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III. Abstract 

Whilst Group 2 elements continue to emerge from their obscurity, with a plethora of 

heterofunctionalisation thus described, such extensive investigations into cross metathesis, 

remain limited.  

Described herein is an extensive investigation into a variety of factors which contribute 

to the understanding of the complexity of the mechanistic surface upon which Group 2 

mediated catalytic cross- and stoichiometric σ-bond-metatheses sit. 

An initial study into the synthetic potential of σ-bond metathesis yielded a range of 

unprecedented and structurally fascinating compounds- mixed metal amidoalkyls and 

amidohydrides of Groups 1 and 2. Subsequently, a pair of variables in Group 2 mediated 

dehydrocoupling was investigated: 

a) The effect of congeneric variation upon Group 2 (magnesium, calcium and 

strontium) mediated dehydrocoupling of amines and silanes, most notably indicating 

the significance of ancillary ligation, solution molecularity and precatalyst activation 

mechanisms. 

b) The effect of variation in hydridic coupling partner on the dehydrocoupling of a 

range of amines with 9-BBN, pinacol(borane) and diphenylsilane mediated by a β-

diketiminate supported magnesium centre, most notably indicating the profound 

effect of coupling partner Lewis acidity and contingent variations in catalyst 

molecularity and rate determining step. 

Finally, an investigation into the introduction of unprecedented steps in Group 2 

catalysis is reported herein. Specifically, the activity of the stable radical TEMPO is 

investigated for its propensity to induce single electron transfer upon labile, reactive ligands 

around magnesium and the ability for its anionic analogue to undergo σ-bond metathesis.
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9-BBN 9-Borabicyclo(3.3.1)nonane 
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CatBH Catechol(borane) 
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ΔG
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 Gibb’s Free Energy of Activation 
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1. Introduction 

1.1 Group 2 

The transition metals are well known for their extensive catalytic chemistry (e.g. Pd, Ru, 

Ir) and a vast range of transformations are accessible utilising these elements. Furthermore 

the exploration of their catalytic chemistry is assisted by a well-defined coordination 

chemistry, variability of oxidation state and consistency in mechanistic steps which underpin 

predictable catalysis. The metals of Group 2, on the other hand, have been notable 

stoichiometric reagents for more than a century in the form of magnesium Grignard reagents 

as well as Lewis acid catalysts. Until recently, however, very little exploration had been 

undertaken into both the coordination chemistry of the heavier congeners (Ca, Sr and Ba) 

and the catalytic ability of these species.  

Many of the Group 2 metals are notable for their high relative abundance in the Earth’s 

crust
1
 and, hence, low cost and their environmentally benign nature. This suggests that a 

catalytic framework based on these metals could be sustainable, economical and green. The 

chemistry of the Group 2 metals is marked by their extremely stable +2 oxidation state, with 

some notable exceptions.
2, 3

 This redox inactivity precludes chemistry reminiscent of the 

transition metals, which relies upon oxidation state variation for bond activation. 

Although all of the heavier Group 2 congeners have a strong propensity to form their 

respective M
2+

 ions with a d0 electronic configuration, marked variations in the ionic radii of 

the ions is observed as the group is descended, with a concurrent increase in polarisability 

and electropositivity (Figure 1.1). 

 

Figure 1.1 The variation in, and consequences thereof, of the ionic radii of Group 2 M
2+

 

ions.
4 
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This has profound consequences upon the nature of metal ligand bonding for Group 2, 

with a degree of covalency accessible for magnesium which is precluded for its heavier 

congeners, the bonding of which is dominated by non-directional ionic interactions. These 

bonding characteristics represent a challenge for accessing well defined, heteroleptic heavier 

Group 2 complexes owing to their propensity to undergo Schlenk-type equilibria as 

summarised in Scheme 1.1. 

 

Scheme 1.1 The Schlenk-type redistribution to which Group 2 M
2+

 complexes are prone. 

Redistribution of heteroleptic complexes often yields metal centres ligated by two large, 

stabilising ligands. Consequently, approaches to spectator ligands for Group 2 have focused 

on polydentate monoanionic frameworks encompassing hard donor sites and significant 

steric bulk to assist in kinetic stability and suppress the Schlenk-like redistribution 

summarised in Scheme 1.1. Stabilising ligands include β-diketiminates (Ia-g),
5-10

 borates 

(VII),
11, 12

 (bisimino)acenaphthenes,
13

 bisimidazolinates (VI),
14

 aminotropiminates,
15, 16

 

triazenides
17

 and anilido-imines (Va-c)
18

 Whilst an alternative approach has relied upon the 

use of homoleptic Group 2 complexes including those incorporating bulky amides (IIa-d, 

IIIa-d)
19, 20

 and alkyls (IVa-d).
21, 22

  A range of well-known ligands relevant to this work are 

summarised in Figure 1.2. 

 

Figure 1.2 A range of precatalysts utilised in Group 2-mediated catalysis, of relevance 

to this work. 
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1.2 Redox-inactive Lanthanide-Mediated Catalysis 

The M
2+

 state of Group 2 elements has a d0 electronic configuration and analogies can, 

thus, be drawn with trivalent, redox inactive, d0 lanthanide complexes of the form L2MX (L 

= spectator ligands, X = reactive group). Reactivity of the lanthanides is marked by two 

principal mechanistic steps, σ-bond metathesis and insertion, which occur without any 

alteration to the oxidation state of the metal. These steps are summarised in Scheme 1.2 and 

were initially exploited in the ground-breaking work of Marks et al.
23 

 

Scheme 1.2 The key steps in trivalent lanthanide mediated catalysis put forward by 

Marks et al: (a) σ-bond metathesis with a (i) protic E-H bond (ii) hydridic E-H bond, (b) the 

insertion of an unsaturated bond into an Ln-X σ-bond. 

Protonolysis of the form shown in Scheme 1.2(a)(i) yields, in the case of an amine N-H 

bond, lanthanide amides of the form L2MNR2.
24

 Exploitation of these species in insertion as 

shown in Scheme 1.2(b) initially yielded a variety of stoichiometric heterofunctionalisations 

of unsaturated bonds. Alkenes, by dint of their unpolarised nature, showed a sluggish 

hydroamination reliant upon polarization of the C=C double bond by the M-X fragment. In 

contrast, more polarised bonds such as aldehydes, ketones or imines showed far more rapid, 

selective heterofunctionalisation.
25-30

 In contrast, Scheme 1.2(a)(ii) shows the case wherein 

the E-H bond is polarised with a greater electron density localised upon the hydrogen, as in 

silanes and boranes, in which case σ-bond metathesis yields a metal hydride, L2MH and an 

E-X bond. 
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Beyond these initial stoichiometric reports, work by Marks et al has exploited such 

fundamental steps in catalysis, yielding two redox-inactive catalytic cycles as shown in 

Figure 1.3.
23, 31 

 

Figure 1.3 The catalytic cycles predicated upon the steps summarised in Scheme 1.2. a) 

The addition of an E-H fragment to a C=E’ moiety with polarization of the E-H bond 

yielding a protic hydrogen; b) the addition of an E-H fragment to a C=E’ unsaturated moiety 

with polarization of the E-H bond yielding a hydridic hydrogen. 

The divergence in these catalytic cycles occurs as a result of the polarization of the E-H 

bond. As noted in Scheme 1.2(a), whilst E-H protic bonds undergo a protonolysis to yield an 

M-E fragment, hydridic E-H bonds undergo a σ-bond metathesis to yield a M-H fragment. In 

the case of Figure 1.3(a), the former case is in operation wherein the M-E fragment 

undergoes an insertion of the unsaturated bond yielding a species of the form L2MEC(E)RR’ 

which can subsequently undergo protonolysis with another equivalent of the E-H bond to 

yield, typically the anti-Markovnikov, product and another M-E fragment allowing turnover. 

In contrast, when the E-H bond is hydridic (Figure 1.3(b)), the metal hydride L2MH is active 

for the insertion, yielding the intermediate L2MEC(H)RR’ which undergoes a σ-bond 

metathesis with the E-H fragment to yield the active L2MH species and Markovnikov 

addition product. 

Exploitation of these cycles has yielded a wide variety of heterofunctionalisation 

reactions operant upon unsaturated moieties mediated by L2MX species, including 

hydroamination, hydroboration, hydrophosphination and hydroalkoxylation of alkenes 

alongside polymerization of olefins.
30-59

 

1.3 Group 2-Mediated Catalysis 

As noted, analogies in the electronic structure and bonding of the Group 2 M
2+

 and 

lanthanide M
3+

 ions have been drawn, and, inspired by the extensive catalytic chemistry of 
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the trivalent lanthanides, Group 2 mediated catalysis has emerged as a burgeoning field over 

the last decade. Although Group 2 mediated Lewis acid catalysis has also undergone a 

renaissance, such reactivity is of limited relevance to this work and, thus, will be not be 

discussed further.
60 

Initial work focused upon the viability of the protonolysis step, as shown in Scheme 

1.2(a)(i), on Group 2 reagents in order to yield catalytically relevant Group 2 species. 

Indeed, the activity of Group 2 amides and alkyls with alcohols, pyrroles, terminal alkynes, 

phosphines and C-H acidic heterocycles has been shown to yield alkoxide,
61-63

 pyrrolide,
64

 

acetylide,
65-68

 phosphide
69-72

 and carbanion
73

 fragments bound to a Group 2 centre alongside 

the respective protonated fragment; in the case of metal hexamethyldisilazides (IIa-d) this is 

an amine, as summarised in Scheme 1.3. 

 

Scheme 1.3 The protonolysis of a protic E-H bond by Group 2 hexamethyldisilazides, 

yielding a new E-M bond an hexamethyldisilazane (M = Mg, Ca, Sr, Ba). 

With this protonolysis in hand, work by Westerhausen et al indicated that Group 2 

phosphides such as [M{P(SiMe3)2}2(THF)4] (M = Ca, Sr, Ba) readily metallophosphinated 

1,4-diphenylbutadiyne. Furthermore these compounds, and their amide analogues IIa-d 

readily added across the C-N bond in benzonitrile.
68, 74-78

 Further evidence for the ability of 

Group 2 complexes to mediate insertion chemistry was provided by the styrene 

polymerization activity shown by the Group 2 benzyl complexes reported by Harder, such as 

[M(DMAT)2(THF)2] (M = Ca, Sr, DMAT = 2-dimethylamino-2-trimethylsilylbenzyl).
79-82 

As a result of these promising stoichiometric reactions, initial reports of Group-2-

mediated catalysis centred on the heterofunctionalisation of unsaturated C=C and C=E 

moieties, similar to the earlier reports of lanthanide mediated catalysis. 

1.3.1 Group 2-Mediated Hydroamination 

The Hill group initially reported the intramolecular hydroamination of alkenes and 

alkynes by Chisholm’s β-diketiminato calcium complex If as summarised in Scheme 1.4.
83 
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Scheme 1.4 The Group 2-catalysed intramolecular hydroamination of alkenes reported 

by the Hill group. 

Subsequently, this reactivity was found to be mediated by a much wider range of Group 

2 catalysts including Ia-g,
5, 6, 9

 IIa-d, and IIIa-d.
19, 20

 Extensive mechanistic investigation 

into both the homoleptic Group 2 bisamides IIa-d, IIIa-d alongside the bisalkyls IVa-d
21, 22

 

and β-diketiminato ligated magnesium, calcium and strontium centres Ia-g
5, 6, 9

 has been 

subsequently undertaken by the Hill group.  

This reaction was found to give access to a wide range of nitrogen-containing 

heterocycles, including 5- and 6-membered rings in near quantitative yields under mild 

conditions. 7-membered rings are also accessible but only with specific precatalysts and in 

moderate yields and in all cases cyclisations are effected in concordance with Baldwin’s 

rules.
84

 Both alkenes and alkynes consistently yielded the expected isomers.
6, 9

  

A number of less in-depth studies by Hill and Roesky with triazenide and 

aminotropiminate ligands respectively, suggested two very different congeneric effects on 

rate. The Hill group reported that strontium may catalyse the reaction more rapidly than 

calcium
17

 while the Roesky group reported the opposite trend. Further studies with these 

ligands were, however, not undertaken.
15, 16

 Owing to the increasing rate of redistribution 

down Group 2, studies with heteroleptic barium complexes of these forms proved fruitless. 

The Hill group reported a series of stable heteroleptic tris(imidazolin-2-ylidene-1-yl)borate 

Group 2 silylamides allowing comparison to barium. These species, however, proved to be 

ineffectual hydroamination catalysts owing to their propensity to cleave the B-N bonds in 

the ligand.
85 

Substitution around the aminoalkene was generally found to decrease the rate of 

reaction, and terminal mono- or disubstitution often prevented the reaction completely. 

Furthermore, geminal substitution was found to be beneficial to the reaction rate and this 

was attributed to the reduction of conformational freedom these groups induce resulting in 

the species being confined to more reactive conformations- the Thorpe-Ingold effect.
86

 

Furthermore, synthesis of 5-membered rings proceeded faster than 6-membered rings which, 

in turn proceeded faster than the far more problematic 7-membered rings.
5, 6, 9
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Consideration of the basicity of the β-diketiminato Group 2 metal amides Id-f indicated 

that entry into the catalytic cycle occurs via protonolysis yielding hexamethyldisilazane. 

This step was found to be reversible and a dynamic equilibrium observed for both congeners 

which appear to be monomeric. On the other hand for alkyl analogues such as Ia-c the 

protonolysis is, unsurprisingly, irreversible. These investigations yielded a range of soluble 

and stable Group 2 metal amides which form exergonically, and could be subjected to both 

NMR and crystallographic characterisation, indicating the viability of a Group 2 metal 

amide intermediate in these hydroamination reactions.
5, 6

  

Attempts to isolate the metal bound N-heterocyclic product were subsequently 

undertaken, and a ligated magnesium amide was characterised by NMR spectroscopy as 

shown in Scheme 1.5. Although further NMR analysis suggested an intermediate 

magnesium alkyl as shown, this rapidly converts via inter- or intramolecular tautomerisation 

to the far more stable metal amide. Nevertheless these observations were suggestive of an 

insertion step analogous to that seen for the lanthanides (Figure 1.3(a)) and are consistent 

with the mechanism proposed for these reactions as shown in Scheme 1.5.
5
  

 

Scheme 1.5 The route to the β-diketiminato magnesium amide via an unisolated 

magnesium alkyl suggested by NMR analysis. 

Deuteration studies confirmed this as well as ruling out any further proton migration 

steps on the N-heterocyclic product.
5
  

Kinetic analysis, initially undertaken with Ia and If, indicated a marked dependence of 

the rate of reaction on the identity of the Group 2 metal centre. Calcium-catalysed 

intramolecular hydroamination was markedly faster than that catalysed by magnesium. 

Further studies focussed on magnesium owing to the accessibility of Ia which undergoes an 

irreversible initiation yielding the active catalyst and inert methane.
5
 

The reaction was found to be first order with respect to [precatalyst], suggesting the 

reaction occurs with a monomeric catalytic centre in solution. Alongside this, a first order 

rate relationship to aminoalkene concentration was observed.
5 
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Beyond this, the mechanism is significantly more complicated. A range of proposed 

equilibria involving complexation and decomplexation of both the substrate and product 

amines, alongside the protonolysis and insertion steps yielded a rate law as shown in Scheme 

1.6.

5 

 

 

Scheme 1.6 The model for hydroamination catalysis mediated by Id-f proposed by the 

Hill group. 

These data yielded a pair of catalytic manifolds involving i) irreversible, ii) reversible 

catalyst initiation which are shown in Figure 1.4. This is consistent with the elementary steps 

proposed by Marks in lanthanide catalysis (Figure 1.3) and the initially proposed mechanism 

for Group 2-catalysed heterofunctionalisation, to-wit σ-bond metathesis and insertion by 

C=C bond insertion  into metal-nitrogen bonds. The rate determining step was proposed to 

be this insertion via the polarised four-membered transition state shown in Figure 1.4 and 

subsequent DFT calculations supported this proposition.
5 
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Figure 1.4 The mechanism for Group-2-mediated intramolecular hydroamination with i) 

non-reversible and ii) reversible initiation. 

Although thorough kinetic investigations were only undertaken into the magnesium β-

diketiminate complex Ia, it was proposed that the calcium complex If performed 

analogously. Furthermore the Thorpe-Ingold effect observed, which is consistent across the 

various congeners is far more easily explained by a rate-determining insertion step. Finally, 

the resting state for the reversibly initiated reaction was proposed to be an equilibrium 

between the precatalyst If and the dimeric β-diketiminato calcium amide formed by the 

protonolysis of the aminoalkene precursor. With irreversible initiation, however, the resting 
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state was proposed to be simply the dimeric β-diketiminato magnesium amide of the form 

shown in Figure 1.4.
5 

A subsequent preparation by the group of Roesky gave access to the β-diketiminato 

strontium amide Ig
7
 and the Hill group investigated this in comparison to the 

aforementioned magnesium and calcium analogues. In this case, the rate was found to be 

intermediate between that of calcium and magnesium although closer to the much higher 

calcium rate than the magnesium. In concordance with the higher propensity for heavier 

Group 2 metals to undergo Schlenk-type equilibria, this species was extremely prone to 

redistribution, precluding any investigation over 50°C.
9
 Although the Hill group previously 

noted similar results for the β-diketiminato calcium amide these redistribution processes 

were far slower and only became apparent at higher temperatures.
5
  

With this species in hand, Arrhenius and Eyring analyses comparing the solvated β-

diketiminate supported metal amides of calcium and strontium If and Ig were undertaken by 

the Hill group. These suggested a trend which reflects the variation in rate with a decreased 

free energy of activation, ΔG
‡
 for the calcium congener. Of significant note, however, 

between calcium and strontium the entropy of activation, ΔS
‡
 value had a significant shift to 

a less negative value. This large shift was counterbalanced by a similar magnitude shift in 

the enthalpy of activation, ΔH
‡
 value and reflects the complicated interplay of effects which 

define Group 2 catalytic rates.
9 

Furthermore, access to the unsolvated β-diketiminate calcium amide Ie allowed a direct 

comparison of the effect of donor solvents on these reactions. The presence of THF in the 

reaction mixture was found to both decrease the rate of reaction and, through Arrhenius and 

Eyring analyses, increase the free energy of activation, ΔG
‡
. This increase is in fact in 

contrast to the observed activation energy which is actually larger for the unsolvated species, 

and the Hill group attribute this to the drastic shift of the ΔS
‡
 to a less negative value on 

moving to the unsolvated species.
9 

Studies centred on the Group 2 bisamides both as the unsolvated compounds IIa-d and 

THF adducts IIIa-d alongside the bisalkyls IVa-d, were also undertaken. Owing to their 

homoleptic nature and ease of synthesis, direct comparison of all the congeners from 

magnesium to barium was possible.
9 

Most notably, barium, in the form of any of the precatalysts IId, IIId and IVd, once 

again proved to be an ineffective catalyst for intramolecular hydroamination resulting in a 

maximum of two turnovers followed by the formation of an unidentified, insoluble and 
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inactive product. The Hill group postulated this to be a result of the very large, diffuse nature 

of the barium centre which is insufficiently polarising to activate the C=C bond leading to an 

increased relative rate of deactivating side reactions. Furthermore, the magnesium 

precatalysts IIa, IIIa and IVa were found to have very low activity and as such further 

investigation into these was hampered by the long reaction times precluding any comparable 

evidence. Nevertheless, the rate dependence on metal was found to follow a similar trend to 

that observed for the β-diketiminato supported species Ia-g, with an order of Ca > Sr >> 

Mg.
9 

As with the reactions catalysed by β-diketiminate-supported precatalysts, the metal 

amides were shown to undergo a reversible protonolysis in the presence of amine. Of note, 

however, was the fact that protonolysis only appears to proceed once and at any one time 

each metal centre continued to be ligated by one hexamethyldisilazide ligand and one 

substrate amide ligand, in equilibrium with the amine complexed parent diamides 

structurally related to IIa and IIc. Although analysis of the NMR spectrum was suggestive 

of a dimeric metal centre, the complexity of the NMR spectra precluded the Hill group from 

making anything more than tentative comments along these lines.
 9 

Once again, in common with the β-diketiminato magnesium complexes, protonolysis by 

the Group 2 alkyls IVb and IVc was found to be irreversible. Furthermore, the extremely 

reactive alkyl substituents were both observed to undergo protonolysis yielding the metal 

bisamide, although the Hill group do not assign a particular molecularity to this species. This 

increase in reactive sites yields a very active system and, as a result of the very rapid 

conversion of aminoalkene by these species, further detailed kinetic investigations were 

practically precluded.  Notable also was the propensity of the metal alkyls to undergo 

decomposition at even slightly elevated temperatures obviating attempts to perform 

Arrhenius or Eyring analyses.
 9 

Further credence to the suggestion of a dimeric active catalyst with the metal bisamides 

IIa and IIc was given by the kinetic analysis performed by the Hill group which suggested a 

second order dependence on catalyst loading for these unsolvated species. In contrast, the 

metal bisamide THF adducts IIIa and IIIc were found to have a first order rate dependence 

on catalyst loading, in conformity with the β-diketiminate supported metal centres. The latter 

observation was tentatively attributed to the THF molecules cleaving the catalyst dimers to 

yield monomeric, THF-supported catalytic centres.
9 

Arrhenius and Eyring analyses of reactions indicated a marked dependence on the 

identity of the metal for activation energy and free energy of activation values. More notable 
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variations were deduced for the activation entropies (ΔS
‡
), with strontium amides providing 

consistently less negative values than calcium with a proportionate effect on free energy of 

activation. This entropy dominated free energy change of activation is a common theme for 

Group 2 catalysis. Entropy of activation values were decreased by utilising the THF adduct 

precatalysts. The observed entropic effect was attributed primarily to the larger size and 

more deformable coordination geometry of the Sr
2+

 cation, and its consequent ability to form 

a less well-ordered transition state.
9 

With the THF adducted amides IIIa-c and free amides IIa-c in hand an analysis of the 

effects of donor solvents was also undertaken by the Hill group. Of interest was the contrast 

to the β-diketiminate supported species (vide supra) as in this case THF adducts resulted in 

an increased rate of reaction, contrary to the observations for Ie and Ic. Furthermore, at high 

catalyst loadings of Group 2 amides IIa-c deviations were observed from the initial second 

order dependence on catalyst loading. This resulted in a tailing off of the rate dependence on 

[catalyst] which was attributed to catalyst aggregation in solution. The presence of THF 

precluded this by occupying coordination sites on the metal centres.
9
  

Although NMR investigations suggested a mechanism with many features in common 

with the β-diketiminate supported system, a number of notable deviations were observed. 

