbon analogues, and their possible roles in bond-formation reactions with 

organosilanes. An organometallic approach to stabilize these reactive fragments is by 

coordination to transition metal centers to generate π-type complexes.1 In particular, 

silanimine adduct is postulated as a key intermediate in hydrosilylation of ketone by Group 6 

imido catalysts. Addition of silane to molybdenum imido complex provides silanimine 

adduct.2 Berry et. al demonstrated in his seminal work that unsaturated molecules, such as 

CO, CO2 and formaldehyde, insert into Zr-Si bond in zirconium η2-silanimine.2f,3 Although 

such silanimine adduct can be drawn in resonance forms between two extreme scenarios: 

Zr(IV) metallocycle with sp3-hybridized Si and Zr(II) η2-silanimine with sp2-hybridized Si 

center (Scheme 10.1).2f Spectroscopic and DFT calculation4 data suggested that it’s best to 

describe Berry’s silanimine as Zr(IV) metallocycle.  

 

Scheme 10.1. General scheme for the resonance structures of η2-silanimine organometallic 

complexes. 

Meanwhile, it’s well documented that SiH group in organosilanes can be abstracted 

by strong Lewis acids. Hydrosilylation of carbonyl catalyzed by B(C6F5)3 represents a prime 

example of this strategy in catalysis.5 Recently, we reported the preparation of silene head to 

SiMe2
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metallocycle η2-silanimine
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tail dimer [(Me2HSi)2C=SiMe2]2 facilitated by β-SiH abstraction with Lewis acid.6 

Therefore, inspired by Berry’s effort, we proposed to prepare a Zr(IV) η2-silanimine by β 

SiH group abstraction by Lewis acid with Cp2Zr{N(SiHMe2)t-Bu}X (X = H, halides) 

(Scheme 10.2).  

 

Scheme 10.2. General scheme for our approach to general cationic η2-silanimine zirconium 

complexes. 

Herein we report our attempt to prepare Zr(IV) η2-silanimine from the reaction of 

Cp2Zr{N(SiHMe2)t-Bu}X (X = H, halides) and Lewis acids. Instead of β-SiH abstraction in 

Cp2Zr{N(SiHMe2)t-Bu}(H) (10.1), hydride abstraction was observed to give cationic 

silazidozirconium compound that features unusual spectroscopic and structural motif with a 

side-on interaction of a SiH group with a zirconium center in an agostic type structure. 

Furthermore, when X is a halide group, a constrained-geometry complex (cgc) and hydrogen 

were observed. β-SiH abstraction was proposed to give a transient silicon cation that 

activates a cyclopentadienyl ring and undergoes a C-H/Si-H dehydrocoupling reaction for C-

Si bond formation. 

 

Result and Discussion 

Reactions of Cp2Zr[N(SiHMe2)t-Bu](H) with B(C6F5)3 and [Ph3C][B(C6F5)4].  

Zr(IV) η2-silanimine

Scheme 2
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The reactions of 10.1 and B(C6F5)3 or [Ph3C][B(C6F5)4] give [Cp2ZrN(SiHMe2)t-Bu]+ 

([10.2][HB(C6F5)3] or [10.2][B(C6F5)4]) respectively (eq 10.1). These cationic tert-

butylsilazidozirconocene compounds readily form purple crystals upon slow diffusion of 

pentane into bromobenzene solution or the oil that precipitates from the reaction in benzene. 

 

The upfield 1H NMR chemical shifts at 0.46 and 0.35 ppm in [10.2][HB(C6F5)3] and 

[10.2][B(C6F5)4] were assigned to the SiH moiety based on crosspeaks to SiMe2 resonances 

in COSY experiments. These upfield signals are characterized by very low one-bond silicon-

hydrogen coupling constants (1JSiH = 90.7 and 90.4 Hz). The SiH resonances of [10.2]+ are 

shifted upfield by 0.8 ppm in comparison to neutral 1, which is also assigned a b-agostic 

ground state structure.2f Meanwhile, 1H NMR spectra of Cp2Z(N(SiHMe2)t-Bu)X (X = F, Cl, 