Once again, the reaction was found to have a first order dependence on aminoalkene 

concentration. A moderate kinetic isotope effect for N-deuteration was observed and, by 

analogy to the previous investigations into the lanthanides, the Hill group postulated a 

modification to the previously suggested transition state in which a concerted C-N bond 

formation/protonolysis step occurs via a 6-membered two-substrate transition state as shown 

in Scheme 1.7.
9
 

 

Scheme 1.7 The two-substrate 6-membered transition state put forward by the Hill 

group to account for the observed kinetic isotope effect. 

With this in mind the Hill group performed a more in depth analysis and, by analogy 

with Michaelis-Menten type enzyme kinetics, postulated a new rate law, which accounted 
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for this refined transition state and inhibition by species such as THF. This new rate law is 

shown in below.
9 

𝑟𝑎𝑡𝑒 =
𝑘[𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡]0 [𝑎𝑚𝑖𝑛𝑒]𝑡

[𝑎𝑚𝑖𝑛𝑒]0 + 𝐾𝐼[𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟]
 𝑤ℎ𝑒𝑟𝑒 𝐾𝐼 =

𝑘𝑑

𝑘𝑎
 

This model is valid for both the β-diketiminate supported and THF adduct metal amides, 

but fails to take into account the second order dependence on catalyst loading observed for 

the THF-free bisamides IIa-c. The Hill group note that this rather complicated situation, 

alongside its contrast to other literature reports
87

 is indicative of the complexity of Group 2 

catalysis and a warning against over-generalisation.
9 

Beyond these extensive investigations into intramolecular hydroamination, a number of 

the more entropically demanding Group 2-catalysed intermolecular hydroaminations have 

since been reported. Most notably, the Hill group has performed extensive studies into 

Group 2 bisamide IIa-d and bisalkyl IVa-d catalysts in this reaction
88, 89

 while the group of 

Sarazin has more recently investigated the anilido imine supported Group 2 metals Va-c.
18

  

The generalised catalytic scheme for these transformations is summarised in Figure 1.5. 

 

Figure 1.5 The generalised mechanism for Group 2 mediated intermolecular 

hydroamination of activated alkenes. 

Access to the catalytic manifold generally occurs via protonolysis of the precatalyst as 

shown. The regioselectivity of the initial addition is defined by the orientation of partial 

charges in the polarised transition state and hence the inherent polarity of the unsaturated 

substrate and metal-amide bond. Formation of the final, anti-Markovnikov, product and 

return to the uninserted catalytic amide intermediate occurs via a protonolysis of another 

equivalent of N-H bond. 
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In general, the Ca- and Sr-catalysed intermolecular hydroaminations of styrene and its 

derivatives, alongside isoprene and diphenylacetylene proceed in moderate to good yields at 

ambient to mild conditions. Viable coupling partners include a wide range of cyclic and 

acyclic mono- and disubstituted amines as shown in Scheme 1.8.
18, 88

  

 

Scheme 1.8 The intermolecular hydroamination of styrene. 

The Hill group went on to perform an extensive kinetic analysis of the reaction. Initial 

rate analysis showed that for the Group 2 bisamides IIa-d, and di-n-butylmagnesium the rate 

dependence on catalyst was of the order Sr > Ca >> Ba > Mg as predicted by a 

computational assessment.
89

 As a result of the extremely slow rate of conversion by both 

barium and magnesium precatalysts, no further analysis of these species was undertaken. 

This slow rate was attributed to, in the former case, the inability of the diffuse barium centre 

to sufficiently polarise the C=C bond, and in the latter due to the reduced polarising ability 

of the far less polar Mg-N bond.
88, 89

  

Once again, entry into the catalytic cycle was deduced to occur via deprotonation of an 

initial equivalent of amine and, in the case of the Group 2 amides, this product is in 

equilibrium with the parent precatalyst and amine. As for the intramolecular reactions the 

metal alkyls IVb-c allow irreversible deprotonation of the amine coupling partner and as 

such yield both faster and broader reactivity.
88

  

Subsequent investigation by the Hill group gave rise to a rate law for the intermolecular 

hydroamination of alkenes, as shown below. 

𝑟𝑎𝑡𝑒 = 𝑘[𝑎𝑚𝑖𝑛𝑒]1[𝑎𝑙𝑘𝑒𝑛𝑒]1[𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡]2 

Once again, the second order rate dependence on [catalyst] was suggested to implicate a 

dimeric metal centre. Kinetic isotope studies were conducted and yielded values for N-

deuteroamines similar to those observed for the intramolecular hydroamination of 

aminoalkenes. These data were interpreted to suggest once again, a concerted C-N bond 

forming protonolysis step takes place, and a putative transition state was presented as shown 

in Scheme 1.9, for strontium.
88
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Scheme 1.9 The putative transition state for the intermolecular hydroamination of 

styrene put forward by the Hill group. 

Arrhenius and Eyring analyses were undertaken and once again counterintuitive 

activation energies were observed. In spite of the increased rate of the catalysis by strontium 

centres, this reaction had a higher activation energy than the corresponding calcium catalyst. 

Eyring analysis however, yielded values for ΔG
‡
 which were more in concert with the rate 

dependence and these were attributed to the far less negative ΔS
‡
 values for the strontium 

system. This consistent dominance of entropic effects in reaction rates is notable.
88

  

The Sarazin group subsequently reported a range of Group 2 precatalysts supported by 

anilido-imines (Va-c) and tetradentate phenoxyaminoether ligands, which were analysed for 

their intermolecular hydroamination activity. Notably, with the lighter congeners the trend 

was consistent with that observed for the metal bisamides, to wit Mg < Ca < Sr. The heaviest 

congener analysed, barium, however was found to have the highest activity and 

consequently fastest reaction rates in contrast to the computational analysis performed by the 

Hill group suggesting a rate order of Sr > Ca >> Ba > Mg.
23

 Kinetic analysis suggested a rate 

law similar to that proposed by the Hill group for the metal bisamides, although the likely 

monomeric constitution of the active catalyst, as a consequence of ligation, yielded a first 

order dependence on [catalyst], as shown below. 

𝑟𝑎𝑡𝑒 = 𝑘[𝑎𝑚𝑖𝑛𝑒]1[𝑎𝑙𝑘𝑒𝑛𝑒]1[𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡]1 

Furthermore, a kinetic isotope effect study gave a value similar to that seen by the Hill 

group for intramolecular hydroamination, leading the Sarazin group to once again postulate 

a 6-membered transition state involving concerted C-N bond formation and protonolysis.
18

  

Finally, the study by the Sarazin group allowed a direct comparison of a range of ligand 

systems; the aforementioned anilido imines Va-c, phenolates and the β-diketiminate 

complexes Ia-d initially investigated by the Hill group. In cases where a direct comparison 

can be made, the β-diketiminates are consistently faster however in all cases the phenolate 
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complexes are the least able to catalyse this reaction. Finally, the barium anilido imine, Vc 

shows the highest activity of any reported species in catalysing this transformation. This 

once again reiterates the large effects of ligands on Group 2 catalysis alongside the interplay 

between stabilisation of complexes and loss of reactivity.
 18 

In the case of simple homoleptic precatalysts the trend generally followed is as follows: 

Sr > Ca > Mg > Ba.
9
 When ligation becomes a factor the trend is more complicated and 

variation based on ligand systems is observed. In the case of the Hill group’s investigations 

into β-diketiminates the trend was observed to follow that of Ca > Sr >> Mg.
5, 9

 Further 

extensive investigations into the effects of congeneric variation and ligation have been 

undertaken by the Sarazin group. Whilst the aminophenolate complexes derived from 2-

[(1,4,7,10-tetraoxa-13-azacyclopentadecan-13-yl)methyl]-4,6-di-tert-butylphenoxy ligated 

Group 2 centres show a similar trend in reactivity to that seen for  β-diketiminates,
90

 anilido-

imines (Va-c) showed a contrasting order: Ba > Sr > Ca for intermolecular hydroamination
18

 

whilst intramolecular hydroamination once again reflected the trend initially described by 

the Hill group.
91 

These variations may be rooted in the reactions proceeding by different 

mechanisms, although this is contradicted by the consistent rate laws, and more likely 

reflects significant and hitherto unconsidered ligand effects. Nevertheless these observations 

suggest further investigation is necessary to adequately explain and predict the effect of 

metal centre size and charge density on the rate of hydroamination and, most likely, other 

Group 2-catalysed reactions.  

On the basis of their extensive investigations the Hill group have attempted to 

summarise the fundamental rate defining effects in Group 2-catalysed hydroamination. They 

put forth that the rate, defined by the activation barrier height toward rate determining C=C 

insertion is a result of both the polarity of the M-N bond, and hence its ability to polarise the 

C=C bond and the polarisability of the metal dication. This latter consideration defines the 

ability of the substrates to rearrange towards N-C and M-C bond formation. Finally, they 

attribute the high activity of the strontium-based systems to be a result of entropic effects as 

the large dication allows a looser arrangement of the substrates in the coordination sphere of 

the metal.
9
 

The Sarazin group sought to extend this summary in order to account for their 

observations, particularly; the contrasting, or complementary trends in congeneric effects on 

reactivity in concert with ligand effects. The Hill group suggested that the inability of 

barium to competently catalyse intramolecular hydroamination was a result of the diffuse 

Ba
2+

 ion being unable to sufficiently polarize the C=C double bond.
9
 The Sarazin group, 

however, observed that barium was a competent catalyst and in fact the most able congener 
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when ligated by an anilidoimine in the case of intermolecular hydroamination.
18

 Although 

suggesting this contrasting result required a more nuanced explanation than that provided by 

an argument of simple polarizing ability, they drew short of making any in-depth argument 

of their own. They further noted that denticity played a key role in catalytic ability with 

lower chelating or donating ability of a ligand yielding an increase in activity, an effect also 

obvious in the comparative results for the series of β-diketiminate supported precatalysts Ia-

g, versus the homoleptic amides IIa-d. They attributed this result to being indicative of both 

steric congestion of the transition state, the unproductive occupation of coordination sites 

essential for catalysis and a reflection of the effect of coordination number upon the electron 

deficiency at the metal centre which, in the case of polydentate ligands, is reduced thus 

reducing the metals ability to polarize the alkene.
90

  

Subsequently, the groups of Harder
92

 and Ward
14, 93, 94

 reported attempts to yield an 

asymmetric hydroamination of alkenes utilising a range of chiral ligands such as VI shown 

in Figure 1.2. Enantiomeric excesses were modest and this is proposed to be a result of the 

Schlenk type equilibria summarised in Scheme 1.1.  

1.3.2 Further Group 2-Mediated Heterofunctionalisations 

Subsequent to these initial reports, a wide range of both protic E-H and C=E bonds have 

been reported as viable substrates for heterofunctionalisation reactions. The Hill group has 

reported the catalytic intermolecular hydrophosphination of alkenes utilising the β-

diketiminato calcium complex If as shown in Scheme 1.10.
95 

 

Scheme 1.10 The hydrophosphination of alkenes. 

Subsequently Westerhausen and co-workers extended the scope of this reaction to 

alkynes utilising a homoleptic calcium phosphanide precatalyst.
96

 More recently, the Sarazin 

group reported the hydrophosphination of alkenes catalysed by heteroleptic calcium, 

strontium and barium amides of both the aforementioned anilidoimines Va-c, and further 

with their set of phenoxyimines. The order of reactivity was found to be Ca < Sr < Ba 

mirroring that observed for hydroamination. Furthermore a ligand effect was observed with 

the phenoxides and anilido imines showing higher activity than their analogous β-

diketiminate species.
18, 91

 Moving beyond activation of P(III)-H bonds, the Sarazin group 

reported the hydrophosphonylation of ketones and aldehydes mediated by IIIb-d.
97 
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The scope of these reactions has been further expanded to unsaturated substrates beyond 

alkenes, alkynes and ketones. Extensive reports of carbodiimide heterofunctionalisation have 

been made, initially by the Hill group who reported hydrophosphination
98

 and 

hydroamination,
99

 utilising If as well as IIb-d and IIIb-d. The latter transformation has been 

further explored by the group of Nembenna who investigated the effect of NHC ligation on 

the reaction, utilising the precatalyst IIa and its adduct with [(HCN{tBu})2C:]. This group 

noted a slight improvement in activity for the NHC supported species, over the parent IIa, 

for reactivity under solvent free conditions. They did not, however, provide any rationale for 

this observation.
100 

 Subsequent work in the Hill group has yielded further metalloamination and 

metallophosphination reactions utilising the heavier Group 2 homoleptic amides IIa-c.
101

 

Finally, inspired by the ready deprotonation of terminal alkynes mediated by Group 2 

amides, hydroacetylenation of carbodiimides has been extensively investigated by the Hill 

group mediated by IIIa-c.
102 

Extension of this reactivity to isocyanates has proved more challenging. An initial report 

of isocyanate trimerisation was made by Harder et al,
103

 a report which was expanded upon 

by Wei and co-workers who recently extended this reactivity to a tris(pyrrolyl)magnesium 

precatalyst.
104

 Reactivity with isocyanates has been further expanded to catalytic 

hydroamination of isocyanates by the Hill group yielding substituted ureas
105

 alongside a 

report of hydrophosphorylation from Westerhausen with phosphines
106

 and phosphine 

oxides
107

 but little further work has been reported. 

The extension of this reactivity to cycles contingent upon the intermediacy of metal 

hydrides (Figure 1.3(b)) has been more limited. An initial report of hydrosilylation of 

activated alkenes with range of calcium and strontium benzyl complexes of the form 

[M(DMAT)2(THF)2] (M = Ca, Sr, DMAT = 2-dimethylamino-2-trimethylsilylbenzyl) was 

made by the Harder group. Notably, regioselectivity was contingent upon metal identity and 

solvent, with a more polar solvent yielding a terminal silane. This led the authors to 

postulate the possibility of two, contrasting catalytic cycles, one consistent with that 

proposed for lanthanide catalysis (Figure 1.3(b)) and one which implicated a metal silyl 

formed via the deprotonation of silane by an incipient metal hydride (Figure 1.6(a) and (b) 

respectively).
108 
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Figure 1.6 The solvent dependent catalytic cycles proposed by Harder and co-workers 

for the hydrosilylation of alkenes. 

Attempts to extend this reactivity to an asymmetric regime in the hydrosilylation of 

styrene utilising VI were broadly unsuccessful, with enantiomeric excesses below 5.
92

 

Okuda and co-workers extended this reactivity to a homoleptic calcium silyl, 

[Ca(SiPh3)2(THF)4], which was found to mediate the hydrosilylation of α-phenyl- and α-

methylstyrene with triphenylsilane showing regioselectivity reflecting the intermediacy of a 

calcium silyl as postulated by Harder, lending further credence to this alternative 

mechanistic hypothesis.
109 

The Harder group then turned their attention to hydroboration of diphenylethylene with 

catecholborane utilising a range of organocalcium catalysts (Ii, Il, and 

[Ca(DMAT)2(THF)2]). Once again, reactivity which contrasted with that previously 

observed for the lanthanides was noted- instead of the expected Ph2CHCH2OBCat, 

(Ph2CHCH2)3B was produced. This activity was attributed to a calcium-hydride mediated 

decomposition of the catecholborane, yielding BH3 which spontaneously hydroborated the 

diphenylethylene and side-product analysis gave credence to this hypothesis.
110 

1.3.3 Synthesis and Reactivity of Molecular Group 2 Hydrides 

Complementary to these initial reports which implicated Group 2 metal hydrides in 

catalysis, albeit giving unexpected reactivity via a plethora of side reactions, was a focus 

upon the synthesis of well-defined, structurally characterised Group 2 hydrides as 

summarised in Scheme 1.11. 
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Scheme 1.11 The general approach to β-diketiminate supported Group 2 metal-hydrides 

exploited by the Harder and Jones groups. 

Initial work came in the form of the seminal report of a β-diketiminate supported 

calcium hydride by the Harder group, which relied upon a σ-bond metathesis pathway.
111

 

Subsequent work from Jones and co-workers yielded a variety of β-diketiminate supported 

magnesium hydrides,
112, 113

 and this σ-bond metathesis route utilising phenylsilane has now 

yielded a variety of higher magnesium hydrides reported by the Hill
114

 and Harder groups.
115 

In contrast to the initial reports of extensive side reactivity in catalysis which implicated 

Group 2 metal hydrides (vide supra), an exploration of the activity of Harder’s calcium 

complex, Ij, showed well-defined and predictable stoichiometric reactivity. This is 

summarised in Figure 1.7 alongside that of its unsolvated lighter congener reported by Jones 

and co-workers, Ih.
116-122
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Figure 1.7 The well-defined reactivity of β-diketiminate supported Group 2 hydrides Ij 

and Ih as described by the groups of Harder, Jones and Hill. 

Indeed, subsequent to these stoichiometric reports, a variety of well-defined 

hydroboration reactions of unsaturated moieties mediated by Group 2 hydrides have been 

reported. These rely upon pinacolborane as a source of the B-H fragment and appear to 

follow the mechanism previously observed for lanthanide-hydride mediated reductions, as 

summarised in Figure 1.8. 
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Figure 1.8 The β-diketiminate supported magnesium hydride mediated hydroboration of 

C=E bonds reported extensively upon by the Hill group. 

Initial work in this field was undertaken by the Hill group who, noting that the 

magnesium hydride Ih could stoichiometrically dearomatise pyridines (vide supra), reported 

a catalytic hydroboration of these cyclic masked imines.
123

 The Harder group extended this 

reactivity to a di-β-diketiminate dimagnesium system, although noted no significant effect 

from the shift to this precatalyst.
124

 More recently, the Hill group has reported hydroboration 

of ketones by the β-diketiminate ligated magnesium butyl precatalyst Ib which yields 

boronate esters.
125 

The Hill group have extended this reactivity to the dihydroboration of nitriles, yielding 

aminodi(boranes) for a wide variety of nitrile substrates.
126

 In this case, an extensive kinetic 

study indicated a complex mechanistic energy surface upon which the pathway, most 

notably the rate determining step in the catalysis, was contingent upon a subtle interplay 

between the Lewis basicity and polarization of the nitrile fragment, as summarised in Figure 

1.9. 
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Figure 1.9 The complex mechanistic surface upon which Ib mediated dihydroboration 

of nitriles was suggested to operate by the Hill group. 

In order to extend this reactivity to more challenging substrates, specifically carbon 

dioxide,
 
the Hill group turned to activation of the magnesium and calcium hydrides Ih-j via 

the strongly Lewis acidic tris(pentafluorophenyl)boron which, in the latter case, yielded a 

structurally characterised β-diketiminate supported calcium borohydride.
127

 These activated 

catalyst systems were competent for the exquisitely selective reduction of CO2 to the 

methanol analogue, PinBOMe as summarised in Scheme 1.12. 
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Scheme 1.12 The exquisitely selective hydroboration of carbon dioxide to a methanol 

equivalent mediated by a Lewis acid-activated β-diketiminate supported Group 2 hydride. 

Although this initial report contained limited mechanistic study, the increased activity of 

these species mirrors similar effects of tris(pentafluorophenyl)boron upon a range of 

lanthanide hydrides reported by Piers and coworkers.
128 

1.3.4 Synthesis and Reactivity of Magnesium(I) Species 

Alongside these extensive investigations into Group 2 hydride mediated reductions, a 

separate class of magnesium based reducing agent has also been reported. As noted, only 

limited reports of well-defined Group 2 complexes deviating from a +2 oxidation state exist. 

Most notable are the range of bulky β-diketiminate, guanidinate and diazabutadienediide 

supported magnesium(I) dimers initially reported by Jones and co-workers, which were 

synthesized via reduction of the relevant magnesium(II) iodides utilising sodium or 

potassium, as summarised in Scheme 1.13. 
2, 112, 113 

 

Scheme 1.13 The approach to a series of Mg(I) dimers supported by bulky ligands 

utilised by Jones and co-workers to describe the first set of species in this class. 

Work from Stasch has extended this to a diiminophosphinate supported magnesium(I) 

dimer, synthesized by a Mg(I)-Mg(II) redox reaction as summarised in Scheme 1.14.
129
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Scheme 1.14 The remarkable Mg(II)/Mg(I) redox reaction exploited by Stasch to yield a 

new class of bulky-ligand supported Mg(I) dimers. 

The reactivity of these species as reducing agents has thus been extensively explored by 

Jones and co-workers and is summarised in Figure 1.10. 

 

Figure 1.10 The reaction of the β-diketiminate supported Mg(I) dimer with a  variety of 

unsaturated organic fragments described by Jones and co-workers. 

As shown, reduction of unsaturated organic fragments by these species shows 

complementary reactivity to that of Group 2-hydride mediated reductions and is thought to 

occur via, in the case of the dimer, a concerted 2e
-
 reduction (1e

-
 per metal centre).

130
 These 

species are confined to stoichiometric reductions as synthesis of the magnesium(I) dimer 

under catalytic conditions is unlikely.
121, 131, 132
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1.3.5 Group 2-Mediated Cross-Metathesis and Dehydrocoupling 

As shown extensive studies into the insertion chemistry of Group 2 metal centres have 

now been undertaken. In contrast, little investigation into the σ-bond metathesis steps that 

underpin not only access to the insertion manifold, but also formation of the final product of 

insertion reactions has been performed. Furthermore, a reaction manifold entirely predicated 

on σ-bond metathesis can be proposed in the form of cross metathesis. Such a manifold is 

shown in Scheme 1.15. 

 

Scheme 1.15 The simplified proposed mechanism for Group-2-catalysed 

dehydrogenative cross metathesis. 

While a limited number of Group 2-mediated cross metatheses have been reported, these 

are limited to reactions between E’-H protic and E-H hydridic moieties yielding E-E’ bonds 

and hydrogen in dehydrocouplings. Harder et al reported a Si-C dehydrocoupling between a 

silane and terminal alkyne which proceeded in a catalytic fashion, alongside an initial report 

of Si-N dehydrocoupling between a range of silanes and amines.
133 

Recently, Sadow et al have performed a more in-depth investigation into a 

dehydrocoupling between silanes and amines mediated by the trisoxazolinylborate 

magnesium precatalyst VII.
12

 This reaction is postulated to occur via the manifold shown in 

Scheme 1.15 and allows access to a range of silazanes in excellent yields.  Kinetic analysis 

yielded a rate law as shown below.
 12 

𝑟𝑎𝑡𝑒 = 𝑘[𝑎𝑚𝑖𝑛𝑒]0[𝑠𝑖𝑙𝑎𝑛𝑒]1[𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡]1 

A large, negative entropy of activation (ΔS
‡
) value was also determined, which was 

interpreted to represent a highly ordered transition state with catalyst and silane involved in 

the rate determining step. Kinetic isotope studies employing deuterated silane provided a 
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small normal kinetic isotope effect (
𝑘𝐻

𝑘𝐷
= 1.0(2)) indicating the concerted 4-membered 

transition state which is proposed above with limited Si-H bond cleavage in the transition 

state. Finally, a Hammett plot with a moderate positive slope was thought to suggest a 

transition state involving a five-coordinate silicon centre owing to the stabilising effect of 

electron withdrawing substituents on this species and to favour a limited degree of Si-H 

cleavage in the transition state, as such electron-withdrawing aryl substituents would 

disfavour hydride transfer to magnesium. Hence, Sadow postulated nucleophilic attack of 

the magnesium amide on silane as the rate determining step followed by a rapid hydride 

transfer reminiscent of β-hydride elimination to yield the product neutral silazane complexed 

to the metal centre as shown in Scheme 1.16.
 12 

 

Scheme 1.16 The proposed mechanism of silicon-nitrogen dehydrocoupling put forward 

by the Sadow group. 

Further divergent reactivity has been described by Hill et al with regards to phosphine 

oxides. Diarylphosphine oxides undergo both reduction and dehydrocoupling in the presence 

of phenylsilane mediated by If and IVb, to yield both the mixed P(III)-P(V) compound 

Ph2P(O)PPh2 and its fully reduced counterpart Ph2PPPh2. However, triarylphosphine oxides 

also show P-P coupling, which is postulated to occur via a P-C σ-bond metathesis. This 

latter observation suggests that not only X-H bonds but X-E bonds may be viable partners 

for cross metathesis.
134 

The Hill group also reported a B-N bond formation between β-diketiminato calcium 

amide If and 9-BBN in which the resultant hydride was intercepted by a second equivalent 

of 9-BBN, to form a metal borohydride with no catalytic turnover observed.
135 
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Scheme 1.17 The reaction of If and its diphenylamide derivative with 9-BBN showing a 

σ-bond metathesis N-B bond forming step described by Hill and co-workers. 

As shown in Scheme 1.17, the reaction of a Group 2 amide with 9-BBN yields a B-N 

bond forming step which, the Hill group proposed, occurred via a σ-bond metathesis to yield 

a metal hydride (Ij) which was subsequently intercepted by an equivalent of 9-BBN yielding 

a metal borohydride (Il). 

1.3.6 Alternative Mechanisms in Group 2-Mediated Reactivity 

In contrast to these limited results in boron-nitrogen cross-coupling, investigations into 

the dehydrocoupling of amine-boranes, molecules wherein the N-H and B-H moieties are 

both contained, has been explored more extensively. A wide range of transition metal 

mediated reactions have been reported but almost all rely upon redox-active steps and thus 

will not be further discussed. 
136-138 

 Harder and co-workers initially reported the hydrogen release reactivity of the parent 

ammonia-borane with their soluble calcium hydride, Ij, and further expanded this work to 

the bulky monosubstituted DippNH2BH3 with both this calcium hydride, Ij, and the β-

diketiminate supported magnesium amide Id. Subsequent work from the Hill group 

interrogated, initially, hydrogen release from the disubstituted Me2NHBH3 with a range of 

Group 2 complexes and then extended this work to both pyrrolidine-borane and di-iso-

propylamine-borane, as well as investigating the reactivity of a range of Group 3 amides. 

The Harder group went on to investigate the reactivity of monosubstituted amine-boranes 

with a more complex bimetallic β-diketiminate supported magnesium system. Finally, Jones 

and co-workers reported the reactivity of a β-diketiminate supported Mg(I) dimer, Ik, with 
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ammonia-borane which yielded a set of soluble β-diketiminate supported magnesium(II) 

amidoboranes although no hydrogen release was investigated.  

Harder and co-workers’ report of the reactivity of the β-diketiminate calcium hydride, Ij, 

with ammonia-borane yielded, initially, the ligated calcium amidoborane which, upon gentle 

heating, resulted in a B-N coupling, yielding a [NH-BH2-NH-BH3]
2-

 dianion, bridging two β-

diketiminate supported calcium centres, as summarised in Scheme 1.18.
139 

 

Scheme 1.18 The dehydrogenative coupling of ammonia-borane and methylamine-

borane mediated by Ij to yield a coupled diaminodiborane dianion reported by Harder and 

co-workers. (R = H, Me). 

Similar reactivity, albeit at a slightly elevated temperature, was observed for the 

methylamine-borane and a further investigation into the far more sterically encumbered 

DippNH2BH3 yielded a deprotonated iminoborane coordinated to a β-diketiminate supported 

calcium centre, in contrast to this result, the lighter congener, utilising Id, yielded a 

di(amino)borane of the form [DippNHBHNHDipp], under analogous conditions (Scheme 

1.19).
140 

 

Scheme 1.19 Congeneric variations in the dehydrogenation of DippNH2BH3 by Ij or Id. 

In spite of these results suggesting the possibility of a more complex mechanistic 

pathway being accessible to amine-boranes, the Harder group postulated a mechanism which 

was predominantly reliant on metal-mediated σ-bond metathesis precedented by the Hill 
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group’s initial report of B-N coupling via an analogous pathway for the coupling of the 

diphenylamide anion to 9-BBN.  

Subsequent extensive catalytic and stoichiometric B-N dehydrocoupling was 

investigated by the Hill group in the dehydrogenative dimerisation of dimethylamine-borane 

catalysed by a range of Group 2 precatalysts (Ib and If) (Scheme 1.20). 

 

Scheme 1.20 The dehydrogenative dimerisation of dimethylamine-borane extensively 

investigated by the Hill group. 

Extensive stoichiometric investigations yielded not only amidoborane fragments bound 

to Group 2 centres, but also magnesium complexes of the B-N coupled anion [NMe2-BH2-

NMe2-BH3]
-
 as summarised in Figure 1.11. 

 

Figure 1.11 The crystallographically-characterised magnesium complexes of a coupled 

diaminodiborane anion proposed by the Hill group, to represent an intermediates in the 

Group 2 mediated dehydrogenative dimerisation of dimethylamine-borane. 

Although this reaction, and these intermediates could be accounted for by a σ-bond 

metathesis only pathway, further extensive NMR investigations coupled with these 

crystallographic investigations led this group to postulate an alternative catalytic manifold as 

shown in Figure 1.12.  
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Figure 1.12 The proposed mechanism of the Group-2-catalysed dehydrocoupling of 

dimethylamine-borane. 

In this mechanism an initial protonolysis yields a metal-amidoborane which undergoes a 

β-hydride elimination to yield a metal-hydride and imidoborane fragment. This unsaturated 

fragment, which is isoelectronic to a C=C bond, then undergoes an insertion into an M-N 

bond of a metal-amidoborane. This process is analogous to the aforementioned C=E 

heterofunctionalisations and provides a coupled metal-diamidodiborane which undergoes a 

subsequent δ-hydride elimination to yield the observed product and a metal hydride. As such 

this reaction involves an intramolecular B-N cross coupling to yield an initial π-bond and a 

subsequent B-N σ-bond and represents a hybrid of both the cross metathesis and insertion 

pathways.
 141 

Although extension of this work to pyrollidine-borane indicated a generality to this 

mechanism, moving to the far bulkier secondary amine-borane, di-iso-propylamine-borane, 

yielded only the respective iminoborane, even under catalytic conditions as shown in 

Scheme 1.21. 

 

Scheme 1.21 The dehydrogenation of 
i
Pr2NHBH3  yielding an imidoborane incapable of 

dimerisation, and dihydrogen. 

It was postulated that dehydrogenation of the parent di-iso-propylamine-borane in a 

manner analogous to the mechanism proposed for the dimerisation of dimethylamine-
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borane, yielded an iminoborane fragment which, owing to its more extreme steric demands, 

was unable to undergo an insertion into the metal-amidoborane to yield B-N coupling. 

Under NMR conditions quantitative production of 
i
Pr2N=BH2 was accessible and this was 

considered to provide further evidence for the complex catalytic cycle initially proposed 

(Figure 1.12).
142 

 

Figure 1.13 The mechanism for di-iso-propylamine-borane dehydrogenation, proposed 

by the Hill group to indicate the viability of the mechanistic postulate summarised in Figure 

1.12. 

Further evidence for the intermediacy of such an unsaturated fragment was provided by 

a subsequent report from the Hill group who noted the interception of a postulated in situ 

generated imidoborane by an M-X bond yielding variously an unsymmetrical diaminoborane 

or aminoalkylborane in the case of IIIc and IVc respectively. In each case an equivalent of 

‘MH2’ was also formed which, in the case of amines, could be intercepted 

dehydrogenatively to yield amides and render the synthesis of diaminoboranes catalytic in 

alkaline earth dication utilising IIIa and IIIb as precatalysts (Scheme 1.22).
143 

 

Scheme 1.22 The insertion chemistry of an in situ generated iminoborane fragment into 

M-X bonds (X = R2N, (Me3Si)2CH) yielding unsymmetrically substituted boranes and 

catalytically viable Group 2 hydrides. 

Most remarkable in this chemistry was the rate-dependence of dehydrocoupling upon 

metal identity. In contrast to the more nuanced approach required in interpreting the rate 
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dependence of Group 2-mediated hydroamination upon metal identity, amine-borane 

dehydrocoupling was found to be consistently contingent upon metal charge-density, with an 

increase charge-density (Ba > Sr > Ca > Mg) yielding increasingly efficient 

dehydrocoupling. Further credence for this hypothesis was put forward by the Hill group 

who noted that the even greater charge density of the Sc
3+

 ion provided catalytic efficiency 

well in excess of that of the magnesium dication.
144

 

1.4 Mechanistic Considerations in Redox-inactive Dehydrocouplings 

In spite of the relative lacuna of investigation into Group 2 mediated cross-metathesis 

and its component mechanistic step, σ-bond metathesis, such reactivity has garnered 

extensive interest for other parts of the periodic table. Indeed, such interest has yielded a 

variety of in-depth reviews, most recently by Waterman.
145

 Furthermore, cross-metathesis 

mediated dehydrocoupling has been extensively studied for the transition metals. In such 

cases, the reactivity is most commonly mediated by redox-active processes such as oxidative 

insertion and reductive elimination.
146, 147 

Owing to the preclusion of such steps for Group 2 

mediated catalysis, these reactions will not be further discussed. 

Beyond such redox active catalytic processes, dehydrocoupling reactivity occurring via 

redox inactive steps has also been the subject of much investigation. Such investigations 

have suggested a more nuanced mechanistic surface whereupon a variety of element-element 

bond forming mechanisms are operant beyond the simple σ-bond metathesis characteristic of 

both lanthanide and, hitherto, Group 2 mediated reactivity. 

Harrod and co-workers initially reported the polymerization of disubstituted silanes 

mediated by Cp2TiR2 and further reported the polymerization of germanes.
148, 149

  Tilley and 

co-workers expanded on this, extending the reactivity to a range of group 4 metallocenes, 

and, through extensive and elegant mechanistic studies implicated a 4-centred concerted 

reaction between a metal hydride and Si-H bond,
150

 the first mechanistic report of a 

dehydrocoupling via σ-bond metathesis (Figure 1.14).
151, 152 
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Figure 1.14 The initial mechanistic report of σ-bond metathesis made by Tilley and co-

workers with reference to the polymerisation of diarylsilanes to yield poly(silanes) and 

hydrogen (M = Ti, Zr, Hf). 

Following this initial report of silane homo-dehydrocoupling, group 4 metallocenes with 

reactive alkyl and hydride substituents were found to provide far more general 

heterodehydrocoupling reactivity for a variety of p-block parings, including Si-H/O-H, Si-

H/N-H, B-H/N-H and SN-H/Te-H dehydrocoupling. Initial analysis suggested that these 

cross-metatheses once again occurred via σ-bond metathesis steps, suggesting the potential 

for generality of this reactivity for group 4 metallocenes.
153, 154 

Further Si-H/N-H 

dehydrocoupling has since been reported, alongside a report utilising a magnesium 

precatalyst as reported by Sadow and co-workers which was subject to some noteworthy 

mechanistic nuances (vide supra). The Cui group has further reported a dehydrocoupling of 

these elements mediated by a redox-inactive NHC supported Group 3 centre, utilising an 

[((HCN{2,6-iPr2C6H3})2C)Y(N{SiMe3}2)3] precatalyst.
155 

Most recently, the Crimmin group 

have reported the extension of such reactivity to the coupling of alanes with amines 

mediated by the simple yttrium amide, [Y(N{SiMe3}2)3].
156 

Extension of this reactivity to less acidic E-H bonds has proved more challenging, with 

limited reports of Si-H/C-H dehydrocoupling. An initial, elegant study from the Tilley group 

achieved the striking result of dehydrogenative silylation of methane, albeit at 150 bar and 

80°C over the course of days. This fascinating result was proposed to be a result of a purely 

σ-bond metathesis pathway, albeit via a scandium silyl-mediated deprotonation of methane 

reminiscent of the reactivity proposed by Harder for Group 2 mediated hydrosilylation of 

alkenes (vide supra), as summarised in Figure 1.15.
157
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Figure 1.15 The mechanism for dehydrogenative methane silylation proposed by Tilley 

and co-workers for a scandium half-sandwich complex. 

Building on this initial result, Hou and co-workers were able to dehydrogenatively 

silylate the privileged directed-ortho-metallation substrate, anisole alongside a range of 

derivatives, under far less forcing conditions. This transformation relied upon a scandium 

half-sandwich complex of the form [(C5Me4SiMe2NtBu)Sc(CH2SiMe3)(THF)] and was 

judged to occur via the generalised catalytic manifold proposed in Scheme 1.15.
158

 The 

extension of such reactivity to the ylide, Ph3PCH2, was investigated by Crimmin and co-

workers who noted a key metal dependence in the reaction. Whilst [Y(N{SiMe3}2)3] 

competently dehydrocoupled phenylsilane with this ylide, to yield Ph3PC(H)Si(H)2Ph both 

IIb and [M(N{SiMe3}2)] (M = Li, Na, K) were unable to do so. These workers went on to 

extensively investigate the possible mechanism of this reactivity and settled upon a Si-H/C-

H σ-bond metathesis operant directly upon the ylide -CH2 fragment.
159

 

Subsequent to their initial reports, Harrod and co-workers went on to describe the 

titanocene(III) mediated dehydrocoupling of phosphines with silanes. This reaction was once 

again proposed to occur via an all-σ-bond metathesis pathway, although the authors were 

unable to discern between Si-H or P-H protonolysis implicating a titanocene-silyl or -

phosphide intermediate respectively.
160

 Waterman and co-workers went on to explore similar 

reactivity with a trisamidoamine supported zirconium complex which was found to be active 

for both Si-H/P-H and Ge-H/P-H dehydrocoupling. In this case, although the group invoked 

a purely σ-bond metathesis mediated pathway, ligand activation by the intermediate LZrH 

yielded a cyclometallated species which was judged to mediate the P-H deprotonation to 

yield an intermediate zirconium phosphide (vide infra).
161 

Building upon their report of Si-H/P-H heterodehydrocoupling, the Waterman group 

subsequently reported a P-H homodehydrocoupling, once again mediated by their 
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trisamidoamine zirconium(IV) complex.
162

 A mechanism contingent upon a purely σ-bond 

metathesis manifold, albeit with ligand involvement being necessary, was again proposed 

(Figure 1.16). 

 

Figure 1.16 The trisamidoamine-zirconium(IV) mediated dehydrocoupling of 

phosphines proposed, by Waterman and co-workers, proposed to occur via a σ-bond 

metathesis mechanism. 

 Subsequent work extended this reactivity to intramolecular and cascade reactivity of 

diphosphines.
163

 Further credence for the importance of the ligand involvement was given in 

a comparative study performed by this group into zirconocene mediated P-H 

homodehydrocoupling which found the majority of zirconocene(IV) precatalysts to be 

inactive, with the exception of a [Cp*2ZrH3]
-
 complex, initially studied by Stephan and co-

workers, appearing to follow an alternative mechanistic pathway (vide infra).
164

 P-H 

homodehydrocoupling was then expanded to include p-block elements by the work of 

Wright and co-workers who found Cp*2SnCl2 to be a competent catalyst for the 

dehydrocoupling of primary phosphines to both diphosphanes and, via a further 

dehydrocoupling, cyclo-tetraphosphines.
165 

The Waterman group subsequently turned their attention to the homodehydrocoupling of 

the heavier Group 15 congeners. The mechanistic landscape for arsine dehydrocoupling 

begins to show more nuanced behaviour. Once again exploiting their zirconium(IV) 

trisamidoamine complex, diphenylarsine was readily dehydrocoupled to yield Ph2AsAsPh2 
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and this group attributed such reactivity to the mechanism previously proposed for both Si-

H/P-H hetero- and P-H homo-dehydrocoupling (Figure 1.16).
145

 In contrast, the move to 

primary arsines yielded divergent results. The very bulky 2,6-dimesitylphenylarsine 

(dmpAsH2) yielded the multiply-bonded dimer dmpAs=Asdmp while its less sterically 

demanding counterpart MesAsH2 yielded cyclo-(MesAs)4. Detailed mechanistic 

investigations, including deuteration and trapping experiments with Me3P implicated the 

intermediacy of an arsinidene fragment of the form RAs: which undergoes spontaneous 

dimer- or tetramerisation. The formation of this fragment was postulated to occur via an α-

arsinidene elimination, which also yielded a LZrH intermediate rendering the reaction 

catalytic (Figure 1.17).
166

  

 

Figure 1.17 The trisamidoamine-zirconium(IV) mediated dehydrocoupling of primary 

arsines proposed, by Waterman and co-workers, to occur via a α-arsinidene elimination 

mechanism. 

Such a mechanistic implication has limited precedent in heavier main group 

dehydrocoupling mediated by redox-inactive catalysis. Work by Tilley and co-workers upon 

zirconocene(IV) mediated dehydrogenative stannane coupling was initially thought to occur 

via a σ-bond metathesis pathway, analogous to that proposed for the poly(silane) 

congeners.
167

 Subsequent mechanistic investigations on both an isolated d0 hafnium 

hydrostannyl complex and the catalytic dehydrocoupling of stannanes mediated by a 

hafnocene(IV) complex implicated an α-stannylene elimination as shown in Figure 1.18.
168 
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Figure 1.18 The α-stannylene elimination mechanism for metallocene mediated 

dehydrocoupling of stannanes to yield poly(stannanes) and dihydrogen proposed by Tilley 

and co-workers. 

Notably, a hafnium(IV) triphenylstannyl complex showed analogous reactivity yielding 

a distannane and hafnium(IV) phenyl complex via an aryl migration, implying that redox 

inactive cross-metatheses beyond dehydrocoupling may implicate such an α-elimination 

pathway.
169 

Such reactivity has also been observed by Tilley and Waterman for the heaviest Group 

15 congener investigated, antimony. Both MesSbH2 and dmpSbH2 underwent 

dehydrocoupling in the presence of a hafnocene(IV) complex to yield the analogous 

products as observed for arsenic (vide supra). Extensive kinetic analysis by these authors 

allowed them to once again implicate α-stibinidene elimination in such reactivity.
170 

Whilst a large variety of precatalysts have been suggested to mediate P-H 

homodehydrocoupling via a σ-bond only cross metathesis pathway, work by Stephan and 

co-workers has implicated alternative reactive intermediates in such reactivity mediated by 

titanium(IV) half-sandwich complexes alongside zirconocene(IV) derivatives.
164, 171 

In these 

cases oligomerisation of primary phosphines yielded a variety of (RP)n compounds, with n 

showing a marked dependence on the nature, most notably the steric demands, of R; 

substituted phenyl substituents tend towards n = 5 while the more demanding naphthyl 

derivatives yield tetramers.
172, 173 

The precatalysts in each of these reactions were possessed 

of at least 2 reactive ligand fragments and analysis of the 
31

P NMR spectrum indicated the 

intermediacy of a zirconium phosphinidene, as shown in Figure 1.19.
171
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Figure 1.19 The proposed mechanism for [Cp*2ZrH3]
-
 mediated dehydrocoupling of 

mono-substituted phosphines put forward by Stephan and co-workers implicating a 

zirconium-phosphinidene intermediate. 