Br, I, OTf) contain SiH resonances from 1.3-2.8 ppm and 1JSiH from 119-135 Hz.2f In fact, 

the low 1JSiH value for [10.2]+ is similar to that in Cp2Ti(Me2HSiCCt-Bu) (δSiH -7.32 ppm, 

1JSiH = 93 Hz at 193 K), although the δSiH in [10.2]+ is further downfield.7 In addition, 29Si 

NMR signals were detected at -7.5 and -7.6 ppm for [10.2][HB(C6F5)3] and [10.2][B(C6F5)4], 

respectively. These signals are dramatically downfield of the chemical shift of the agostic 

precursor 10.1 (-73.9 ppm). In the 11B NMR spectrum, HB(C6F5)3 was identified (-23.6 ppm, 

1JBH = 91.2 Hz) in [10.2][HB(C6F5)3]. Ph3CH was detected in reactions that give 

[10.2][B(C6F5)4]. Further evidence of a Zr(η2-HSi) interaction in [10.2]+ comes from the 

observation of exceedingly low energy IR bands assigned to the νSiH at 1709 and 1703 cm-1, 

(10.1)

[10.2][HB(C6F5)3]   83.2%
[10.2][B(C6F5)4]      59.6%

B(C6F5)3 or [Ph3C][B(C6F5)4]

rt, 20 min
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respectively. For comparison, Cp2Zr{N(SiHMe2)t-Bu}X (X = H, F, Cl, Br, I) contain νSiH 

bands from 1912-1998 cm-1,8 while the νSiH in Er[N(SiHMe2)t-Bu]3 appeared at 1858 cm-1.9 

X-ray quality crystals of [10.2][B(C6F5)4] were obtained from a concentrated 

bromobenzene solution cooled to 0 °C. The solid-state structure confirmed the separation of 

[10.2]+ and B(C6F5)4. The closest F-Si distance is 4.580(4) that suggests the anion is well-

separated from the cation. Both the Zr1-N1 distance (2.056(2) Å) and N-Si distance (1.617(2) 

Å) are shorter than those in 10.2 (Zr-N1: 2.143(2) and N1-Si1: 1.709(6) A) in 10.2. The N-Si 

distance is also shorter than that in the silanimine compound Cp2Zr{η2-N(t-Bu)SiMe2}PMe3 

by ~0.04 Å.2f The β-silicon center and the three substituents are approaching planarity in 

[10.2]+. The sums of the C-Si-C angle and N-Si-C angels are 349.9°. [10.2]+ salts are robust 

in solid state and solution. The intensity of resonances corresponding to [10.2][HB(C6F5)3] in 

1H NMR spectrum decreases upon heating at 85 °C for 36 h, however, the resonances of 

silaimine product corresponding to β-hydrogen elimination are not observed. 
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Figure 10.1. ORTEP diagram illustrating the cationic portion of [Cp2ZrN(SiHMe2)t-

Bu][B(C6F5)4] ([10.2][B(C6F5)4]). Only hydrogen bonded to silicon are illustrated. Selected 

interatomic distances (Å): Zr1-H1s, 2.03(4); Zr1-N1, 2.058(3); Zr-Si1, 2.836(1); Si1-H1s, 

1.53(5); N1-Si1, 1.697(3); N1-C3, 1.476(6). Selected interatomic angles (°): Zr1-Si1-N1, 

46.0(1); Si1-Zr1-N1, 36.41(8); Zr1-N1-Si1, 97.6(1); Si1-N1-C3, 129.4(3). 

Reaction of tert-butylsilazide [10.2][HB(C6F5)3] and DMAP in methylene chloride at 

room temperature gives an inseparable mixture of products over one day. A combination of 

1D and 2D multinuclear NMR experiments allowed the assignment of the major product as 

[Cp2Zr{CH2SiMe(DMAP)Nt-Bu}][HB(C6F5)3] ([10.3][HB(C6F5)3]; Scheme 10.3). 

Zr1

N1

Si1
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Scheme 10.3. The proposed pathway for formation of [10.3][HB(C6F5)3] from 

[10.2][HB(C6F5)3]. 