One final mechanistic class for dehydrocoupling mediated by redox inactive catalysts 

has recently been described by the Stephan group. The use of highly electrophilic 

phosphonium cations of the form [(C6F5)3PF][B(C6F5)4] has allowed not only 

dehydrocoupling of a wide range of protic E-H bonds with silanes (with Si-H/N-H, S-H and 

O-H being described) but also transfer hydrogenation from such systems.
 
Extensive 

experimental and computational investigations allowed this group to propose a mechanism 

for such dehydrocouplings which is summarised in Figure 1.20.
174 
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Figure 1.20 The mechanistic proposal for electrophilic phosphonium cation mediated 

silicon-nitrogen dehydrocoupling proposed by Stephan and co-workers. 

This mechanism is reminiscent of FLP chemistry, with the highly electrophilic 

phosphorus centre interacting with the silane Si-H bond to render the silane amenable to 

nucleophilic attack. This step yields an ammonium cation in the presence of an acidic P(V)-

H bond, the interaction of which yields the product silylamine, dihydrogen and reforms the 

electrophilic phosphonium cation upon which the reactivity is contingent. 

 

1.5 Aims of this Project 

As shown, extensive mechanistic investigations into the synthetic utility and mechanistic 

nuances of Group 2 mediated hydroamination have been undertaken. Furthermore, a 

plethora of redox-inactive dehydrocoupling mechanisms have been described for many 

elements other than Group 2. As a result, the aims of this thesis are to investigate the 

synthetic utility of σ-bond metathesis with Group 2 complexes, to extend the understanding 

of Group 2 mediated dehydrocoupling and to advance the state of Group 2 mediated 

reactivity by coupling σ-bond metathesis to hitherto unprecedented steps in catalysis. These 

investigations will rely upon a combination of synthetic and mechanistic investigations 

utilising crystallographic determination of solid state structure, NMR analysis of solution 

structure and kinetic investigations to yield mechanistic insight. 

Chapter 2 of this thesis explores the structure in the solid-state and solution of a series of 

mixed metal Group 1-Group 2 amidoalkyls of the form [M(N{SiMe3}2)2MgBu] (M = Li (1), 
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Na (2), K (3)). Subsequent investigation of the reactivity of these species with phenylsilane 

yield an intractable white solid, a structurally unprecedented heterododecametallic 

octaamide decahydride of the form [Na6Mg6{N(SiMe3)2}8H10] (5), and a more simple 

bridged bimetallic diamido hydride dimer of the form [K{N(SiMe3)2}2MgH]2 (4) 

respectively. The solid state and solution structures of these latter species were thus 

investigated. 

Chapter 3 contains an in-depth exploration of silicon-nitrogen dehydrocoupling 

mediated by a set of Group 2 bis(amide) precatalysts, [M(N{SiMe3}2)2]2 (M = Mg, Ca, Sr. 

IIa-c). A scope study indicated rapid dehydrocoupling gives insight into both steric and 

electronic effects in this reaction, whilst a number of stoichiometric reactions give insight 

into the mechanism of this reaction. Finally, an extensive kinetic study on the 

dehydrocoupling of diethylamine and diphenylsilane highlights intriguing congeneric 

variations down Group 2. Further explored is a preliminary investigation into tin-nitrogen 

coupling which is found to yield distannanes via a protonolysis of the incipient stannylamine 

and can be rendered catalytic in amine. 

Chapter 4 investigates the effect of hydridic coupling partner upon silicon-nitrogen and, 

boron-nitrogen dehydrocoupling mediated by the well defined β-diketiminate supported 

magnesium centre, Ib. An initial scope study suggests a rapid and efficacious route to 

aminoboranes and further indicates significant effects when varying both the hydridic 

partner from pinacol(borane) to 9-BBN and a range of phenylsilanes alongside a range of 

amines. A stoichiometric study indicates these variations in hydridic partner yield distinctly 

different reaction pathways and an extensive kinetic study provides further support for this, 

as well as revealing putative reaction mechanisms. 

Chapter 5 explores the addition of single electron transfer steps to Group 2 mediated 

catalytic cycles. An initial stoichiometric study into the activity of the stable radical TEMPO 

upon a range of magnesium alkyl and hydride species (dibutylmagnesium, Ib and Ih) 

indicates SET activity which yields radical coupling of metal bound fragments and, notably, 

structurally characterised TEMPOxide anions bound to magnesium. The activity of silanes 

upon magnesium TEMPOxides is then shown to yield TEMPO silyl ethers and incipient 

metal hydrides via σ-bond metathesis, allowing access to a dehydrogenative coupling 

manifold, the first report of SET steps in Group 2 mediated catalysis. Finally, an initial 

structural study into the “chameleonic” nature of TEMPO versus TEMPOxide ligands yields 

the first report of a metal-bound mixed valence oxygen species which, via ligand non-

innocence shows potential spin delocalization. 
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2. Group 1-Group 2 Bimetallic Alkyls and Hydrides 

2.1 Introduction 

Main group heterobimetallic compounds are extremely common and encompass a 

variety of simple salts and cluster types. The interactions that dominate the coordination 

chemistry of the s-block metals in particular have yielded a huge variety of heterobimetallic 

complexes. These generally contain elements of the alkali- and alkaline earth-metals, or 

both, bridged by alkoxide, amide or halide ligands.
1, 2

  

The extension of this motif to more reactive carbanion and hydride ligands however is 

less common. Carbanion containing mixed Group 1-Group 2 heterobimetallics are 

dominated by metallocycle anion bridges, with a far more limited number of alkyl-, and 

aryl- terminated species reported, as shown in Scheme 2.1.
3,4

 

 

Scheme 2.1 Previously reported synthetic routes and crystallographically defined 

structures of heterobimetallic s-block clusters with alkyl or aryl substituents. 

The structures of the early main group metal hydrides are dominated by saline species of 

the form MHn (Group 1; n = 1, Group 2; n = 2)
5
 wherein ionic or bridging structures yield 

extended networks. Recently, however, a variety of molecular Group 2 hydrides have been 

structurally characterised, spurred on by investigations into the postulated intermediacy of 

these species in a variety of H-C,
6
 Si-N,

7
 Si-O

8
 and B-N

9
 bond forming reactions. The lighter 

congeners of the saline s-block hydrides have, in spite of their structure, been identified as 

potential hydrogen storage materials as a result of their relatively high hydrogen weight 
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percentages (LiH; 12.7%,
10

 MgH2; 7.6%
11

). Utilisation of these species in this application is, 

however, hindered by their large lattice energies relative to the bulk metals, which require 

impractically high hydrogen release temperatures (LiH; 858 kJ mol
-1

, MgH2; 2791 kJ mol
-1

). 

Recent calculations regarding magnesium hydride have suggested a reduction in cluster size 

of (MgH2)n (n<19) can lower these temperatures.
12

 As a result, a variety of higher 

magnesium hydride clusters have been synthesised utilising a molecular approach; generally 

relying upon the reaction of organometallic complexes bearing reactive metal bound 

substituents with phenylsilane. The Hill group reported the first hydride-rich magnesium 

cluster, [(IPr)2Mg4H6{N(SiMe3)2}2] (IPr = ((HCN{2,6-iPr2C6H3})2C:) (IX) supported by 

bulky amides and N-heterocyclic carbene ligands with a magnesium to hydride ratio of 1:1.5 

(Scheme 2.2).
13

  

 

Scheme 2.2 The synthetic route reliant upon σ-bond metathesis utilised by the Hill 

group to yield their record-breaking magnesium hydride cluster, IX. 

Subsequent work from the group of Harder has shown the utility of β-diketiminate 

ligands in the formation of higher magnesium hydrides yielding [(PARA)3Mg8H10] (PARA = 

1,4-C6H4{2,6-iPr2C6H3NC(Me)C(H)C(Me)N}2)
14

 and [{NN-(MgH)2}2] (NN = {2,6-

iPr2C6H3NC(Me)C(H)C(Me)N}2). 
15

 

 

Figure 2.1 The crystallographically defined structures a heterobimetallic and 

homometallic s-block hydride cluster. 
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In contrast to this burgeoning body of work in Group 2 metal hydrides, structurally 

characterised molecular hydrides of Group 1 have proved more elusive. Alongside the 

remarkable “superaggregate” [(tBuOLi)16(LiH)17],
16

 generated photolytically, only a 

relatively small number of molecular Group 1 hydrides have been synthesised by the rational 

application of a silane derivative to a reactive metal precursor. These are the bulky 

phosphinoamide (XI) and pyrazolate supported clusters described by Stasch.
17,18

 Instead, 

prior work in the field of Group 1 hydrides has been dominated by mixed metal “ate” 

structures, most notably the ‘inverse crowns’ [M2Mg2(Ni-Pr2)4(μ-H)2·(toluene)2] (M = Na 

(Xa), K (Xc))
19,20

 reported by Mulvey and co-workers which are thought to form via a 

serendipitous β-hydride elimination from the Ni-Pr2 ligands of the bimetallic trisamides 

[M(μ-NiPr2)2Mg(NiPr2)], synthesized in situ, as shown in Scheme 2.3.
20

 

 

Scheme 2.3 The proposed synthetic route to Xa-c via a β-hydride elimination. 

2.2 s-block Mixed Metal Amidoalkyls 

Extensive work by Mulvey and co-workers has demonstrated the enhanced reactivity of 

heterobimetallic s-block amides of the form [M(μ2-NR2)2Mꞌ(NR2)] (M = Group 1 metal; Mꞌ 

= Group 2 metal) in a variety of contexts.
1
 Seeking to capitalise on this foundation, an 

alternative synthetic approach to heterobimetallic hydrides may be envisaged based on 

mixed s-block amidoalkyls of the form [M{N(SiMe3)2}2MgBu], [M = Li (1), Na (2), K (3)]. 

The bulky hexamethyldisilazide ligand was selected for both its relevance in catalysis and its 

steric characteristics while the reactive alkyl group is anticipated to allow selective reactivity 

with phenylsilane. 

Compounds 1-3 were readily synthesised at room temperature via the 1:1 reaction of 

[BuMg{N(SiMe3)2}], synthesised in situ by the reaction of an equimolar mixture of di-

butylmagnesium and hexamethyldisilazane, and subsequent addition of the relevant 

[M{N(SiMe3)2}] complex in toluene (Scheme 2.4). Crystallisation from the reaction mixture 

at -34°C yielded the desired compounds suitable for single crystal X-ray diffraction analysis.  



53 

 

 

Scheme 2.4 The synthetic approach to heterobimetallic s-block amidoalkyls utilised in 

this work yielding 1-3 (M = Li, Na, K respectively). 

Compounds 1-3, when isolated under similar conditions crystallise in the P21/n space 

group and show only a very limited variation in unit cell dimensions. A slightly greater 

variation in β (Table 2.1) is however indicative of notable variations in the deduced crystal 

structures. 

 1 2 3 

a/ Å 9.2930(1) 9.3020(2) 9.2520(2) 

b/ Å 20.3790(4) 20.6500(4) 20.5140(4) 

c/ Å 13.8580(3) 13.9670(3) 14.6960(3) 

α/ ° 90 90 90 

β/ ° 98.2550(10) 96.493(1) 93.112(1) 

γ/ ° 90 90 90 

Table 2.1 The unit cell parameters for complexes 1-3. 

Compound 1 appears to crystallise as a 88:12 mixture of isomers (1:1ʹ); the major 

fraction being that indicated in Scheme 2.4 (1), while the minor fraction consists of the 

isomer wherein the magnesium and lithium ions have exchanged places (1ʹ). Given the 

similarity in the ionic radii of Li
+
 and Mg

2+
, the solution stability of BuLi and the propensity 

of s-block metals to undergo Schlenk-type equilibria, this disorder is unsurprising. 

Furthermore, although extensive debate still exists as to the degree of covalency in lithium 

organometallics calculations have indicated that such covalency is accessible.
21

 This is 

similar to magnesium wherein Mg-C bonds have a significant degree of covalency but 

contrasts with the heavier alkali metals wherein M-C bonds are entirely ionic. In contrast, 

both 2 and 3 crystallise with magnesium solely in the 3-coordinate position, while the alkali 

metal displays a 2-coordinate geometry; a potential reflection of the distinct ionic radii of the 

cations and the insolubility of the relevant MBu compounds. In the case of 3, the asymmetric 

unit was disordered 50:50 with regards to its orientation, and furthermore an evident 

undetermined systematic issue with the data was apparent from the high residuals after 

refinement (R1 = 0.1637  wR2 = 0.4190). The connectivity, however, was unambiguous and, 

while the bond length and angle data must be treated with caution, a number of structural 
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trends are evident. The crystallographically defined structures of these species are shown in 

Figure 2.2-2.4 and relevant bond length and angle data shown in Table 2.2.  During the 

course of the preparation of this thesis, compound 2 was independently described by O’Hara 

and co-workers. Crystallographic data for both compounds are identical however all analysis 

and data contained herein was independently collected for this thesis.
22

 

 

 

Figure 2.2 (a) ORTEP representation of 1, ellipsoids set to 30%, hydrogen atoms 

omitted for clarity. (b) ORTEP representation of 1ʹ, ellipsoids set to 30%, hydrogen atoms 

omitted for clarity. (c) ORTEP representation of the repeating unit of 1 in the solid state, 

ellipsoids set to 30%, hydrogen atoms except those attached to C13 omitted for clarity. 

a) b) 

c) 
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Figure 2.3 (a) ORTEP representation of 2, ellipsoids set to 30%, hydrogen atoms 

omitted for clarity. (b) ORTEP representation of the repeating unit of 2 in the solid state, 

ellipsoids set to 30%, hydrogen atoms except those attached to C13 and C14 omitted for 

clarity. 

a) 

b) 
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Figure 2.4 (a) ORTEP representation of 3, ellipsoids set to 30%, hydrogen atoms 

omitted for clarity. (b) ORTEP representation of the repeating unit of 2 in the solid state, 

ellipsoids set to 30%, hydrogen atoms except those attached to C13 and C14 omitted for 

clarity. 

 

 

 

 

 

a) 

b) 
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 1 2 3 

M1-N1 2.054(18) 2.466(2) 2.767(9) 

M1-N2 2.073(16) 2.436(2) 2.755(9) 

Mg1-N1 2.097(3) 2.095(2) 2.175(10) 

Mg1-N2 2.089(3) 2.0798(1) 2.118(9) 

Mg1-C13 2.181(4) 2.152(3) 2.19(2) 

H13a-M1ʹ 2.165 2.443 2.532 

H14a-M1ʹ 2.572 2.213 2.705 

M1-N1-Mg1 81.6(5) 84.34(7) 87.8(3) 

M1-N2-Mg1 81.3(5) 85.43(7) 89.2(3) 

N1-M1-N2 99.4(8) 85.03(7) 76.5(2) 

N1-Mg1-N2 97.49(13) 105.05(8) 105.5(4) 

N1-Mg1-C13 127.95(14) 124.44(9) 123.0(7) 

N2-Mg1-C13 134.51(13) 130.44(9) 131.2(7) 

Mg1-C13-C14 112.9(2) 114.90(17) 114.2(17) 

Table 2.2 Selected bond lengths and bond angles for 1-3. 

As shown in Figure 2.2-2.4, the isostructural complexes 1-3 crystallise as linear arrays 

with alternating orientations of the n-butyl chains, in a manner reminiscent of the 

amidopyridine-alkyl species reported by Kay and coworkers.
4
 The authors note therein the 

novelty of the observed bridging butyl groups wherein an Mg-C···Li contact is observable. 

In contrast, no significant interaction between the independent molecules in 1 is readily 

observable. This can likely be attributed to the far larger hexamethyldisilazide ligands in 

contrast to the amidopyridines in this previous report. In contrast, however, both 2 and 3 

show significant intermolecular interactions as a result of the increased alkali metal cation 

size. In contrast to the interactions observed by Kays and co-workers, however these are not 

of the form Mg-C···M but instead appear to comprise Mg-CH···M and Mg-C(H)2-CH···M 

contacts to yield a solid state polymer bound by anagostic interactions.  As noted, no 

significant H···Li contact is discernible in 1, while in 2 and 3 the H···M contact is evident. 

Two notable variations between 2 and 3 can be further observed. 2 shows a significant 

anagostic interaction with not only H13a, projecting from the α-methylene of the n-butyl 

chain but also H14a which projects from the β-methylene. This second interaction, although 

also present in 3 appears to be significantly weaker. In contrast, the H13a···K interaction in 

3 appears to be stronger than the corresponding interaction for its lighter congener, 2, as 

reflected in the elongation of the H13a···M interaction being less than the change in ionic 

radius from Na
+
 to K

+
. 
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These interactions appear to have significant structural consequences, with Mg1-C13 

bond of 2 being shorter than that of 1 while both are exceeded by the analogous 

measurement in 3. Correspondingly, an increase in the Mg-C13-C14 angles of 2 and 3 in 

contrast to 1, is observed which could be attributed to the decrease in the N(1,2)-Mg-C13 

angles. Given the clear interactions within the unit cell and the limited change between 2 and 

3, however, as well as the influence of H14a-Na interactions in 2, it is more likely that this 

angle is rendered more obtuse by the interactions between the butyl chain and the Group 1 

cation of a neighbouring molecule. 

Although these data may be affected by both the poor quality of the crystallographic 

data for 3 and the constraints utilised to separate the modelling of the isomers in 1, it is 

notable that this trend of 1 may be consistently differentiated from 2 and 3 for other means 

of analysis as well as the crystallography (vide infra). It is thus suggested that these observed 

variations can be attributed to the species occupying two classes- those which have 

significant anagostic interactions (2 and 3) and those which do not (complex 1). This 

observation can be used to rationalise the subsequent structural and spectroscopic variations 

seen for complexes 1-3, as well as the existence of an alternate, crystallographically defined 

isomer 1ʹ, wherein the lack of stabilising anagostic interactions reduce the drive towards the 

major isomer, 1. 

In all three complexes the magnesium centre remains trigonal planar with the angles 

around Mg adding up to ~360°. However, unsurprisingly, the move from the smaller Li to 

the larger K cation via the intermediate Na leads to an elongation in the M-N bond. Notably, 

the increase in M-N bond length from 1 to 2 is significantly larger than the variation in the 

ionic radius of lithium versus sodium. This is not, however, true of the increase in bond 

length from 2 to 3 which is of a similar magnitude to the ionic radii. This increase in bond 

length occurs concurrently with an increase in the M-N-Mg angle and a corresponding 

decrease in the N-M-N angle, with the increasingly acute angles at the Group 1 centre 

leading to an increasing planarization of the MgN2M fragment. Consequently the N-Li-N 

plane in 1 sits 5.26° from the N-Mg-N plane, while 2 is closer at 4.52° and 3 is closer still at 

2.63°, possibly a reflection of the increased coordinative flexibility of the alkali metals down 

Group 1 or as a result of increasing potential for the formation of anagostic interactions.  

Also notable is the effect of the increasing Group 1 cation size on the geometry of the 

magnesium centre, with the N-Mg-N angle being forced to be increasingly obtuse by the 

increasingly dominant size of the Group 1 centre.  
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Although these solid-state structural parameters noted hint to the effects of the variation 

in alkali metal upon complexes 1-3, the 
1
H, 

13
C and 

15
N NMR data, as summarised in Table 

2.3, provide clearer electronic discrimination. 

 1 2 3 

M-CH2 δ1H 0.01 -0.07 -0.40 

M-CH2 δ13C 11.2 12.1 14.0 

N(SiMe3)2 δ1H 0.17 0.19 0.22 

N(SiMe3)2 δ13C 5.1 6.0 6.3 

N(SiMe3)2  δ15N 47.3 47.0 49.7 

Table 2.3 Selected NMR spectroscopic data (ppm) for compounds 1-3. 

The aforementioned elongation of the N-M bond lengths between Li and K leads to a 

corresponding deshielding of the silylmethyl carbon centre and protons present on the 

hexamethyldisilazide ligand. The trend in the 
15

N NMR spectroscopic shifts is more 

complex, however, suggesting that increasing N-M length does not simply yield a 

deshielding of the nitrogen nucleus. This increase in shielding between 1 to 2 but significant 

decrease from 2 to 3 appears to mirror the trends observed for the M-N and Mg-C bond 

lengths and indicate a significant structural shift from 1 to 2 followed by a less profound 

variation from 2 to 3. However, the unreferenced nature of the 
15

N NMR spectroscopy 

performed here renders these conclusions tentative at best. 

 Perhaps of most significance is the variation in the 
13

C and 
1
H NMR spectroscopic 

chemical shifts for the α-methylene of the butyl chain. In contrast to the observed variation 

in Mg-C bond length, a smooth progression in deshielding of the 
13

C NMR resonance 

attributed to C13 from 1 to 3 is observed, suggesting an interplay of stereoelectronic factors. 

The α-methylene 
1
H NMR signal once again provided a smooth progression in chemical 

shift; perversely however this occurred as an increased shielding of these protons from 1 to 

3. This counterintuitive trend could be a simple reflection of the paramagnetic contribution 

to the 
13

C NMR chemical shifts, it could also be a direct result of the persistence of 

intermolecular interactions occurring in solution in a similar manner to those observed in the 

solid state for 2 and 3. Further evidence for the persistence of interactions of this form can 

be provided by analysing the effect of concentration upon the 
1
H NMR shift of the α-CH2 

protons which shows almost no concentration dependence for 1 but a small dependence for 2 

and 3. The increasing shielding of the α-CH2 protons versus deshielding of the carbon centre 

is thus a reflection of a balance between the Mg-C13 and H13···M bond strengths in which 

the latter interaction is increasingly augmented at the expense of the former as the size of the 

Group 1 cation increases.  
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To further probe the possibility of solution intermolecular interactions, these species 

were subjected to DOSY analysis as summarised in Figure 2.5. 

 

Diffusion coefficient 

of proton/ m s
-2

 

1 2 3 

CH3 8.95x10
-10

 8.42x10
-10 

7.67x10
-10

 

CH2 9.01x10
-10

 8.38x10
-10

 7.41x10
-10

 

CH2 8.93x10
-10

 8.22x10
-10

 7.41x10
-10

 

Mg-CH2 8.88x10
-10

 8.69x10
-10 

7.46x10
-10

 

(N(SiMe3)2) 8.81x10
-10

 8.68x10
-10 

7.61x10
-10

 

Figure 2.5 The DOSY spectra and diffusion coefficients for compounds 1-3. 

As shown, visual inspection of the DOSY parameters suggested each compound retained 

its solid state structure in solution, with the hexamethyldisilazide and n-butyl resonances all 

sharing very similar diffusion coefficients. 

Complexes 1 and 3 were further subjected to variable temperature NMR experiments 

which showed these species to be stable up to 95°C. This stability contrasts with the 

previously observed reactivity for di-iso-propylamide-ligated structures Xa-c (vide supra).  

Previously reported mixed metal clusters bound by hexamethyldisilazide ligands, such 

as [{(Me3Si)2N}Ca{µ-N(SiMe3)2}2Mg{N(SiMe3)2}] as well as the parent [Mg{N(SiMe3)2}2] 

show extensive solution fluxionality reflecting the Schlenk-like equilibria to which these 

species are prone.
2
 Indeed, in the former case 

1
H NMR analysis reflects the presence of all 

possible hexamethyldisilazide-bound Group 2 complexes comprising of either the 

homoleptic Mg and Ca diamide species, as well as the bimetallic species in solution. 

Gratifyingly, in the case of 1-3 the major peaks observable in 
1
H NMR spectrum could be 

attributed to compounds possessed of a solution structure corresponding to that observed in 

the solid state as defined by crystallography. Notable, however, were the presence of minor 

peaks in the region characteristic of hexamethyldisilazide silylmethyl resonances observed 

in the 
1
H NMR spectra of 1-3 which would appear to indicate some solution equilibria 

occurring faster than the NMR timescale. Although minor peaks tentatively attributed to the 

1                      2                3 
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butyl resonances of alternative solution isomers were also identifiable, these could not be 

rationally integrated and matched to any of the observed silylmethyl resonances. The 

extreme relative intensity of the hexamethyldisilazide peak corresponding to the 

crystallographically defined structures of 1-3 may be responsible for masking the 

corresponding resonances, thus complicating this analysis. Notably, the observed disorder in 

the crystallographically defined structure of 1/1ʹ and reactivity of 2 with donor molecules 

observed by O’Hara and co-workers were also  liable to be reflections of these equilibration 

processes (vide supra).  

2.3 s-block Mixed Metal Hydrides 

Although β-hydride elimination has previously yielded bimetallic s-block hydrides 

supported by amide ligands, approaches towards these species utilising σ-bond metathesis 

have remained hitherto unreported. This contrasts with the common routes to both 

homometallic Group 1 and Group 2 species which have predominantly relied upon the 

activity of hydridic silanes with relevant metal amides or alkyls. It was thus speculated that 

σ-bond metathesis with silanes would take place selectively with the relatively unbulky and 

reactive alkyl groups borne by 1-3 could yield a variety of novel heterobimetallic hydrides 

structurally related to Xa-c. Furthermore, these reactions were investigated for the relevance 

of such a step to dehydrocoupling, particularly of silanes and amines. 

To assess this possibility, solutions of 1-3 were reacted with equimolar quantities of 

phenylsilane in d8-toluene on an NMR scale. The 
1
H NMR spectrum resulting from the 

reaction of compound 3 under these conditions suggested the formation of PhSi(H)2n-Bu and 

three broad, metal-bound hexamethyldisilazide environments between 0.16 – 0.36 ppm 

indicative of Mg-C/Si-H σ-bond metathesis as well as a new signal at 3.66 ppm which 

corresponded to a single proton by integration. 
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Figure 2.6  ORTEP plot of 4 (30% probability ellipsoids). H atoms apart from metal-

bound hydrides omitted for clarity. Selected bond lengths (Å) and angles (°): Mg1-N1 

2.0742(13), K1ꞌ-N2 2.9283(13), Mg1-H1 1.89(2), K1-H1 2.86(2), N1-Mg1-N2 124.97(5), 

N1-K1-N2’ 113.50(4), Mg1-H1-Mg1ꞌ 106(1). Symmetry transformations used to generate 

equivalent atoms: x-1/2,-y+1/2,z+1/2, -x,-y+1,-z+1. 

 

Preparative scale repetition of this reaction in toluene yielded crystals of compound 4, a 

heterobimetallic hydride of the formula [K{N(SiMe3)2}2MgH]2, suitable for single crystal X-

ray diffraction analysis, the results of which are shown in Figure 2.6. Although this species 

is structurally analogous to the previously reported hydride, V, its synthesis is, as hoped, the 

result of selective Mg-C/Si-H σ-bond metathesis of the more reactive and less sterically 

encumbered alkyl group of compound 3. The bond length and angle data of 4 are also 

similar to those observed for the analogous di-iso-propylamide analogue V with some 

notable elongation of bonds as a consequence of the more sterically encumbered 

hexamethyldisilazide ligands. The previously unattributed peak at 3.66 ppm in the 
1
H NMR 

spectrum of 4 also corresponded to the chemical shift of the hydride peak of V and was, 

thus, assigned as the bridging hydride resonance. The persistence of the solid state structure 

in aromatic solvents was corroborated by the observation of a single diffusion coefficient in 
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the 
1
H DOSY NMR spectrum for both the hydride and silylmethyl signals, while no 

evidence for fluxional behaviour was observed in variable temperature experiments.  

 In contrast to this straightforward behaviour, an analogous reaction of 2 with 

phenylsilane in d8-toluene provided a considerably more complex 
1
H NMR spectrum with 

two notable peaks at 4.44 and 5.12 ppm attributed to the hydride resonances of PhSi(H)2n-

Bu and PhSi(H)2N(SiMe3)2 respectively. This latter observation is suggestive of not only 

Mg-C/Si-H but also M-N/Si-H σ-bond metathesis. Also notable were the complex signals 

associated with the metal-bound -N(SiMe3)2 region, which consisted of overlapping peaks 

between 0.32 and 0.47 ppm alongside a pair of broad overlapping signals centred on 3.87 

and 3.69 ppm which integrated in a 144:4:6 ratio. In order to elucidate the origin of these 

observations, a preparative scale reaction undertaken in toluene provided compound 5, a 

heterobimetallic hydride of the form [Na6Mg6{N(SiMe3)2}8H10], as crystals suitable for X-

ray crystallographic analysis. The results of this analysis are shown in Figure 2.7. 

 

Figure 2.7 ORTEP plot of 5 (30% probability ellipsoids). H atoms apart from metal-

bound hydrides and carbon atoms omitted for clarity. Selected bond lengths (Å) and angles 

(°): Na1-N2 2.6093(17), Na1-H2 2.34(2), Mg1-N2 2.0627(16), Mg2-H2 1.89(2), Mg2-H3 

2.01(2), Mg2-H4 2.01(2), Na2-N1 2.5169(17), Na2-H4 2.385(7), Na2-H5 2.46(2), Mg1-N1 

2.0534(16), Mg1-N2 2.0627(16), Mg2-H2-Na1 104(1), N2-Na1-N3 175.72(6), Mg2-H7-

Mg2ꞌ 103(1). Symmetry transformations used to generate equivalent atoms: -x+2,y,-z+3/2. 
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 Compound 5 is a heterododecametallic species ligated by eight hexamethyldisilazide 

and ten hydride ligands with a formula of [Mg6Na6{N(SiMe3)2}8H10]. Its formation and the 

side-product peaks observed in the in situ 
1
H NMR experiments are rationalised by the 

stoichiometry shown in Equation 1. Indeed, a repeat of the in situ NMR scale experiment 

with this stoichiometry yielded a stoichiometric quantity of compound  5. 

 

Equation 1 The proposed stoichiometry necessary to achieve compound 5. 

The formation of 5 constitutes a synthetic route which, although evidently selective for a 

specific compound, is not discriminating for the less bulky and more nucleophilic alkyl 

substituent over the present hexamethyldisilazides. Given the observed solution equilibria to 

which 2 appears to be subject it is therefore reasonable to speculate that the selective 

formation of 5 is in fact more a reflection of these equilibria than of the reactivity of 

substituents around the crystallographically defined structure of 2. 

The structure of 5 possesses a C2 symmetry element running through the 2 central 

hydrides (H4 and H7), which bridge between two 6-coordinate magnesium centres (Mg2, 

Mg2ꞌ) ligated only by hydrides in a structural core reminiscent of magnesium dihydride. 

Perhaps imposed by the imperfect octahedral geometry of its [Mg2H10] core, the Mg-H 

bonds of 5 are elongated in comparison to those observed in bulk MgH2 (1.718 Å).
[1]

 The 

remaining four magnesium centres (Mg1, Mg3, Mg1ꞌ and Mg3ꞌ) exist in identical 

coordination environments wherein the presence of two bulky hexamethyldisilazide ligands 

lowers their coordination number to four, with the other two sites occupied by hydrides 

bridging to the [Mg2H10] core. The terminal sites of the potentially polymeric [Mg2H10] core 

are capped by sodium atoms, Na1 and Na1ꞌ, which exist in a sawhorse conformation ligated 

axially by two amides. These ligands bridge to the tetracoordinate magnesium ions while 

two of the equatorial sites share hydrides, H2, H6, H2ꞌ and H6ꞌ, with the [Mg2H10] core. The 
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residual sodium atoms (Na2, Na3, Na2ꞌ and Na3ꞌ) are located in distorted tetrahedral sites 

which bridge, via hydrides H3, H5, H3ꞌ and H5ꞌ, the central magnesium ions and are capped 

by amides shared with the tetracoordinate magnesium centres. These latter sodium ions form 

the vertices of cubic [(NaMgH2)2]
2+

 clusters reminiscent of those observed by Stasch for the 

[(LiH)4] core of the structurally characterised lithium hydride, [{(DippNPPh2)Li}4(LiH)4].
[14] 

DOSY experiments (Figure 2.8) performed on a crude sample of 5 suggested a single 

diffusion coefficient for the silylmethyl and hydride regions, corroborating the proposed 

peak attributions and suggesting that the solid state structure is retained in aromatic solvents. 
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Figure 2.8 The 
1
H NMR and DOSY plots for a crude sample of compound 5. 

Proton Peak Chemical Shift/ 

ppm 

Diffusion 

Coefficient/ m
2
 s

-1
 

Error 

Mg-H 3 3.781 5.27x10
-10 

8.901x10
-12 

Mg-H 4 3.610 5.29x10
-10

 4.992x10
-12 

(N(SiMe3)2) 16 0.328 5.26x10
-10

 5.310x10
-12 

(N(SiMe3)2) 17 0.301 5.29x10
-10

 5.088x10
-12

 

(N(SiMe3)2) 18 0.292 5.31x10
-10

 3.582x10
-12

 

(N(SiMe3)2) 19 0.284 5.29x10
-10

 5.153x10
-12

 

Table 2.4 The diffusion coefficients, with relevant errors for the component 
1
H NMR 

peaks of compound 5 as measured by DOSY. 

Although the crystallographically defined structure is suggestive of three hydride 

environments in a 2:4:4 ratio and two hexamethyldisilazide environments in a 1:1 ratio, the 

1
H NMR spectrum at room temperature comprised only 2 broad, complex signals in a 4:6 

ratio for the hydrides and a series of overlapping, second order peaks in the silylmethyl 

region. The more downfield hydride shift is suggested to be the 3-coordinate hydrides H2 

and H6, with the six remaining, 4-coordinate hydrides providing the upfield signal at 3.87 

ppm.  

 

Figure 2.9 The hydride region of the 
1
H NMR of 5 below, at and above the coalescence 

temperature (uncalibrated temperatures). 

198 K 

229 K 

260 K 

272 K 

298 K 
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Cooling the sample evidenced a fluxional process as a result of exchange of the 

tetracoordinate hydrides within the [Mg2H10] core. At 267 K (calibrated utilising 4% MeOH 

in MeOD) the 6H peak at 3.69 ppm was observed to split yielding two broad singlet 

resonances in a 2:4 ratio at 3.68 (Ha) and 3.59 ppm (Hb) respectively and a free energy of 

activation (ΔG
‡
) for this process of 56 kJ mol

-1
.  

 

Figure 2.10 The proposed fluxional hydrides (Ha and Hb) in complex 5. 

The silylmethyl region at 248 K was split into two doublets at 0.32 and 0.48 ppm which 

can be attributed to the two observed hexamethyldisilazide environments each further split 

by the diastereotopic disposition imposed by the rigidity of the cage structure. No 

coalescence temperature for the exchange of each separate hexamethyldisilazide 

environment, however, could be attained, even to the boiling point of the d8-toluene solvent. 

Attempts to extend this reactivity to the lightest congeneric analogue, 1, yielded 

immediate precipitation of a fine, insoluble, colourless solid, thought to be various metal 

hydrides. NMR analysis suggested consumption of the PhSiH3 and formation of PhSi(H)2Bu 

and PhSi(H)2N(SiMe3)2 as well as silanes with higher alkyl and amide incorporation 

indicative of Mg-C/Si-H and Mg-N/Si-H σ-bond metathesis respectively. Repetition of this 

reaction in the more coordinating solvent THF yielded an identical result, suggesting that 

extension to complex s-block polyhydrides of the lightest alkali metal is not possible with a 

hexamethyldisilazide co-ligand set under these conditions. 

 This chapter describes a novel series of s-block mixed metal amidoalkyls 

encapsulating a range of alkali metal cations with magnesium. These species show 

fascinating structural variation contingent on the identity of the Group 1 cation and resultant 

intermolecular interactions both in the solid state and solution. Further explored is the 

formation of heterobimetallic magnesium-alkali metal hydride clusters may be prepared by a 

σ-bond metathesis route from the corresponding s-block amidoalkyls bearing only simple 

ligands of catalytic relevance. While the formation of compound 4 suggests selective 

metathesis at the more reactive alkyl substituent, the formation of 5 requires less 
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discriminative metathesis of both alkyl and amide ligands of 2, and may, alongside the 

inaccessibility of a lithium analogue, represent a reflection of the solution equilibria which 

1-3 are subject to. Nevertheless, this chapter indicates the under-represented utility of 

heteroleptic s-block clusters for metathesis chemistry and a novel approach to higher metal 

hydride clusters wherein the coordinative flexibility of a mixture of s-block elements allows 

them to act as both corner and edge occupying species. Work to extend this reactivity to the 

lightest alkali metal ion is ongoing, alongside studies into the reactivity of these novel and 

structurally interesting s-block species. 

 

2.4 Experimental Data 

 

[Li{N(SiMe3)}2MgBu], 1 

To a toluene solution (2 mL) of di-n-butylmagnesium in heptanes (1 mmol, 2 mL) was 

added hexamethyldisilazane (1 mmol, 0.210 mL). The resultant solution bubbled and was 

stirred overnight after which time lithium hexamethyldisilazide (1 mmol, 167 mg) was 

added. Stirring was continued for one hour and the resultant suspension filtered, the solution 

was then used as is. Material suitable for crystallographic characterisation was procured by 

reducing this solution in vacuo to incipient crystallisation then cooling to –18°C. (265 mg, 

67%) 

1
H NMR (300 MHz, d8-Tol) δ ppm 0.01 (m, 2 H, MgCH2CH2CH2CH3) 0.17 (s, 36 H, 

N(SiMe3)2) 1.15 (t, 3 H, MgCH2CH2CH2CH3) 1.64 (m, 2 H, MgCH2CH2CH2CH3) 1.90 (m, 2 

H, MgCH2CH2CH2CH3). 
13

C NMR (75 MHz, d8-Tol) δ ppm 5.1 (N(SiMe3)2), 11.2 

(MgCH2CH2CH2CH3)  14.4 (MgCH2CH2CH2CH3) 31.8 (MgCH2CH2CH2CH3) 32.5 

(MgCH2CH2CH2CH3). 

In spite of repeated attempts, no consistent elemental analysis data could be obtained. 

 

 [Na{N(SiMe3)}2MgBu], 2 

To a toluene solution (2 mL) of di-n-butylmagnesium in heptanes (1 mmol, 2 mL) was 

added hexamethyldisilazane (1 mmol, 0.210 mL). The resultant solution bubbled and was 

stirred overnight after which time sodium hexamethyldisilazide (1 mmol, 183 mg) was 

added. Stirring was continued for one hour and the resultant suspension filtered, the solution 
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was then used as is. Material suitable for crystallographic characterisation was procured by 

reducing this solution in vacuo to incipient crystallisation then cooling to –18°C. (218 mg, 

53%) 

1
H NMR (400 MHz, d8-Tol) δ ppm -0.07 (m, 2 H, MgCH2CH2CH2CH3) 0.19 (s, 36 H, 

N(SiMe3)2) 1.18 (t, 3 H, MgCH2CH2CH2CH3) 1.68 (m, 2 H, MgCH2CH2CH2CH3) 1.92 (m, 2 

H, MgCH2CH2CH2CH3). 
13

C NMR (100 MHz, d8-Tol) δ ppm 6.0 (N(SiMe3)2), 12.1 

(MgCH2CH2CH2CH3)  14.5 (MgCH2CH2CH2CH3) 32.0 (MgCH2CH2CH2CH3) 33.0 

(MgCH2CH2CH2CH3). 

In spite of repeated attempts, no consistent elemental analysis data could be obtained. 

 

[K{N(SiMe3)}2MgBu], 3 

To a toluene solution (2 mL) of di-n-butylmagnesium in heptanes (1 mmol, 2 mL) was 

added hexamethyldisilazane (1 mmol, 0.210 mL). The resultant solution bubbled and was 

stirred overnight after which time potassium hexamethyldisilazide (1 mmol, 199 mg) was 

added. Stirring was continued for one hour and the resultant suspension filtered, the solution 

was then used as is. Material suitable for crystallographic characterisation was procured by 

reducing this solution in vacuo to incipient crystallisation then cooling to –18°C. (303 mg, 

71%) 

 

1
H NMR (300 MHz, d8-Tol) δ ppm -0.40 (m, 2 H, MgCH2CH2CH2CH3) 0.22 (s, 36 H, 

N(SiMe3)2) 1.20 (t, 3 H, MgCH2CH2CH2CH3) 1.67 (m, 2 H, MgCH2CH2CH2CH3) 1.92 (m, 2 

H, MgCH2CH2CH2CH3). 
13

C NMR (75 MHz, d8-Tol) δ ppm 6.3 (N(SiMe3)2), 14.0 

(MgCH2CH2CH2CH3)  14.6 (MgCH2CH2CH2CH3) 32.0 (MgCH2CH2CH2CH3) 33.0 

(MgCH2CH2CH2CH3). 

Anal. calc’d for C15H43KMgN2Si4 C, 42.17; H, 10.14;  N, 6.56%. Found C, 43.32; H, 

10.15;  N, 6.26%. 

 

[K{N(SiMe3)2}2MgH]2, 4 

To a toluene solution (3 mL) of 2 (1 mmol in 4 mL 1:1 toluene:heptanes) was added 

phenylsilane (1 mmol, 0.123 mL) and the resultant solution stirred overnight. Subsequent 
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filtration followed by concentration to incipient crystallisation and chilling to -35°C yielded 

colourless blocks suitable for X-ray analysis (262 mg, 68%). 

 

1
H NMR (400 MHz, d8-Tol) δ ppm 0.19-0.31 (m, 36 H, N(SiMe3)2) 3.66 (s, 1 H, Mg-H). 

13
C NMR (75 MHz, d8-Tol) δ ppm 6.1 (N(SiMe3)2) 6.2 (N(SiMe3)2) 6.8 (N(SiMe3)2). 

 

Anal. calc’d for C24H74K2Mg2N4Si8.C6H5CH3: C, 43.17; H, 9.58; N, 6.50%. Found: C, 

42.81; H, 9.98; N, 6.17%.  

 

[Na6Mg6{N(SiMe3)2}8H10], 5 

To a toluene solution (3 mL) of 2 (1 mmol in 4 mL 1:1 toluene:heptanes) was added 

phenylsilane (1.66 mmol, 0.204 mL) and the resultant solution stirred overnight. Subsequent 

filtration followed by concentration to incipient crystallisation and chilling to -35°C yielded 

colourless blocks suitable for X-ray analysis (139 mg, 53%). 

 

1
H NMR (400 MHz, d8-Tol) δ ppm 0.28-0.48 (m, 144 H, N(SiMe3)2) 3.54-3.75 (m, 6 H, 

Mg-H), 3.75-3.93 (m, 4 H, Mg-H). 
13

C NMR (100 MHz, d8-Tol) δ ppm 7.0 (N(SiMe3)2), 7.3 

(N(SiMe3)2), 7.4 (N(SiMe3)2). 

Anal. calc’d for C48H154Mg6N8Na6Si16: C, 36.56; H, 9.84; N, 7.11%. Found: C, 36.44; H, 

9.68; N, 6.95%.  

M. p. 162 – ~200°C (dec.) 
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 1 2 3 4 5 

Empirical formula C16H45LiMgN2Si4 C16H45NaMgN2Si4 C16H45KMgN2Si4 C12H37KMgN2Si4 C27.50H81Mg3N4Na3Si8 

 Formula weight (g mol
-1

) 409.15 425.20 441.31 385.21 834.58 

 Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic 

 Space group P21/n P21/n P21/n P21/n C2/c 

a (Å) a = 9.2930(1)Å alpha = 

90
o
 

9.3020(2) 9.2520(2) 9.4600(1) 25.2680(2) 

b (Å) 20.3790(4) 20.6500(4) 20.5140(4) 14.8070(2) 17.8740(2) 

c (Å) 13.8580(3) 13.9670(3) 14.6960(3) 16.5070(3) 24.3340(3) 

α (°) 90 90 90 90 90 

β (°) 98.2550(10) 96.493(1) 93.112(1) 90.168(1) 104.234(1) 

γ (°) 90 90 90 90 90 

 V (Å) 2597.26(8) Å
3
 2665.66(10) Å

3
 2785.12(10) Å

3
 2312.20(6) Å

3
 10652.8(2) Å

3
 

 Z 4 4 4 4 8 

 ρ (g cm
-3

) 1.046 Mg/m
3
 1.059 Mg/m

3
 1.052 Mg/m

3
 1.107 Mg/m

3
 1.041 Mg/m

3
 

μ (mm
-1

) 0.255 mm
-1

 0.266 mm
-1

 0.389 mm
-1

 0.459 mm
-1

 0.283 mm
-1

 

θ range (°) 3.73 to 27.49 
o
. 3.60 to 27.49 

o
. 4.66 to 27.49 

o
. 3.56 to 27.46

o
 3.52 to 27.50 

o
. 