In the 1H NMR spectrum of the reaction mixture, H2 (4.46 ppm) was detected; 

however, a silicon hydride was not observed. Characteristic 1H NMR doublet resonances at 

1.70 and 1.62 ppm (2JHH = 13.2 Hz, 1 H each) were correlated in a COSY experiment and 

assigned as diastereotopic hydrogens in a methylene unit adjacent to a chiral center. A 1H-

29Si HMBC experiment (optimized for JSiH = 7 Hz) showed correlations between the Si 

center and the CH2, Me, and α-aromatic CH protons of the DMAP group, and confirmed the 

connectivity of the assigned structure. A plausible pathway for the formation of [10.3]+ 

involves coordination of DMAP to the silicon center and a 1,3-hydride shift to form 

[Cp2Zr{N(Si(DMAP)Me2)t-Bu}H]+, followed by β-hydrogen abstraction.  

Reactions of Cp2Zr[N(SiHMe2)t-Bu](OTf) with B(C6F5)3.  

Zirconium hydride abstraction has been shown to be a predominant pathway with 

B(C6F5)3 in the presence of β-SiH moiety. In order to favor β-SiH abstraction, the reactivity 

with borane were examined with mixed halide amide compounds Cp2ZrN(SiHMe2)t-Bu(X) 

(X = Cl (10.4), I (10.5), OTf (10.6)). The syntheses of 10.4 and 10.5 were previously 

reported.9 The desired mixed triflate amide adduct Cp2ZrN(SiHMe2)t-Bu(OTf) (10.4) was 

prepared from 10.1 and MeOTf in benzene (eq 10.2). Instantaneous formation of methane 

was observed in 1H NMR spectra upon monitoring micromolar scale reactions in benzene-d6. 
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The 1H NMR spectrum of 10.6 contained equivalent C5H5 (5.97 ppm), SiH (1.29 

ppm, 1JSiH = 112.2 Hz), t-Bu (1.16 ppm) and SiMe2 (-0.02 ppm, 3JHH = 2.4 Hz) moieties. The 

low 1JSiH of 10.6 is in good agreement with other halide analogues (119-135 Hz). Besides, 

one νSiH band was observed for 10.6 at 1917 cm-1. Both 1JSiH and νSiH are lower than other 

halide adducts by at least 6.5 Hz and 33 cm-1, respectively. This suggests the electon-

withdrawing triflate group affects the electronic property of SiH group.  

In contrast to the chemistry of tetramethyldisilazido zirconocene, the tert-butyl 

monosilazide compound 10.6 and B(C6F5)3 react to give H2 and a C5H5-activated product 

{Me2Si(C5H4)N(t-Bu)}Zr(C5H5)OTf (10.7; eq 10.3). 

 

The product 10.9 is soluble in benzene, and only a small amount of oily precipitate 

was formed. In contrast, all of the cationic disilazido compounds are insoluble in benzene 

and precipitate from reaction mixtures as oils. In micromolar scale reactions in benzene-d6 

that give 10.9, a broad 11B NMR resonance at 55 ppm was assigned to B(C6F5)3, and a 

downfield resonance normally assigned to [HB(C6F5)3]– was absent. Still, one equivalent of 

B(C6F5)3 is required for conversion of Cp2Zr{N(SiHMe2)t-Bu}X (X = I, OTf) to 10.8 or 10.9 

and H2. Unfortunately, the product is contaminated with B(C6F5)3, and this route does not 
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provide analytically pure 10.8 and 10.9. The reaction of 10.6 and B(C6F5)3 is much slower 

than the reaction with 10.5. The conversion from 10.6 to 10.9 takes one day at room 

temperature for complete conversion, while the reaction with 10.5 is complete within 5 min. 

One possibility for slow reactivity may result from possible coordination of B(C6F5)3 to one 

of the S-O group in triflate group. Similar borane-sulfonate interaction was previous 

observed in a palladium complex equipped with a sulfonate-functionalized NHC ligand.10 

In the 1H NMR spectrum of 10.9, a singlet (5.93 ppm, 5 H) and four multiplets (4 H 

total) in the cyclopentadienyl region suggested that one of C-H bond on a Cp ring is 

activated. A tert-butyl singlet (1.13 ppm) and two singlets at 0.49 and 0.19 (3 H each) for the 

diastereotopic SiMe2 were also observed; the 1H resonances of the SiMe groups showed 

correlation with the ipso-C5H4 signal in a 1H-13C HMBC experiment that is indicative of a Si-

C bond formation. The spectroscopy data of 10.9 is very similar to the previously reported 

{Me2Si(C5H5)N(t-Bu)}Zr(C5H5)Cl (10.7).11 10.7 can also be synthesized through the 

B(C6F5)3-mediated reaction of Cp2Zr{N(SiHMe2)t-Bu}Cl, however micromolar reaction in 

benzene-d6  as the major component in a mixture of products, further confirming the identity 

of 10.9.  

 

Scheme 10.4. Proposed pathway for Lewis acid-mediated constrained geometry complex 

formation.  

N
SiMe2

tBuCp2Zr

H

(C6F5)3B

X

N
Zr Zr

SiMe2
N tBu

X
Cp

H
SiMe2

tBu

B(C6F5)3H

-H2

+

X

N
SiMe2

tBuZr
X

+



	  

 

337	  

Related B(C6F5)3-mediated electrophilic substitution reactions of a cyclopentadienyl 

group were previously observed in a chromocene and a zirconocene-diene system facilitated 

by CpB(C6F5)3 formation.12 Previously, we have shown that H2 elimination and interligand 

coupling between a Si−H bond of a silazide and the C−H bond of Cp is facilitated by Lewis 

acid.13 The formation of constrained geometry framework is proposed to involve a C-H/Si-H 

dehydrogenative coupling reaction catalyzed by B(C6F5)3 takes place (Scheme 10.4). β-SiH 

abstraction generates silicon cation similar to first step in Scheme 10.3, which is in close 

proximity to the Cp ring than the triflate group, or else the major product could be the 

formation of triflate migration product [Cp2Zr(OTfSiMe2)Nt-Bu]+. Instead, the key step here 

is the Cp ring attack to the silicon cation following an electrophilic aromatic substitution type 

mechanism. This follows a deprotonation by borohydride to give constrained geometry 

production and extrudes H2. The β-SiH group directed C-Si bond formation catalyzed by 

B(C6F5)3 might provide new synthetic route to arylsilane. 

 

Conclusion 

The Zr-H-Si interaction in [10.2]+ represents a ground state agostic structure model 

on the coordinate to β-H elimination. While this β-elimination reaction is not initiated by 

thermolysis, addition of a two-electron donor promotes this reaction to take place. Although 

the β-H elimination product is not observed by NMR spectroscopy, its subsequent 

intramolecular g-abstraction reaction product is identified. Using the four-center transition 

state pioneered by Bercaw in the description for β-H elimination, positive charge builds up 

on the β-Si position. Unlike its carbon congener, silicon cation species are highly reactive 
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and its generation during a reaction is thermodynamically unfavorable. Thus, it may explain 

why β-H elimination is not an observable pathway in the thermolysis of [10.2]+. However, 

the introduction of DMAP stabilizes transient silicon cation by inductive effect and 

resonance (Scheme 10.5). 

 

Scheme 10.5. Resonance structure in the reaction of [10.2]+ and DMAP. 

Meanwhile, the reaction of B(C6F5)3 with zirconium amido halide 10.4-10.6 gave 

constrained geometry complexes 10.7-10.9, through a transient silicon cation intermediate. 

The inhibition of intramolecular abstraction of a Zr halide by silicon cation is probably due to 

the formation of a highly electron-deficient fourteen-electron complex. Thus, Cp ring 

activation is observed instead. Constrained-geometry complexes play an important role in 

industrial α-olefin polymerization process. Our work here represents a facile approach to 

generate cgc ligand motif facilitated by B(C6F5)3. The β-SiH group directed C-Si bond 

formation catalyzed by B(C6F5)3 might provide new synthetic route to arylsilane.  