Measured/independent 

reflections/ Rint 

30373 / 5873 / 0.0580 48709 / 6100/ 

0.0746 

45366 / 6345 / 

0.0632 

30880 / 5256 / 

0.1116 

73776 / 12160 / 

0.0460 

 Data / restraints / 

parameters 

5873 / 1 / 238 6100 / 0 / 230 6345 / 48 / 287 5256 / 0 / 197 12160 / 36 / 466 

 Goodness-of-fit on F
2
 1.249 1.104 1.154 1.075 1.084 

R1, wR2 [I > 2σ(I)] 0.0574, 0.1402 0.0480, 0.1026 0.1518, 0.4129 0.0362, 0.0942 0.0399, 0.1044 

R1, wR2 (all data) 0.0673, 0.1446 0.0788, 0.1135 0.1637, 0.4190 0.0401, 0.0978 0.0550, 0.1141 

 

Notes on crystal refinement: 

 

1 Mg1 and Li1 were seen to be closely disordered with each other in an 88:12 ratio. The minor disordered fractional occupancy atoms have 

been denoted with labels Mg1A and Li1A and they were treated isotropically in order to assist convergence. An additional distance restraint 

was also included, namely, to maintain a distance of 0.3Å between Mg1 and Li1A. Unsurprisingly, the latter 12% fractional-occupancy 

alkali metal benefited from the stability that this restraint imposed. 
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3 Potassium, and n-butyl group based on C13 disordered over 2 sites in a 50:50 ratio. Some ADP restraints added in the disordered butyl 

group to assist convergence. 

4 Asymmetric unit comprises 1 potassium cation plus ½ of a dimer anion. The latter straddles a crystallographic inversion centre which serves 

to generate the remainder of this species. The hydride (H1) was located and refined without restraints. 

5 The asymmetric unit comprises half of a molecule and a toluene solvent entity with half site occupancy. The remainder of the former is 

generated via a 2-fold rotation axis implicit in the space group symmetry. The solvent moiety also straddles this rotation axis and, as such is 

disordered about same in the gross structure. In addition, the methyl group could not be reliably located in the solvent, which probably 

reflects positional disorder between the 6 ring carbon positions. In effect, the solvent was treated as a benzene in the refinement, with 

account of the missing, half-occupancy solvent methyl group is accounted for in the formula herein. The phenyl ring was treated as a regular 

hexagon during refinement, and the ADPs therein were restrained to assist convergence. 
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3. Silicon-nitrogen Dehydrocoupling 

3.1 Introduction 

Silicon-nitrogen coupling is a reaction of significant interest. Compounds containing Si-

N bonds are utilised as silylating agents,
1
 bases,

2
 ligands and ceramic precursors

3
 and 

furthermore silanes act as protecting groups for amides, and vice versa.
4
 Current synthetic 

routes to these compounds rely on the atom uneconomical aminolysis of chlorosilanes 

yielding the desired product and HCl, which creates highly acidic reaction conditions, 

reducing functional group tolerance and acts as a waste stream.
5
 Dehydrocoupling 

approaches to these groups have been reported with a range of homogeneous metal catalysts 

including titanium(IV),
6
 chromium(III),

7
 copper(I),

8
 rhodium(I),

9, 10
 ruthenium(0),

11
 

ytterbium(II)
12

 and samarium(II),
12

 and uranium(IV).
13

 Finally a range of catalysts for 

germane and stannane dehydrocoupling have been reported.
9
 Many of these metals are 

expensive, toxic or environmentally problematic and hence a Group 2 metal mediated 

dehydrocoupling would be a useful synthetic tool.  

Initial work in this area was reported by Harder and co-workers, who reported an 

efficient, high yielding coupling of a variety of amines with silanes mediated by a calcium 

azametallacyclopropane.
14

 More recently, Sadow et al have described a dehydrocoupling 

between silanes and amines mediated by the trisoxazolinylborate magnesium precatalyst 

VII.
15

 This work revealed a nuanced mechanistic framework and is summarised in Chapter 

1.3.5. 

Silicon-nitrogen dehydrocoupling has been reported with a range of metals (vide supra), 

the vast majority of which have relatively low abundance and accordingly high costs. 

Although limited reports of Group 2-catalysed silicon-nitrogen dehydrocoupling have been 

made, these are isolated to magnesium and calcium and, in the latter case, were the subject 

of only a very limited study. In order to explore the reactivity of the heavier Group 2 

congeners the congeneric series of Group 2 bishexamethyldisilazides [M(N{SiMe3}2)2]2 (M 

= Mg, Ca, Sr; IIa-c) were selected as precatalysts. An approach utilising catalytic, 

crystallographic and mechanistic studies is reported herein. 

3.2 Catalytic Scope 

An initial NMR investigation was undertaken into the substrate scope with regards to 

silanes and amines as shown in Table 3.1. On addition of the precatalyst to a mixture of the 

amine and silane in C6D6 a pronounced bubbling was observed for many of the reactions. 
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Entry Catalyst
c
 Silane Amine Product Time/ 

days 

Conversion/ 

% 

1 IIa PhSiH3 BnNH2 Intractable 

mixture 

1
a 

99 

2 tBuNH2 PhSiH2NHtBu + 

PhSiH(NHtBu)2  

1
a
 99 (86:14) 

3 DippNH2 PhSiH2NHDipp + 

PhSiH(NHDipp)2  

1
a
 99 (39:61) 

4 (CH2)4NH PhSiH2(N(CH2)4) 

+ 

PhSiH(N(CH2)4)2 

1
a
 99 (29:71) 

5 Et2NH PhSiH2NEt2 + 

PhSiH(NEt2)2 

1
a
 99 (99:trace) 

6 (Me3Si)2NH PhSiH2N(SiMe3)2 7
a
 71 

7 Ph2SiH2 BnNH2 Ph2SiHNHBn + 

Ph2Si(NHBn)2 

1
a
 99 (97:3) 

8 tBuNH2 Ph2SiHNHtBu 1
b
 95 

9 DippNH2 Ph2SiHNHDipp  4
a
 99 

10 (CH2)4NH Ph2SiHN(CH2)4 2
a
 99 

11 Et2NH Ph2SiHNEt2 1
a
 99 

12 (Me3Si)2NH No reaction 1
b
 0 

13 Ph3SiH BnNH2 Ph3SiNHBn 5
b 

25 

14 tBuNH2 Ph3SiNHtBu 2
 b
 0 

15 DippNH2 No reaction 2
 b
 0 

16 (CH2)4NH Ph3SiN(CH2)4 5
 b
 7 

17 Et2NH Ph3SiNEt2 2
 b
 0 

18 (Me3Si)2NH No reaction 2
 b
 0 

 

 

 



77 

 

19 IIb PhSiH3 BnNH2 Intractable mixture 1
a
 99 

20 tBuNH2 PhSiH2NHtBu + 

PhSiH(NHtBu)2 +  

(PhSiH2)2NtBu 

1
a
 99 (78:10:12) 

21 DippNH2 PhSiH2NHDipp + 

PhSiH(NHDipp)2 + 

(PhSiH2)2NDipp 

1
a
 99 (12:20:68) 

22 (CH2)4NH PhSiH(N(CH2)4)2 1
a
 99 

23 Et2NH PhSiH2NEt2 + 

PhSiH(NEt2)2 

1
a
 99 (87:13) 

24 (Me3Si)2NH PhSiH2N(SiMe3)3 1
a
 99 

25 Ph2SiH2 BnNH2 Ph2SiHNHBn + 

Ph2Si(NHBn)2 + 

(PhSiH)2NBn 

1
a
 99 (80:12:8) 

26 tBuNH2 Ph2SiHNHtBu 1
a
 99 

27 DippNH2 Ph2SiHNHDipp 3
a
 99 

28 (CH2)4NH Ph2SiHN(CH2)4 1
a
 94 (98:2) 

29 Et2NH Ph2SiHNEt2 1
a
 88 

30 (Me3Si)2NH No reaction 4
b
 0 

31 Ph3SiH BnNH2 Ph3SiNHBn 1
a
 99 

32 tBuNH2 Ph3SiNHtBu 12
b 

7 

33 DippNH2 No reaction 1
b 

0 

34 (CH2)4NH Ph3SiN(CH2)4 1
b 

99 

35 Et2NH Ph3SiNEt2 12
b 

54 

36 (Me3Si)2NH No reaction 4
b 

0 
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37 IIc PhSiH3 BnNH2 Intractable mixture 1
a 

99 

38 tBuNH2 PhSiH2NHtBu + 

PhSiH(NHtBu)2 

1
a 

99 (58:42) 

39 DippNH2 PhSiH2NHDipp 

(PhSiH2)2NDipp 

1
a 

99 (31:33)* 

40 (CH2)4NH PhSiH2(N(CH2)4) + 

PhSiH(N(CH2)4)2 

1
a 

99 (15:85) 

41 Et2NH PhSiH2NEt2 + 

PhSiH(NEt2)2 

1
a 

96 (89:11) 

42 Ph2SiH2 BnNH2 Ph2SiHNHBn + 

Ph2Si(NHBn)2 + 

(PhSiH)2NBn 

3
a 

99 (5:35:55)* 

43 DippNH2 Ph2SiHNHDipp + 

(Ph2SiH)2NDipp 

3
a 

99 (77:23) 

44 Ph3SiH BnNH2 Ph3SiNHBn 1
a 

99 

45 tBuNH2 Ph3SiNHtBu 5
b
 54 

46 DippNH2 No reaction 1
b
 0 

47 (CH2)4NH Ph3SiN(CH2)4 2
a 

91 

48 Et2NH Ph3SiNEt2 12
b
 83 

49 (Me3Si)2NH No reaction 1
b
 0 

 

Table 3.1 The results of the scope study into silicon-nitrogen dehydrocoupling catalysed 

by complexes IIa-c (0.05 mmol) with amine (0.1 mmol) and silane (0.1 mmol) in C6D6 (0.5 

mL) at a) room temperature or b) 60°C. *Higher oligomers constitute the remainder of the 

conversion. 

A number of notable general trends can be identified. Primarily, each of the precatalysts 

is active for a wide range of both amine and silane coupling partners. Qualitatively, 

strontium and calcium appear to be more active for dehydrocoupling than magnesium. 

Furthermore, the bulkiest silane, triphenylsilane is almost entirely inactive with magnesium 

(Table 3.1, entries 13–18), with only a modest yield with the least bulky amines, 

benzylamine (Table 3.1, entry 13) and pyrrolidine (Table 3.1, entry 16) being achieved.  

Primary amines of low to moderate bulk are readily dehydrocoupled with all three silane 

partners by each of the metals (Table 3.1, entries 1-3, 7- 9, 19-21, 25-27, 31, 37-39, 42-44) 

with the exception of the aforementioned issues with magnesium. The bulkiest amine, 2,6-

di-iso-propylaniline however fails to dehydrocouple with the bulkiest silane, triphenylsilane 
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with any of the Group 2 precatalysts (Table 3.1, entries 15, 33, 46) although it is 

nevertheless very active with the less sterically congested phenylsilane, yielding doubly 

dehydrocoupled products in preference to single dehydrocoupling in defiance of 

stoichiometry (Table 3.1, entries 3, 21, 39). This suggests that both the steric demands and 

electronic character of the substituents have significant influences on reactivity with this far 

more acidic aniline coupling more readily than its aliphatic partners where the bulk of the 

coupling partner is insignificant.  Furthermore, the very bulky tert-butylamine only couples 

in extremely poor yields with calcium and moderate yields with the heavier congener, 

[Sr(N{SiMe3}2)2]2 (Table 3.1, entries 32, 45) 

 Secondary amines of low bulk are readily dehydrocoupled, with the more basic 

pyrrolidine coupling far faster than its acyclic partner diethylamine with phenylsilane (Table 

3.1, entries 4, 5, 23, 24, 40, 41). This results in lower selectivity, with the doubly 

dehydrocoupled PhSiH(N(CH2)4)2 forming in preference to the single dehydrocoupled 

PhSiH2(N(CH2)4) when this amine is reacted with phenylsilane for all 3 precatalysts. With 

very bulky secondary amines such as hexamethyldisilazane, reaction is only observed 

readily with the least bulky phenylsilane (Table 3.1, entries 6, 24) but with more phenyl-

substituted silanes no reaction is observed (Table 3.1, entries 12, 18, 30, 36, 49). With the 

exception of the aforementioned cases, conversions are consistently high under relatively 

mild conditions reflecting catalyst identity and substrate steric demands. 

Finally, multiple dehydrocoupling to yield bis- and tris-aminosilanes or bis-silylamines 

are observed particularly for phenylsilane (Table 3.1, entries 1-5, 19-21, 23, 37-41). The 

least bulky pairing of phenylsilane and benzylamine rapidly and consistently yields 

intractable mixtures of higher oligomers suggesting that subsequent dehydrocoupling is very 

rapid for all metals with these substrates (Table 3.1, entries 1, 19, 37). Furthermore, 

strontium yields higher oligomers with phenylsilane and the very active 2,6-di-iso-

propylaniline (Table 3.1, entries 39) and the combination of the small benzylamine with 

diphenylsilane (Table 3.1, entries 42). Strontium also yields multiple dehydrocoupling 

extensively with all dehydrocouplings of the smaller phenyl- and diphenylsilane providing 

this result (Table 3.1, entries 37-43).  

In order to rationally access higher aminosilane oligomers, a further range of reactions 

were investigated by NMR spectroscopy utilising amine to silane ratios reflective of the 

stoichiometries of the desired heavier aminosilane oligomers. These investigations are 

summarised in Table 3.2. 
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Entry Cat.
 

Silane Amine  Product Time/ 

days 

Conversion/ 

% 

1 IIa PhSiH3 BnNH2 1:3 (BnNH)3SiPh + 

(BnNH)2SiHPh 

1
a 

99 (91:9) 

2 tBuNH2 1:2 PhSiH2NHtBu + 

PhSiH(NHtBu)2  

7
a 

92 (77:23) 

3 (CH2)4NH 3:1 PhSiH2(N(CH2)4) 

+ 

PhSiH(N(CH2)4)2  

1
b 

66 (100:0) 

4  1:2 1
a  

99 (84:16) 

5 Ph2SiH2 BnNH2 1:2 Ph2SiHNHBn + 

Ph2Si(NHBn)2, 

3
a 

90 (30:70) 

6 2:1 1
a 

99 (99:trace) 

7 tBuNH2 1:2 Ph2SiHNHtBu  1
b 

64  

8 2:1 1
b 

99  

9 (CH2)4NH 1:2 Ph2SiHN(CH2)4 + 

Ph2Si(N(CH2)4)2 

7
b 

55 (83:17) 

 

10 IIb PhSiH3 BnNH2 1:3 Intractable 

mixture 

1
a 

99 

11 tBuNH2 1:3 PhSiH(NHtBu)2 

+ (PhSiH2)2NtBu 

1
b 

66 (100:0)* 

12 1:2 1
a 

87 (93:7) 

13 2:1 1
a 

99 (0:100) 

14 (CH2)4NH 3:1 PhSiH(N(CH2)4)2 

+ PhSi(N(CH2)4)3 

2
b
 99 (0:100) 

15 1:2 1
a 

99 (100:0) 

16 Ph2SiH2 BnNH2 1:2 Ph2SiHNHBn + 

Ph2Si(NHBn)2 + 

(Ph2SiH)2NBn 

1
a 

99 

(0:100:0) 

17 2:1 5
a
 99 

(52:9:39) 

18 tBuNH2 1:2 Ph2SiHNHtBu + 

Ph2Si(NHtBu)2 

10
b
 99 (65:35) 

19 2:1 10
b
 99 (100:0) 

20 (CH2)4NH 1:2 Ph2SiHN(CH2)4 + 

Ph2Si(N(CH2)4)2 

2
a 

95 (12:88) 
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21 IIc PhSiH3 BnNH2 1:3 Intractable 

Mixture 

1
a 

99 

22 tBuNH2 1:3 PhSiH(NHtBu)2  1
a 

66* 

23 1:2 1
a 

99* 

24 (CH2)4N

H 

3:1 PhSi(N(CH2)4)3 1
b
 99  

25 Ph2SiH2 BnNH2 1:2 Ph2Si(NHBn)2 + 

(Ph2SiH)2NBn 

1
a 

99 (88:12) 

26 2:1 1
a 

99 (100:0) 

        

Table 3.2 The results of the scope study into silicon-nitrogen dehydrocoupling catalysed 

by complexes IIa-c (0.05 mmol) with limiting reagent (0.1 mmol) in C6D6 (0.5 mL) at a) 

room temperature or b) 60°C. *Higher oligomers constitute the remainder of the conversion. 

As shown, formation of the desired higher oligomers is generally achievable, although 

conversion appears to occur less readily than the initial dehydrocoupling. Given the bulk-

sensitive nature of these reactions seen in the first dehydrocoupling, and the effect of 

aminosilane formation on the hydridicity of silicon-hydrogen bonds this is unsurprising.  Of 

particular note is the reaction of benzylamine with phenylsilane in a 3 to 1 ratio catalysed by 

magnesium, which yields well defined products in contrast to the results of the 1 to 1 

reaction (Table 3.2, entry 1). In contrast, the heavier congeners once again yield intractable 

products (Table 3.2, entries 10, 21). When utilising phenylsilane, although access to the tris-

aminated product is possible via a 1:3 silane:amine ratio, this only occurs for amines with 

low steric demand (Table 3.2, entries 1, 14, 24), in contrast to the reaction with larger 

amines (Table 3.2, entries 3, 11, 22). Although bis(amino)silanes are accessible from a 1:2 

silane:amine ratio, they only form cleanly in a limited number of cases (Table 3.2, entries 

11, 15, 26) and only for the heavier congeners, Ca and Sr. With larger amines the singly 

dehydrocoupled product is extensively favoured (Table 3.2, entries 2, 4, 9, 15, 23), 

irrespective of the stoichiometry. Finally, with a 2:1 silane:amine ratio the disilylamines are 

almost always inaccessible with a few notable exceptions (Table 3.2, entries 13, 17, 25) 

where they form as a small proportion of the product mixture.  

On the basis of this extensive study into the scope of this reaction, a number of trends 

can be highlighted. Both the steric demands and the electronic character of both coupling 

partners have a significant influence on reactivity. The degree to which steric bulk influences 

the reaction is defined by the size of the metal centre; effects are smallest on strontium and 

largest on magnesium. This has an effect both on the reaction of bulky amines and silanes 
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and also higher dehydrocouplings to yield bis(amino)silanes. Electronically, anilines couple 

more readily than their aliphatic partners and strontium and calcium appear to have far 

higher activity than magnesium as evidenced by both their shorter reaction times, milder 

conditions and, notably, their reduced selectivity. Nevertheless, this study shows that amine-

silane coupling is readily catalysed by Group 2 amides under mild conditions giving 

moderate to excellent conversions for a broad range of coupling partners.   

3.3 Stoichiometric Studies 

In order to provide further insight into the mechanism of these dehydrocouplings, a 

range of stoichiometric reactions were undertaken. To prevent complications due to the 

presence of hexamethyldisilazane, metal sources ligated by basic anions which yield inert 

products when protonated were selected. For magnesium, the commercially available di-n-

butylmagnesium was selected while for calcium and strontium the metal alkyls 

[M(CH{SiMe3}2)2(THF)2] IVb-c were utilised. Reactions were performed by the stepwise 

addition of amine to metal alkyl, followed by silane after one hour.  

An initial reaction between a 1:1:2 mixture of di-n-butylmagnesium, phenylsilane and 

2,6-di-iso-propylaniline in heptanes yielded only the doubly dehydrocoupled species 

DippNHSiPh(H)NHDipp 6 and a light, colourless precipitate, thought to be magnesium 

hydride. A single crystal X-ray diffraction analysis was undertaken on crystals isolated from 

heptanes solution after filtering at room temperature. The results of this analysis are shown 

in Figure 3.1. 
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Figure 3.1 ORTEP representation of the doubly dehydrocoupled 

DippNHSiPh(H)NHDipp, 6. Thermal ellipsoids at 30% probability. Hydrogen atoms except 

those attached to N1, Si1 and N2 omitted for clarity. 

It was proposed under the correct conditions that the dianion of this species could act as 

a ligand for dicationic metal centres. As such, the above reaction was reattempted in THF, in 

the hope that the proposed magnesium hydride by-product would remain in solution and 

undergo a protonolysis with the formed bis(amino)silane, 6. This reaction yielded, by 

fractional crystallisation from toluene at reduced temperature, both the mono-

dehydrocoupled magnesium-amide-silylamide 7 and the desired magnesium 

bis(amido)silane 8. The structures of these species are shown in Figure 3.2 and Figure 3.3. 
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Figure 3.2 ORTEP representation (DippNH)[DippNSi(H)Ph]Mg(THF)2, 7. Thermal 

ellipsoids at 30% probability. Hydrogen atoms except those attached to N1, Si1 and N2 

omitted for clarity. 