 

Experimental 

General Procedures. All reactions were performed under a dry argon atmosphere using 

standard Schlenk techniques, or under a nitrogen atmosphere in a glovebox unless otherwise 

indicated. Dry, oxygen-free solvents were used throughout. Benzene and pentane solvents 

were degassed by sparging with nitrogen, filtered through activated alumina columns, and 

stored under N2. Benzene-d6 and toluene-d8 were vacuum transferred from Na/K alloy and 
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stored under N2 in the glovebox. Bromobenzene-d5, was degassed in three freeze-pump-thaw 

cycles and stored over 4 Å molecular sieve under N2 in the glovebox. All organic reagents 

were purchased from Aldrich and used as received. Cp2Zr{N(SiHMe2)t-Bu}H (10.2),2f,9 

Cp2Zr{N(SiHMe2)t-Bu}OTf,14 B(C6F5)3,14 and [Ph3C][B(C6F5)4]15 were prepared as 

described in literature procedures. 1H, 13C{1H}, 11B, 19F, and 29SI NMR spectra were 

collected on Agilent MR-400, Bruker DRX-400, or Bruker AVIII 600 NMR spectrometers. 

15N chemical shifts were determined by 1H-15N HMBC experiments on a Bruker AVII 600 

spectrometer with a Bruker Z-gradient inverse TXI 1H/13C/15N 5mm cryoprobe; 15N chemical 

shifts were originally referenced to an external liquid NH3 standard and recalculated to the 

CH3NO2 chemical shift scale by adding -381.9 ppm. 29Si{1H} NMR spectra were recorded 

using DEPT experiments, and assignments were verified by 1H COESY, 1H-13C HMQC, 1H-

13C HMBC, and 1H-29Si HMBC experiments. Elemental analysis was performed using a 

Perkin-Elmer 2400 Series II CHN/S by the Iowa State Chemical Instrumentation Facility. X-

ray diffraction data was collected on a Bruker APEX II diffractometer. 

[Cp2ZrN(SiHMe2)t-Bu][HB(C6F5)3] ([10.2][HB(C6F5)3]). Compound 10.1 (0.066 g, 0.188 

mmol) and B(C6F5)3 (0.096 g, 0.188 mmol) were dissolved in benzene (10 mL). The reaction 

mixture was stirred at room temperature for 20 min, and a light yellow oil layer precipitated 

from the solvent. The top layer was decanted, and the oil layer was washed with benzene (4 

×  5 mL) and pentane (2 ×  5 mL). All the volatile materials were removed under reduced 

pressure to yield [10.2][HB(C6F5)3] (0.135 g, 0.157 mmol, 83.2%) as a light purple solid. 1H 

NMR (bromobenzene-d5, 400 MHz, 25 °C): δ 6.17 (s, 10 H, C5H5), 4.24 (br q, 1 H, HB), 

0.72 (s, 9 H, C4H9), 0.46 (m, 1JSiH = 90.7 Hz, 1 H, SiH), 0.29 (d, 3JHH = 3.2 Hz, 6 H, SiMe). 

13C{1H} NMR (bromobenzene-d5, 125 MHz, 25 °C): δ 148.68 (br, C6F5), 146.34 (br, C6F5), 
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138.07 (br, C6F5), 136.82 (br, C6F5), 135.65 (br, C6F5), 134.42 (br, C6F5), 116.28 (C5H5), 

61.26 (CMe3), 31.85 (CMe3), 0.26 (SiMe). 11B NMR (bromobenzene-d5, 119.3 MHz, 25 °C): 

δ - 24.4 (br). 15N{1H} NMR (methylene chloride-d2, 61 MHz, 25 °C): δ -199.3. 19F NMR 

(bromobenzene-d5, 376 MHz, 25 °C): δ -131.8 (d, 3JFF = 24.4 Hz, 6 F, ortho-F), -162.5 (t, 

3JFF = 20.7 Hz, 3 F, para-F), -165.4 (t, 3JFF = 17.7 Hz, 6 F, meta-F). 29Si{1H} NMR 