 

Figure 3.3 ORTEP representation [(DippN)2Si(H)Ph]Mg(THF)2, 8. Thermal ellipsoids 

at 30% probability. Hydrogen atoms except those attached to Si1 omitted for clarity. 



85 

 

Of note was the competitive formation of 7 and 8 which crystallised simultaneously 

from a single solution and were separated manually under microscopy. This suggests the 

formation of the DippNHSiPh(H)NHDipp ligand occurs stepwise with the magnesium-

anilide-silylanilide 7 acting as an intermediate in the formation of 6. The dehydrocoupling 

step which would yield the bis(amino)silane 6 from 7 also yields a magnesium hydride 

which can deprotonate 6 yielding 8. In a non-polar reaction medium, 6 crystallises as the 

coproduced MgH2 has insufficient solubility to deprotonate this species, however switching 

the solvent to the more polar, donor solvent THF yields an increased lifetime of this putative 

magnesium hydride in solution which can therefore deprotonate 6 yielding 8. Alternatively, 

7 may spontaneously convert into 8 via an intramolecular Si-H/Mg-N metathesis followed 

by a protonolysis of the products, a magnesium hydride and amine, yielding H2. Further 

evidence for this is provided by the spontaneous conversion of 7 into 8 in an NMR tube 

precluding NMR analysis of 7. Although production of any of these species, 6 - 8, has not 

been optimized, their formation clearly underlines the viability of a stepwise silicon-nitrogen 

dehydrocoupling catalysed by magnesium as summarised in Scheme 3.1. 

 

Scheme 3.1 Summary of the stoichiometric studies into silicon-nitrogen 

dehydrocoupling mediated by di-butylmagnesium rationalising the crystallographically 

defined products. 

 

For the heavier congeners, the reactions between a 1:1:2 mixture of the Group 2 dialkyls 

[M{CH(SiMe3)2}2(THF)2] (M = Ca; IVb, Sr; IVc), phenylsilane and 2,6-di-iso-propylaniline 

were conducted in THF utilising the same methodology as for magnesium. A rapid exotherm 
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and foaming was noted on mixing of the reagents. Subsequent reduced temperature 

crystallisation from toluene yielded crystals suitable for X-ray crystallography, which were 

found to be the relevant metal bis(amido)silanes of calcium and strontium, 9 and 10 

respectively, as shown in Figure 3.4 and Figure 3.5. Although the data collected for crystals 

of 10 was of poor quality (R(int) = 0.1702), the connectivity was nevertheless unambiguous 

and bond length and angle data is included for the purposes of comparison to its more well 

resolved congeneric analogues. The formation of these products exclusively, in contrast to 

the more complicated products of their lighter congener, magnesium, is a reflection of the 

qualitative (vide supra) and quantitative (vide infra) rate acceleration observed consistently 

for the heavier alkaline earths.  

 

Figure 3.4 ORTEP representation of [(H)PhSi(DippN)2]Ca(THF)3, 9. Thermal ellipsoids 

at 30% probability. Hydrogen atoms except those attached to Si omitted for clarity. 
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Figure 3.5 ORTEP representation of [(H)PhSi(DippN)2]Sr(THF)4, 10. Thermal 

ellipsoids at 30% probability. Hydrogen atoms except those attached to Si1 omitted for 

clarity. 

 

 6 7 8 9 10 

M1-N1 - 1.9795(19) 2.044(2) 2.281(3) 2.489(4) 

M1-N2 - 2.0073(18) 2.108(3) 2.342(3) 2.494(4) 

M1-O1 - 2.0341(1) 2.157(2) 2.335(3) 2.591(3) 

M1-O2 - 2.0194(16) 2.057(2) 2.377(3) 2.597(3) 

M1-O3 - - 2.075(2) 2.388(3) 2.645(3) 

M1-O4 - - - - 2.561(4) 

N1-Si1 1.7119(16) - 1.699(3) 1.699(3) 1.704(4) 

N2-Si1 1.7281(17) 1.6908(18) 1.696(2) 1.693(3) 1.693(4) 

Table 3.3 Selected bond lengths (Å) for compounds 6 – 10. 
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 6 7 8 9 10 

N1-M1-N2 - 114.07(8) 77.15(10) 69.46(12) 65.04(12) 

N1-M1-O1 - 112.31(8) 96.05(10) 109.10(12) 107.00(12) 

N2-M1-O1 - 110.04(8) 164.22(10) 114.58(13) 107.25(12) 

N2-M1-O2 - 106.86(7) 111.61(10) 160.41(13) 87.95(12) 

M1-N1-Si1 - - 92.75(11) 95.34(15) 94.77(15) 

M1-N2-Si1 - 123.18(10) 90.60(11) 93.31(15) 94.90(16) 

N2-Si1-N2 104.15(8) - 99.43(12) 101.88(16) 104.10(19) 

Table 3.4 Selected bond angles (°) for compounds 6 – 10. 

While the bond lengths and angles, as summarised in Table 3.3 and Table 3.4, in these 

Group 2 metal silyl(bisamides), 8 – 10, and amido-silylamide 7 are unremarkable in 

comparison to the variety of previously reported amide,
16

 silylamide
17

 and bis(amido)silane
18

 

derivatives of Mg, Ca and Sr, the complexes formed of the conjugate dianion of 6 with these 

Group 2 dications constitute the first report of any metal complex containing a bridging Si-H 

functionality between two nitrogen centres. Although these bond lengths are unremarkable, a 

number of trends can be identified. The increase in M
2+

 radius down Group 2 is reflected by 

the M-N bond lengths of compounds 8 (M = Mg, 2.044(2), 2.108(3) A), 9 (M = Ca, 

2.281(3), 2.342(3) A), and 10 (M = Sr, 2.489(4), 2.494(4) A), and further reflected by the 

number of molecules of coordinated THF which raise the alkaline earth coordination number 

from five for 8 and 9 to six for 10. 

3.4 Kinetic Analyses 

A kinetic study was undertaken utilising 
1
H NMR spectroscopy to help elucidate the 

mechanism of the σ-bond metathesis between amines and silanes, centring on the reaction of 

diethylamine with diphenylsilane as catalysed by the metal silylamides IIa-c, as shown in 

Scheme 3.2. These coupling partners were selected as the reaction occurs in a practicable 

timeframe and yields a range of well-defined products with well-defined NMR resonances 

which give valid integrations. 

 

Scheme 3.2 The reaction of diethylamine and phenylsilane mediated by IIa-c kinetically 

investigated by NMR. 
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An initial study into the turnover frequency for each precatalyst, IIa-c, reflected the 

observed activity of the different congeners noted in the prior scope study (vide supra) and is 

summarised in Table 3.5. 

Catalyst TOF (h
-1

) 

IIa 57.1(4) 

IIb 2822.5(54) 

IIc 125.5(22) 

Table 3.5 Turnover frequency data for the silicon-nitrogen dehydrocoupling of 

diethylamine and diphenylsilane mediated by precatalysts IIa-c.  

This simple analysis reflects the qualitative results of the initial scope and stoichiometric 

studies which indicated the heavier alkaline earths, Ca and Sr, to have far higher rates for 

silicon-nitrogen dehydrocoupling than their lighter congener, Mg. 

With this in hand, a more in-depth study was undertaken to further elucidate the reasons 

for this extreme congeneric divergence. 

3.4.1 Catalyst Initiation 

Initial studies suggested divergence in entry to the catalytic cycle exists between 

magnesium, calcium and strontium and to gain insight into this a series of reactions between 

a 1:1 ratio of diethylamine and diphenylsilane in the presence of 5 mol% IIa-c were 

analysed by NMR spectroscopy. Magnesium showed no initial induction period and activity 

is immediately observed. As spectra were performed at intervals of 30 minutes, it is possible 

that activation occurs far faster than activity and hence no activation period is discernible. 

Nevertheless, analysis of the trimethylsilyl region of the 
1
H NMR is instructive, as shown in 

Figure 3.6. 
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Figure 3.6 NMR spectra of the key region in the activation of IIa in the presence of 

diethylamine and diphenylsilane. a) Mg-N(SiMe3)2, b) Ph2SiHN(SiMe3)2, c) HN(SiMe3)2. 

Over the course of the entire reaction the peak corresponding to hexamethyldisilazide 

bound to the magnesium centre slowly converts to 2 other peaks but only fully converts after 

complete consumption of the amine. This suggests that throughout the reaction, at least one 

hexamethyldisilazide group acts as a ligand for the magnesium centre. Immediate 

conversion to hexamethyldisilazane and a small amount of Ph2SiHN(SiMe3)2 is observed. 

Although an increase in both protonation and silylation of hexamethyldisilazide is observed 

however this takes time equivalent to the lifetime of the reaction. These observations are 

consistent with a rate determining protonolysis for the unbulky silylamide product while 

with a very bulky hexamethyldisilazide the rate of Si-N bond formation is similar to that of 

protonolysis yielding to a mixture of protonated and silylated ligand in the reaction medium. 

It is notable that amine is not initially consumed in the plots of amine concentration 

against time for calcium, yielding an induction period in the kinetics. NMR analysis is once 

again instructive as shown in Figure 3.7. 

a b     c 

13 h. 

 

4.5 h. 

 

2 h. 

 

0 h. 
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Figure 3.7 NMR spectra of the key region in the activation of IIb in the presence of 

diethylamine and diphenylsilane. a) Ca-N(SiMe3)2, b) Ph2SiHN(SiMe3)2.
19

 

In this case NMR spectra were performed at much shorter intervals of 1 minute owing to 

the far higher activity of the calcium centre. In this case, the induction period is clearly 

indicative that the rate of induction is below the rate of reaction and hence catalyst activation 

is initially rate limiting. Furthermore, the NMR spectra clearly show a different mechanism 

of activation to that of magnesium. During this period little conversion of the amine occurs, 

reflecting the observed induction period. Furthermore, the peak corresponding to the 

hexamethyldisilazide ligand bound to calcium is completely converted before significant 

activity is observed. This is a notable contrast to magnesium, suggesting that calcium is not 

in fact ligated by hexamethyldisilazide during the catalytic reaction. Furthermore, this peak 

converts predominantly to the resonance corresponding to the minor product in the 

activation of the magnesium centre which was previously attributed to Ph2SiHN(SiMe3)2 and 

almost no HN(SiMe3)2 is observed.  

Finally, the heaviest congener analysed, strontium, once again showed divergent 

activity. Analysis at 30 minutes intervals evidenced a rapid conversion to the active species 

as shown in Figure 3.8. 

a b     

9 min. 

8 min. 

7 min. 

6 min. 

5 min. 

4 min 

3 min 

2 min. 

1 min. 

0 min. 
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Figure 3.8 NMR spectra of the key region in the activation of IIc in the presence of 

diethylamine and diphenylsilane. a) Sr-N(SiMe3)2, b) HN(SiMe3)2. 

As shown, conversion of all of the strontium bound hexamethyldisilazide peaks to a 

resonance corresponding to the major product of magnesium activation, HN(SiMe3)2, is 

observed. The complete conversion suggests no persistent ligation of the strontium centre by 

hexamethyldisilazide. In contrast to calcium, however the major product of the activation in 

the reaction medium is the protic hexamethyldisilazane.  

Analysis of the products of these activation reactions is instructive. 

Hexamethyldisilazane is a protic amine; an equilibrium has been previously observed 

between Group 2 amides and hexamethyldisilazane.
20, 21

 This equilibrium reduces the 

catalytic activity by decreasing the solution concentration of the catalytically active metal-

substrate amide species. For magnesium and strontium the persistence of 

hexamethyldisilazane in the reaction medium is likely to have an inhibitory effect on the 

reaction. Owing to the rate determining nature of the protonolysis for magnesium (vide 

infra), however, this effect is likely to be small although extant as evidenced by the ongoing 

silylation of the hexamethyldisilazide ligand observed during activation of magnesium in 

Figure 3.6. In contrast the activation of calcium which, occurring before any diethylamine-

diphenylsilane dehydrocoupling, yields only the tris-silylated amine Ph2SiHN(SiMe3)2. 

Lacking a proton this species does not undergo these equilibrium reactions and hence no 

inhibition of the calcium activity by this mechanism is observed. In the case of IIb, this 

exclusive, irreversible metathesis-based activation yields a brief induction period which 

initially complicated kinetic analysis. Consequently, premixing of the precatalyst, IIb, and 

diphenylsilane was utilised to deconvolute the kinetics, rendering them amenable to analysis. 

a      b 

2 h. 

1.5 h. 

1. h. 

0.5 h. 

0 h. 
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This may account partially for the increased activity of calcium relative to the other 

congeners in these reactions. 

The persistence of ligation of the magnesium by hexamethyldisilazide throughout the 

reaction in contrast to the heavier congeners is of interest in the context of the observed 

reaction orders in [catalyst] (vide infra). The magnesium-catalysed reaction shows a first 

order rate dependence on [catalyst], which would suggest a monomeric species. A large 

ligand, such as hexamethyldisilazide may account for this as the very small magnesium 

centre cannot accommodate this ligand in the form of a dimer and hence a monomeric 

species persists in solution. In contrast, the calcium species shows a first order dependence 

on [catalyst] wherein the concentration of diethylamine ensures a monomeric calcium centre 

while the strontium precatalyst shows a ½ order dependence on [catalyst] which can be 

accounted for by a dimeric catalyst species. 

3.4.2 Order of Reactants for Magnesium 

To analyse the order in catalyst, a 1:1 mixture of amine and silane was reacted at a range 

loadings of IIa. These data, showing the reaction to be first order overall, were then 

analysed via a best fit plot of rate against loading to find the order in catalyst as shown in 

Figure 3.9 and Figure 3.10 which was found to be first order in [catalyst]. 

 

Figure 3.9 The overall first-order plot of ln([amine]t/[amine]0) against time for a range 

of IIa concentrations. 
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Figure 3.10 The plot of observed rate constant against catalyst loading for a range of IIa 

concentrations. 

Subsequent to this, the orders in amine and silane were determined via a pseudo-first 

order methodology in which a tenfold excess of silane was reacted with a single equivalent 

of amine and vice versa. The consumption of the limiting reagent with time was then fitted 

to an order in limiting reagent, as shown in Figure 3.11 and Figure 3.12. 

 

Figure 3.11 The overall first-order plot of f([amine]t/[amine]0) against time for a 

reaction with a tenfold excess of diphenylsilane.  
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Figure 3.12 The overall zero-order plot of f([silane]t/[silane]0) against time for a 

reaction with a tenfold excess of diethylamine. 

This analysis was suggestive of a first order dependence on [amine] and a zero-order 

dependence on [silane]. With these data in hand it is possible to formulate a rate law for this 

reaction as shown in Equation 2. 

𝑟𝑎𝑡𝑒 = 𝑘[𝑐𝑎𝑡]1[𝑎𝑚𝑖𝑛𝑒]1[𝑠𝑖𝑙𝑎𝑛𝑒]0 

Equation 2 

3.4.3 Order of Reactants for Calcium 

To analyse the order in catalyst, a 1:1 mixture of amine and silane was reacted at a range 

loadings of IIb. These data, showing the reaction to be first order overall, were then 

analysed via a best fit plot of rate against loading to deduce a first order dependence on 

[catalyst] as shown in Figure 3.13 and Figure 3.14. 
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Figure 3.13 The overall first-order plot of ln([amine]t/[amine]0) against time for a range 

of IIb concentrations. 

 

Figure 3.14 The plot of observed rate constant against catalyst loading for a range of IIb 

concentrations. 
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methodology in which a tenfold excess of silane was reacted with a single equivalent of 
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Figure 3.15 The overall first-order plot of f([amine]t/[amine]0) against time for a 

reaction with a tenfold excess of diphenylsilane. 

 

Figure 3.16 The overall zero-order plot of f([silane]t/[silane]0) against time for a 

reaction with a tenfold excess of diethylamine. 

This analysis was suggestive of a first order dependence on [amine] and a zero-order 
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3.4.4 Order of Reactants for Strontium 

To analyse the order in catalyst, a 1:1 mixture of amine and silane was reacted at a range 

loadings of IIc. These data, showing the reaction to be second order overall, was then 

analysed via a best fit plot of rate against loading to find the order in catalyst as shown in 

Figure 3.17 and Figure 3.18 which was found to be ½ order in [catalyst]. 

 

Figure 3.17 The overall first-order plot of ln([amine]t/[amine]0) against time for a range 

of IIc concentrations. 

 

Figure 3.18 The plot of observed rate constant against catalyst loading for a range of IIc 

concentrations. 
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The orders in amine and silane were then determined via a pseudo-first order 

methodology in which a tenfold excess of silane was reacted with a single equivalent of 

amine and vice versa. The consumption of the limiting reagent with time was then fitted to 

an order in limiting reagent, as shown in Figure 3.19 and Figure 3.20. 

 

Figure 3.19 The overall first-order plot of f([amine]t/[amine]0) against time for a 

reaction with a tenfold excess of diphenylsilane. 

 

Figure 3.20 The overall first-order plot of ln([silane]t/[silane]0) against time for a 

reaction with a tenfold excess of diethylamine. 
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This analysis was suggestive of a first order dependence on [amine] and a first order 

dependence on [silane]. With this data in hand it is possible to formulate a rate law for this 

reaction as shown below. 

𝑟𝑎𝑡𝑒 = 𝑘[𝑐𝑎𝑡]0.5[𝑎𝑚𝑖𝑛𝑒]1[𝑠𝑖𝑙𝑎𝑛𝑒]1 

 Equation 3  

Notably, this analysis suggested two independent rate laws were operant, Equation 2, 

operant for IIa and IIb, while Equation 3  is operant for IIc. Assuming that Equation 2 

reflects an elementary reaction step which correlates with molecularity in the catalysis, these 

rate laws suggest a single magnesium or calcium centre and one molecule of amine being 

involved in the transition state while diphenylsilane plays no role. In contrast, Equation 3 is 

suggestive of a transition state wherein a dimer of two strontium centres interacts with both 

one equivalent of amine and one equivalent of silane.  

 

3.4.5 Eyring and Arrhenius Analyses for IIa-c 

With these analyses in hand, a number of reactions were undertaken to assess the effect 

of temperature upon the rate of reaction. The results of these analyses are summarised in 

Figure 3.21 - Figure 3.23. 

 

Figure 3.21 The variable temperature plots for diethylamine-diphenylsilane coupling 

mediated by IIa. 
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Figure 3.22 The variable temperature plots for diethylamine-diphenylsilane coupling 

mediated by IIb. 

 

Figure 3.23 The variable temperature plots for diethylamine-diphenylsilane coupling 

mediated by IIc. 
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Figure 3.24 The Arrhenius analysis to elucidate the activation energy for the rate 

determining step of diethylamine-diphenylsilane dehydrocoupling catalysed by IIa-c. 

 

Figure 3.25 The Eyring analysis to elucidate the activation enthalpy and entropies for 

the rate determining step of diethylamine-diphenylsilane dehydrocoupling catalysed by IIa-

c. 

Utilising Arrhenius and Eyring analysis techniques, a number of key parameters 

regarding the rate determining step can be derived and are summarised in Table 3.6. 
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Catalyst Ea (kcal mol
-1

) ΔH
‡
 (kcal mol

-1
) ΔS

‡
 (cal mol-1 K

-1
) ΔG

‡
298 (kcal mol

-1
) 

IIa 14.6(2) 13.9(2) –29.8(6) 22.8 

IIb 7.4(1) 6.8(1) –46.8(1) 20.7 

IIc 11.2(23) 10.6(23) –41.2(81) 23.5 

Table 3.6 Activation parameters for the catalytic dehydrocoupling of Et2NH and 

Ph2SiH2 mediated by IIa-c. 

These data are consistent with the observed activity wherein IIb enjoys a turnover 

frequency an order of magnitude larger than its congeners IIa and IIc (Table 3.6). To wit, 

IIb enjoys a calculated activation energy and enthalpy of activation with a 4 – 8 kcal mol
-1

 

advantage over IIa and IIc.  

Previous hypotheses evinced by the Hill group have implicated the varying charge 

densities down Group 2 of the M
2+

 cations in their ability to mediate metathesis and C=C 

insertions, alongside amine-borane dehydrocouplings. Comparable effects may account for 

the distinct variations in Ea and ΔH
‡
 displayed in Table 3.6. In contrast, the resultant ΔG

‡
298 

values are less indicative of such significant discrimination. These similar values can be 

rationalised based upon the effect of the entropy of activation wherein the extremely 

negative value for calcium mitigates its energetic and enthalpic advantage. It has been 

previously noted that the entropic component can play a major role in the deterministic 

kinetic analyses of Group 2-mediated heterofunctionalisation of C-C multiple bonds.  

In the current case, however, a number of secondary considerations must be taken into 

account when considering the observed variations. These are, most notably, catalyst solution 

molecularity, mode of activation and the presence of off-cycle metal amides derived from 

the persistent presence of the protic HN(SiMe3)2 in the reaction. It is further notable that the 

mechanism for IIa is distinct from that for the trisoxazolinylborate magnesium precatalyst 

VII derived by Sadow,
15

 in spite of the persistent ligation of the metal by 

hexamethyldisilazide throughout the reaction. This suggests that the bulky but unidentate 

hexamethyldisilazide does not impose a similar environment upon the magnesium centre as 

a more complex trisoxazolinylborate and is noteworthy as distinct ligand effects in Group 2 

mediated reactions are becoming a more widely noted phenomenon and most likely reflects 

the observations of Sarazin and co-workers with regards to ligand denticity.
22

 With these 

caveats in mind, a number of tentative conclusions as to the mechanism of each of these 

reactions can be drawn. In the case of IIa and IIb, the first order dependence on amine can 

be interpreted as a rate determining protonolysis. In the case of IIb, this must be of the metal 

hydride, while in the case of IIa this may be upon the hydride (Scheme 3.3, (b)), or 
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hexamethyldisilazide formed by the reaction of the hydride and persistent 

hexamethyldisilazane (Scheme 3.4, (a)). 