(bromobenzene-d5, 119.3 MHz, 25 °C): δ -7.5. IR (KBr, cm-1): 3135 m, 3105 m, 2963 m, 

2367 m br (νBH), 1709 m (νSiH), 1644 s (νC6F5), 1602 m, 1513 s (νC6F5), 1457 br s (νC6F5), 

1377 m, 1365 m, 1276 s, 1253 s, 1237 s, 1219 s, 1113 s, 1070 s, 1023 s, 1014 s, 970 s br, 906 

s, 858 s, 818 s, 762 s, 720 m. Anal. Calcd for BC34F15H27SiNZr: C, 47.23; H, 3.15; N, 1.62. 

Found: C, 47.29; H, 3.60; N, 1.52. mp 132-135 °C. 

[Cp2ZrN(SiHMe2)t-Bu][B(C6F5)4] ([10.2][B(C6F5)4]). Compound 10.1 (0.084 g, 0.239 

mmol) and [Ph3C][B(C6F5)4] (0.221 g, 0.239 mmol) were dissolved in benzene (10 mL). The 

reaction mixture was stirred at room temperature for 20 min, and a purple layer precipitated 

from the solvent. The top layer was decanted, and the oil layer was washed with benzene (4 × 

5 mL) and pentane (2 × 5 mL). All the volatile materials were removed under reduced 

pressure to yield [10.2][B(C6F5)4] (0.147 g, 0.142 mmol, 59.6%) as a light purple solid. 

Purple X-ray quality crystals were grown from concentrated bromobenzene at -30 °C. 1H 

NMR (bromobenzene-d5, 400 MHz, 25 °C): δ 6.11 (s, 10 H, C5H5), 0.72 (s, 9 H, C4H9), 0.35 

(m, 1JSiH = 90.4 Hz, 1 H, SiH), 0.28 (s, 6 H, SiMe). 13C{1H} NMR (bromobenzene-d5, 125 

MHz, 25 °C): δ 148.70 (C6F5), 146.32 (C6F5), 138.56 (C6F5), 136.69 (C6F5), 136.11 (C6F5), 

134.24 (C6F5), 116.14 (C5H5), 61.37 (CMe), 31.78 (CMe), 0.21 (SiMe). 11B NMR 

(bromobenzene-d5, 119.3 MHz, 25 °C): δ -16.0. 15N{1H} NMR (methylene chloride-d2, 61 
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MHz, 25 °C): δ -198.5. 19F NMR (bromobenzene-d5, 376 MHz, 25 °C): δ -131.6 (br, 8 F, 

ortho-F), -161.6 (t, 3JFF = 22.0 Hz, 4 F, para-F), -165.5 (t, 3JFF = 19.2 Hz, 8 F, meta-F). 

29Si{1H} NMR (bromobenzene-d5, 119.3 MHz, 25 °C): δ -7.6. IR (KBr, cm-1): 3123 w, 2968 

m, 1763 w, 1703 w (νSiH), 1644 s (νC6F5), 1600 m, 1515 s (νC6F5), 1463 s br (νC6F5), 1375 m, 

1365 m, 1275 s br, 1219 m, 1189 m, 1086 s br, 1019 m, 980 s br, 906 m, 857 m, 810 s br, 

775 s, 756 s, 725 m. Calcd for BC40F20H26SiNZr: C, 46.61; H, 2.54; N, 1.36. Found: C, 

46.83; H, 2.50; N, 1.27.  mp 145-148 °C. 

Cp(CpSiMe2Nt-Bu)ZrOTf (9.30). A benzene (10ml) solution of Cp2ZrOTfNt-BuSiHMe2 

(0.102 g, 0.204 mmol) and B(C6F5)3 (0.105 g, 0.204 mmol) was stirred at room temperature 

for 24 h. The volatiles were evaporated under reduced pressure to yield a yellow solid. The 

yellow solid was extracted with pentane (2 x 5 ml). The pentane extract was concentrated and 

cooled to -30 ºC to give 9.30 as a white solid (0.097 g, 0.194 mmol) 1H NMR (benzene-d6, 

400 MHz, 25 °C): δ 6.84 (m br, C5H5, 1 H), 6.41 (m br, C5H5, 1 H), 6.06 (m br, C5H5, 1 H), 

5.93 (s, C5H5, 5 H), 5.21 (m br, C5H5, 1 H), 1.13 (s, C4H9, 9 H), 0.49 (s, SiMe, 3 H), 0.19 (s, 

SiMe, 3 H). 13C{1H} NMR (benzene-d6, 125 MHz, 25 °C): δ 125.09 (C5H4), 120.80 (C5H4), 

118.35 (C5H4), 115.26 (C5H5), 113.16 (SiMe2C5H4), 112.21 (C5H4), 59.96 (CCH3), 35.20 

(CCH3), 4.68 (SiMe), 1.59 (SiMe).19F NMR (benzene-d6, 376 MHz, 25 °C): δ -77.4. 29Si{1H} 

NMR (benzene-d6, 119.3 MHz, 25 ºC): d -23.3 (SiMe). 15N{1H} NMR (benzene-d6, 61 MHz, 

25 °C): δ -266.5. 

Cp(CpSiMe2Nt-Bu)ZrI (8-I). A benzene (10 ml) solution of Cp2ZrINt-BuSiHMe2 (0.096 g, 

0.201 mmol) and B(C6F5)3 (0.103 g, 0.201 mmol) was stirred at room temperature for 1 h. 

The volatiles were evaporated under reduced pressure to yield a yellow solid. The yellow 
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solid was extracted with pentane (2 x 5 ml). The pentane extract was concentrated and cooled 

to -30 ºC to give Cp(CpSiMe2Nt-Bu)ZrI as a bright yellow solid (0.091 g, 0.191 mmol, 95.0 

%). 1H NMR (benzene-d6, 400 MHz, 25 °C): δ 7.07 (m br, C5H5, 1 H), 6.32 (m br, C5H5, 1 

H), 5.97 (s, C5H5, 5 H), 5.72 (m br, C5H5, 1 H), 5.47 (m br, C5H5, 1 H), 1.21 (s, C4H9, 9 H), 

0.51 (s, SiMe, 3 H), 0.27 (s, SiMe, 3 H). 13C{1H} NMR (benzene-d6, 125 MHz, 25 °C): 

δ 125.09 (C5H4), 118.65 (C5H4), 118.24 (C5H4), 115.09 (C5H5), 112.66 (SiMe2C5H4), 112.11 

(C5H4), 59.82 (CCH3), 35.10 (CCH3), 4.62 (SiMe), 2.09 (SiMe). 29Si{1H} NMR (benzene-d6, 

119.3 MHz, 25 °C): δ -23.9 (SiMe). 15N{1H} NMR (benzene-d6, 61 MHz, 25 °C): δ -141.9. 
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Chapter 11: General conclusion 

 

 Development and understanding of fundamental reaction pathwayas remains an 

important aspect of organometallic chemistry and experimental organometallic chemistry is 

still full of surprises. Understanding the role of β-H containing ligand in stoichiometric and 

catalytic reactions provides valuable insight into how these metal complexes behave 

intramolecularly and intermolecularly with substrates or co-catalysts, and their 

decomposition pathway. The major challenge in olefin polymerization is to control the rate 

between olefin insertion and β-H elimination. Both processes originate from organometallic 

species that contain β-hydrogen and vacant cis coordination site. 

 From my work, we have introduced a new multiple β-hydrogens containing alkyl 

ligand C(SiHMe2)3 for coordination chemistry in main group, early transition metal and rare 

earth metals. The three SiH groups also provide excellent spectroscopic probe. One 

compound that I synthesized was Y[C(SiHMe2)3]3 that all nine SiHs are equivalent at 298K. 

However, an unprecedented six β-agostic SiHs (2 agostic Si-H for each C(SiHMe2)3) was 

observed by NMR spectroscopy at 190K. This compound shows no sign of β-H elimination 

even at elevated temperature that was often considered as the catalyst degradation pathway in 

other early metal alkyl complexes bearing β-H. To investigate if the lack of open site for β-H 

elimination to proceed in the Y case, we prepared the less sterically crowded M[C(SiHMe2)-

3]2THF2 M=Ca, Yb. The IR and NMR spectroscopy show that the compounds do bear weaker 

agostic SiH interaction than the Y analog, so we expect β-elimination to be more facile. 

However, thermolysis study revealed no sign of β-H elimination either. As a result, we 
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reacted M[C(SiHMe2)3]2THF2 M = Ca, Yb with Lewis acids (LA = BPh3, B(C6F5)3, 

[Ph3C][B(C6F5)4]) to attempt to open up a vacant site to facilitate such elimination. 

Unexpectedly, the most nucleophilic site in the complexes is not the carbanic carbon, but the 

Si-H bond to form the H-abstracted byproduct silene dimer [Me2SiC(SiHMe2)2]2 and 

zwitterionic species [MC(SiHMe3)3THF2][H-LA]. [MC(SiHMe3)3THF2][HB(C6F5)3] does 

eliminate silene at 100 oC, but the actual mechanism is still under investigation. We favored 

the transition state of being the silene-bound hydrido species illustrated below. 

The questions remain to be answered in this project is: Can we trap the intermediate? Which 

Si-H is responsible for the abstraction, agostic Si-H or nonagostic Si-H? These fundamental 

questions have not been addressed in literature and could be important in aspects such as 

catalyst-activation and chain-walking on olefin polymerization. 

Although my work is more related to stoichiometric reactivity, the research plan is to 

understand what is going on in stoichiometric reaction, the structure of the intermediates, and 

then apply the complexes to homogeneous catalysis. However, heterogeneous catalysis is the 

ultimate goal to utilize the silica surface (act as an immobilized ancillary ligand) to isolate 

reactive species, such as (SiO)3-nLn-(H)n. Related species (ex. (Cp’YH2)4 cluster) have 

displayed amazing reactivity as homogeneous polymerization catalysts. Also, the redox 

ability in Yb or other related Ln(II) metals can also be tuned to study the reactivity of these 

β-SiH containing complexes upon oxidation. In that regard, we have attempted the oxidation 
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of Yb bis(alkyl) with [Cp2Fe][BPh4], but only oxidation of alkyl group was observed. 

Therefore, an oxidant with the right redox potential is crucial for the development of this end 

of this chemistry. On the other hand, we have also synthesized another β-SiH containing 

alkyl ligand CH(SiHMe2)2, a β-H containing analog of a widely used CH(SiMe3)2 ligand. 

Preliminary works show that we can synthesize new rare-earth alkyl with this ligand and 

their reactivity with Lewis acids would be investigated in the near future. 

 Another part of my thesis is to investigate the reactivity of β-H containing zirconium 

amido complexes. Prior to my work, surprisingly, there was only one example of Group 4 

complex that contains N(SiHMe2)2 ligand. Coordination chemistry with N(SiHMe2)2 has 

been widely studied for Group 3 and rare-earth and more recently main group and late metal 

systems. By using this ligand, we have successfully introduced a couple first examples of β-

H elimination reaction for d0 amido systems promoted by 1) alkali-metal salt, and 2) 2-

electron donor. More importantly in the second example, d0 amide complexes are suggested 

to be resistant to β-H elimination and further, Bercaw demonstrated that complexes with β-

agostic interactions are even less prone to b-H elimination due to a stabilization effect in their 

ground state structures. We showed that highly bis(agostic) Zr(IV) amide cationic complexes 

undergo a formally β-H elimination at room temperature promoted by Lewis base. These 

findings provide unqiue examples for the exception of the general belief. This is why 

chemistry in general and organometallic chemistry in particular in this case are endlessly 

interesting because conventional wisdom is always being challenged and questioned even in 

well-studied systems. Every new example is unique and best of all, surprises lurk around 
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almost every corner. As Nobel Laureate Arthur Kornberg once said, "I never met a dull 

enzyme". 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  