 

Scheme 3.3 The proposed possible mechanisms of the rate determining step of silicon-

nitrogen dehydrocoupling mediated by IIb and IIa. 

This rationale would account for the significant rate acceleration for calcium as a result 

of either the increased radius of the Ca
2+

 yielding a faster protonolysis of the intermediate 

hydride with  amine or as a result of the pre-equilibrium between the magnesium 

diethylamide and  hexamethyldisilazide. Although the former case is consistent with the 

calculated decrease in barrier height for protonolysis down Group 2,
21

 the latter case cannot 

be precluded and may account for the distinct variation in the Ea and ΔH
‡
. 

In contrast, direct comparison with the strontium congener is complicated by its 

divergent rate law, as shown in Equation 3. This rate law is suggestive of an alternative rate 

determining step reliant on activation of an inactive strontium amide, and equal involvement 

of Et2NH and Ph2SiH2. This suggests, in contrast to the rate determining protonolysis for IIa 

and IIb, a rate determining Si-H/Sr-N σ-bond metathesis step yielding a metal hydride. 

Given that the activation analysis of this reaction suggests a rapid protonolysis for strontium 

this is unsurprising as this trend in protonolysis rate reflects that previously calculated in 

Group  2 mediated hydroamination, but requires account for the dependence on [amine]. It 

has been previously suggested that Group 2 mediated hydroamination has a rate determining 

C=C insertion which is assisted by further coordinated protic substrate which could thus 

justify such an order, however an alternative justification for this observation, reliant upon a 

pre-equilibrium of catalyst activation mediated by an equivalent of amine is shown in 

Scheme 3.4. 
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Scheme 3.4 The proposed possible mechanisms of the rate determining step of silicon-

nitrogen dehydrocoupling mediated by IIc. 

In this rationale, the dimeric metal species is inactive to Si-H/Sr-N σ-bond metathesis, 

however activity mediated by the equivalent of Et2NH observed in the rate law yields a 

terminal amide which is active towards σ-bond metathesis with the Si-H bond. The degree of 

dimer cleavage in this step is of key interest. A half-order dependence upon [IIc] could be 

interpreted a full dimer cleavage to yield the active species, however the observed ΔS
‡
 seems 

insufficiently large to favour this interpretation. A hydride transfer from this species to the 

metal yields the observed product and a metal hydride with a coordinated amine which 

undergoes extremely rapid protonolysis owing to this precoordination to once again yield a 

strontium amide, which remains inactive until coordinated by another equivalent of amine. 

Whether this reaction is concerted (Scheme 3.4, (b)) or stepwise (Scheme 3.4, (a)), with the 

[amine]
1
 component of the rate law being derived from a pre-equilibrium cannot be 

conclusively determined in this analysis. Nevertheless, an equilibrium rationale justifies the 

limited variation in the ΔS
‡
 between congeners IIa, IIb and IIc as it would be reasonable to 

posit that a rate determining step relying on the construction of a transition state from 3 

components (the strontium, amine and silane, the concerted case, Scheme 3.4 (b)) in contrast 

to two (the magnesium or calcium species and amine) would incur a far higher entropic 

penalty upon achieving the transition state which contrary to the observed ΔS
‡
 values. 

With this analysis in hand, a number of key conclusions can be drawn. Although these 

data are inconclusive, this is a result of the inherent complexity of the mechanistic surface. 

Distinct variations down Group 2 can be observed, with considerable effects being derived 
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from solution molecularity, coordinative unsaturation, ancillary ligation, charge density and 

bond polarity. These variations not only effect efficacy and energetics of the reaction but in 

fact have profound influence on its mode and mechanism.  

3.5 Alternative ligands in magnesium-mediated σ-bond metathesis 

Based on the substantial ligand effects observed for IIa versus VII, a new set of ligands 

was selected for investigation. Previous work in Group 2 chemistry has shown the utility of 

bulky carbenes, particularly IPr (IPr = [HCN{2,6-iPr2C6H3})2C:]), in stoichiometric studies. 

As such, dehydrocoupling mediated by [IPrMg(N{SiMe3}2)] (VIII) was undertaken 

investigating the previously analysed reaction of diethylamine and diphenylsilane utilising a 

10 mol% catalyst loading in C6D6. 

Dishearteningly, the principal peaks observable in the resultant 
1
H NMR spectrum at the 

beginning of the reaction corresponded to the free carbene. As a result of this unfortunate 

result in catalytic studies, a preliminary stoichiometric study was undertaken. It was initially 

noted that although the VIII itself was only sparingly soluble in non-polar solvents, the 

addition of even small amounts of diethylamine yield a sudden increase in solubility. As 

such, the reaction between an equimolar mixture of VIII and diethylamine was undertaken. 

The reagents were combined neat, allowed to react for an hour then subjected to vacuum. 

The resultant solid was dissolved in the minimum volume of toluene and chilled to -34°C. 

This yielded crystals suitable for a single crystal X-ray diffraction analysis, the results of 

which are shown in Figure 3.26. 
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Figure 3.26  ORTEP representation of [aIPr]Mg(N{SiMe3}2)2, 11. Thermal ellipsoids at 

30% probability. Hydrogen atoms except those attached to C1 and C26 omitted for clarity. 

Selected bond lengths (Å) and angles (°): Mg1-C27 2.190(2), Mg1-N3 2.014(1), Mg1-N4 

1.985(1), N3-Mg1-N4 126.54(5), N3-Mg1-C27 104.85(6), N2-C27-C26 102.1(1), N1-C1-

N2 108.2(1).  

This unexpected product is the abnormal carbene adduct of IIa. Its formation raises a 

number of intriguing questions, as prompting further in situ NMR analysis. Interrogation of 

the solution formed under analogous conditions to those from which 11 was crystallised 

revealed a number of notable features. Alongside the formation of 11, peaks corresponding 

to both free IPr and free IIa were observable. Notably, reacting VIII with either 

triethylamine or hexamethyldisilazane under these conditions did not yield any sign of 11 in 

the 
1
H NMR spectrum. With these observations in hand it is possible to speculate upon the 

mechanism for the formation of 11, as shown in Scheme 3.5. It is likely that the intermediate 

magnesium-diethylamide is sufficiently small to deprotonate one of the C-H bonds of the IPr 

backbone, yielding a new Mg-C bond, however the exact nature of this mechanistic step 

cannot be determined from these data. Whilst a dimetallated carbene could be formed, and 

subsequeuntly demetalled, recent work has suggested such species to be remarkably stable, 
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suggesting against this analysis. The deprotonation step, however, must be mediated by a 

metal amide, owing to the inactivity of triethylamine and cannot be simply proton assisted as 

the addition of excess hexamethyldisilazide gave no rearrangement. 

 

Scheme 3.5 The proposed mechanism for the formation of 11 from VIII mediated by 

diethylamine. 

Notably, compound 11 constitutes the first report of a structurally characterised Group 

2-abnormal carbene complex.  

3.6 Tin-Nitrogen Coupling 

In contrast to literature precedent for silicon-nitrogen dehydrocoupling, there is a far 

more limited precedent for dehydrocoupling of amines with the heavier Group 14 hydrides. 

As a result, predominant routes to tin amides rely upon the reaction of metallated amines 

with tin chloride derivatives, which generates a waste stream in the form of metal salt.
23

 A 

dehydrocoupling route to tin-nitrogen bonds is complicated by the latent reactivity of tin 

hydrides with stannylamides which yields tin-tin coupling and an equivalent of amine, as 

shown in Scheme 3.6. 
24 
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Scheme 3.6 The effect of the latent aminolysis of stannyl hydrides on the potential 

products of tin-nitrogen dehydrocoupling. 

Although this represents an attractive route to tin-tin bonds, the complexity of 

synthesising tin-nitrogen bonds has precluded any wider use. Most commonly tin-tin bond 

synthesis is carried out via Wurtz-type couplings yielding significant waste and little 

functional group tolerance,
24

 or via the dehydrogenative coupling of tin hydrides mediated 

by a variety of transition metal
25

 and f-block catalysts.
26

 Ditin compounds have come to 

recent prominence as electrophilic tin sources in palladium-catalysed stannylation of 

arenes,
19, 27

 and poly(stannanes),
28

 synthesized via such couplings,  have long been of interest 

for their optical-electronic properties. As such, a dehydrogenative route to tin-tin bonds from 

tin hydrides utilising the environmentally benign and Earth-abundant Group 2 metals would 

be attractive.  

An initial 
119

Sn{
1
H} NMR investigation into tin-nitrogen coupling between 

tributylstannane and diethylamine mediated by IIb was undertaken (Figure 3.27). 

 

 

Figure 3.27 The incomplete Group 2-mediated tin-tin coupling yielding distannanes 

from stannanes. a) Bu3SnSnBu3 b) Bu3SnH. 

Initial observations readily indicated the consumption of the starting stannane (δ119Sn = –

89)  and the emergence of a new resonance at –83 ppm was initially taken to indicate 

successful Sn-N dehydrocoupling. However, interrogation of the 
1
H NMR spectrum was 

a b 

16 h. 

11 h. 

0 h. 
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telling, indicating no consumption of the diethylamine present, and, through comparison to 

literature values, the new peak was identified as the distannane, (Bu3Sn)2.
29

 

From the perspective of the results previously obtained for silicon-nitrogen 

dehydrocoupling this appears surprising, however as noted the aminolysis of tin-Hydrides to 

yield distannanes is well-precedented (vide supra). Given the other product of this reaction 

is an amine, this coupling partner should only be required in catalytic amounts and, in fact, 

could be added simply as the ancillary ligand of the metal precatalyst.  

It is thus possible to speculate upon a manifold wherein suggests tin-nitrogen coupling 

occurs, however the incipient stannylamine formed is subsequently consumed (Scheme 3.7). 

 

Scheme 3.7 The proposed mechanism for the Group 2-mediated tin-tin coupling from 

stannanes and amines via an intermediate stannylamide. 

With this proposal in hand a scope into the qualitative effects of both metal precatalyst 

and amine additive was undertaken, as summarised in Table 3.7. 

Entry Stannane Amine Catalyst Time/ days Conversion/ 

% 

1 Bu3SnH None IIb 4 20 

2 Bu3SnH (CH2)4NH IIb 3 66 

3 Bu3SnH DippNH2 IIb 5 Trace* 

4 Bu3SnH BuNH2 IIa 1 99 

5 Bu3SnH BuNH2 IIb 3 99 

6 Bu3SnH BuNH2 IIc 3 66 

7 Ph3SnH BuNH2 IIb 1 99 

Table 3.7 The results of the optimisation study into tin-tin dehydrocoupling catalysed by 

complexes IIa-c (0.05 mmol) with amine (0.1 mmol) and tin (0.1 mmol) in C6D6 (0.5 mL) at 

room temperature *A significant proportion of DippNHSnBu3 was identified by comparison 

to literature values. 

Although turnover was observed without additional amine (Table 3.7, entry 1), amine 

additives increase the rate of reaction but are not consumed (Table 3.7, entries 2, 4). 
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Furthermore, primary amines, with low steric demands accelerated the reaction (Table 3.7, 

entry 4) far in excess of even very non-bulky secondary amines or bulky primary amines 

(Table 3.7, entries 2, 3). Utilisation of the bulky di-iso-propylaniline, yielded only a trace of 

tin-tin coupling (Table 3.7, Entry 3), however a hitherto unobserved 
119

Sn resonance at 40.1 

ppm was noted which could be attributed to Bu3SnN(H)Dipp by comparison to literature 

values.
30

 This was attributed to the bulk of the product stannylamine precluding the tin-tin 

coupling reaction thus allowing observation of the proposed Sn-N coupling product, 

providing further evidence for the scheme suggested in Scheme 3.7. 

Notably, the effect of the metal precatalyst shows a distinct contrast to the trend 

observed for  silicon-nitrogen dehydrocoupling with the rates appearing to follow the trend 

Mg > Ca > Sr. Finally, the reaction is applicable to both aliphatic and aromatic substituents 

on tin (Table 3.7, entries 5, 7) with a significant acceleration observed for the presence of 

aryl substituents.  

Entry Stannane Amine Catalyst Time/ days Conversion/ % 

1 Ph3SnH None Ib 1 0*† 

2 Ph3SnH BuNH2 Ib 3 99 

3 Bu3SnH None Id 1 0‡ 

4 Bu3SnH BuNH2 Id 12 74* 

5 Ph3SnH None Id 1 0‡ 

6 Ph3SnH BuNH2 Id 6 92  

7 Bu3SnH None If 15 77 

8 Ph3SnH None If 4 92 

9 Ph3SnH BuNH2 If 2 81 

Table 3.8 The results of the optimisation study into tin-tin dehydrocoupling catalysed by 

complexes Ib, Id and If (0.05 mmol) with amine (0.1 mmol, if utilised) and stannane (0.1 

mmol) in C6D6 (0.5 mL) at room temperature unless otherwise stated. *Reaction occurred at 

80°C.  †Quantitative conversion to Ph4Sn observed. ‡Reaction attempted at 60°C. 

In contrast to the trend in rate observed for the homoleptic species, β-diketiminate 

supported calcium systems are consistently more rapid than their magnesium analogues 

(Table 3.8, entries 3-6 versus 7-9). This is unsurprising given the steric demands of the β-

diketiminate which would be expected to have a more profound effect on the smaller 

magnesium centre. Again the presence of additional amine provides an increase in reaction 

rate (Table 3.8, entries 1, 3, 5, 8 versus 2, 4, 6, 9 respectively). In the absence of amine, a β-

diketiminato magnesium alkyl Ib shows no tin-tin coupling reactivity providing further 

evidence for the proposed intermediacy of the stannylamine in this tin-tin coupling (Table 
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3.8, entry 1). Perhaps most notable is the contrast between the β-diketiminate supported 

magnesium alkyl and amide species Ib and Id whereupon the presence of a reversible 

activating group, slows the reaction considerably in contrast to an irreversible activation 

yielding a gaseous alkane (Table 3.8, entry 2 versus 4). In the absence of added amine the β-

diketiminato magnesium amide, Id (Table 3.8, entries 3 and 5) provides no activity, 

suggesting the bulk of the hexamethyldisilazide ligand precludes reactivity at the smaller 

magnesium centre. This mirrors the observations made for the silicon-nitrogen 

dehydrocoupling as summarised in Section 3.2. 

Most notable was the conversion for Table 3.8, Entry 9; although the expected 

distannane was observed at completion of the reaction, the resonance corresponding to this 

species could be observed to grow-in then deplete over the course of the reaction during 

monitoring via 
119

Sn{
1
H} NMR. Concurrent with this consumption, a number of additional 

resonances formed in the 
119

Sn NMR spectrum, as shown in Figure 3.28. 

 

Figure 3.28 The tin-tin coupling reaction upon Ph3SnH mediated by If and BuNH2 

showing the results of a further cross-metathesis. (a) Ph4Sn, (b) Ph3SnSn(Ph)2SnPh3, (c) 

Ph3SnSnPh3, (d) Ph3SnH, (e) Ph3SnSn(Ph)2SnPh3.
29

 

By comparison to literature values, these resonances could be assigned as follows; Ph4Sn  

and Ph3SnSn(Ph)2SnPh3, the formation of which is summarised in Scheme 3.8.  

 

Scheme 3.8 The redistribution of ligands about (Ph3Sn)2 mediated by If. 

This reaction raised a number of intriguing mechanistic possibilities. A manifold based 

upon a series of σ-bond metathesis steps operant upon the distannane intermediate, 

a          b   c                   d                                                               e 



113 

 

Ph3SnSnPh3 yielding a catalytic cycle as shown in Scheme 3.9(a). Alternatively, given the 

literature precedent for α-stannylene elimination, such a reaction could be implicated in this 

reactivity (Scheme 3.9(b)). 

 

Scheme 3.9 The proposed mechanistic possibilities for the Group 2-mediated formation 

of higher tin oligomers and tetraphenyltin via a cross- metathesis mechanism (a) or α-

stannylene elimination (b). 

It is noteworthy that this result was isolated to If in the presence of BuNH2, with no 

indications of similar reactivity for either the homoleptic hexamethyldisilazides (Table 3.7), 

the lighter congener Ib or If in the absence of added small amine. These observations are 

consistent with the proposed mechanism; an unligated calcium-phenyl intermediate, 

implicated in both mechanistic possibilities, would be precluded owing to its extreme 

insolubility in non-polar solvents hence the lack of activity for the homoleptic species. The 
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lack of reactivity for the lighter congener, Ib and Id, can be accounted for in the case of 

pathway (a) on the basis of the proposed metal stannyl which, owing to the extreme bulk of 

the stannyl anion, would prevent reactivity with the bulky Ph3SnSnPh3 if bound to 

magnesium ligated by a large β-diketiminate. Alternatively, the small magnesium centre 

may be precluded from α-stannylene based reactivity if pathway (b) is operant.  

Another tantalising hint of the rich chemistry accessible for stannanes is the reaction of 

Ib with triphenylstannane in the absence of additional amine. In contrast to the tin-tin 

coupling observed for all amine-involving reactions, the product which appears to form in 

quantitative yield, based on the 
119

Sn NMR spectroscopy and unit cell of the crystalline 

product, is tetraphenyltin. This can be accounted for via a redistribution of the substituents 

around the tin as summarised in Scheme 3.10 however the side product of this reaction 

remained unidentified. 

 

Scheme 3.10 The proposed redistribution of the substituents bound to Ph3SnH mediated 

by Ib. 

Once again, it is viable to postulate a number of mechanistic possibilities for this 

reaction predicated upon either a series of σ-bond metathesis steps, as shown in Scheme 

3.11(a) or a pathway implicating α-stannylene elimination (Scheme 3.11(b)). 
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Scheme 3.11 The proposed mechanistic possibilities for the redistribution of the 

substituents bound to Ph3SnH mediated by Id. 

A peak corresponding to formation of Ph3SnBu, its intensity proportionate to the loading 

of Ib was observed. Nevertheless, no mass-balance satisfying side product could be 

identified in the 
119

Sn{
1
H} NMR spectra. A hint to the possible identity of the other products 

of this reaction, however, can be noted from the intense brown colour which the solution in 

the NMR tube acquired over the course of the reaction, a colour change not observed for any 

of the other reactions. This colour could be attributed to the breakdown products of the 

postulated SnH4 product or alternatively oligo(stannanes) formed via spontaneous coupling 

of the postulated diphenylstannylene.  

This result represents a new tranche of Group 2 mediated reactivity with stannanes and 

must be pursued in future studies, furthermore these results suggest the intermediacy of a 

transient stannylamine to the observed tin-tin coupling as suggested in Scheme 3.7. Most 

notable is the distinction of this reaction to that observed for lanthanide alkyls and hydrides 

reacting with triarylstannanes.
26

 In the latter case, tin-tin coupling is observed, proposed to 

be a result of stannyl-stannane σ-bond metathesis.  
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A number of notable features can be identified from this somewhat superficial analysis 

of the reactivity of stannanes mediated by Group 2 metals. Although tin-nitrogen 

dehydrocoupling is evidently accessible, this does not represent a useable route to 

stannylamines except, perhaps, for very bulky amines. Instead, a rapid formation of tin-tin 

bonds via a transient stannylamine reacting with stannane SN-H bonds can instead be 

reported. This represents a rapid and novel route to ditin compounds and may have a wide 

variety of applications both in the synthesis of these useful, simple compounds and in 

potential extension to a variety of more complex systems such as dehydrogenative 

polymerizations. Finally, observations as to the effect of ligation upon the metal centre do 

not yield any particularly surprising variations as a result of the introduction of persistent, 

bulky ligands. More surprisingly, however is the observation of products which can be 

rationalised as being a result of a number of SN-H/M-X, Sn-C/M-X and Sn-Sn/M-X σ-bond 

metathesis or α-stannylene elimination steps forming a hitherto unprecedented Group 2 

mediated cross-metathesis which is not reliant upon the elimination of dihydrogen as an 

entropic drive, or perhaps even reaction mechanisms beyond traditional σ-bond metathesis.  

 

3.7 Experimental 

Synthesis of N,N’-2,6-diisopropylphenyl-diamino(phenyl)silane, 6. 

In a glovebox, to a stirring 0.5 mol dm
-3

 heptanes solution of di-butylmagnesium (1 

mmol, 2 mL) was added 2,6-di-iso-propylaniline (2 mmol, 0.354g). The mixture was stirred 

for 1 hour after which time was added phenylsilane (1 mmol, 0.108 g). A rapid foaming was 

observed and a fine white solid precipitated. The mixture was left to stir overnight, filtered 

then cooled to -35°C thus 6 crystallised as colourless blocks (76%). 
1
H NMR (300 MHz, d8-

THF) δ ppm 7.71-6.95 (10H, m, ArH), 6.58 (1H, m, ArH), 5.28 (1H, s, SiH), 4.16 (2H, s, 

NH), 3.31 (2H, h, CH3CHCH3), 2.97 (2H, h, CH3CHCH3), 1.21 (12H, d, CH3CHCH3), 1.03 

(12H, dd, CH3CHCH3). 
13

C{
1
H} NMR (75 MHz, d8-THF) δ ppm 144.3 (CAr), 139.3 (CAr), 

138.1 (CAr), 134.8 (CAr), 130.8 (CAr), 128.6 (CAr), 124.3 (CAr), 123.8 (CAr), 29.1 

(CH3CHCH3), 24.2 (CH3CHCH3), 24.1 (CH3CHCH3). 

Anal. calc’d for C30H42N2Si: C, 78.54; H, 9.23; N, 6.11%. Found: C, 78.42; H, 9.40; N, 

6.15% 

Synthesis of (DippNH)[DippNSi(H)Ph]Mg(THF)2, 7 and 

[(H)PhSi(DippN)2]Mg(THF)3, 8. 

In a glovebox, to a stirring 0.5 mol dm
-3

 heptanes solution of di-butylmagnesium (1 

mmol, 2 mL) diluted in THF (10 mL) was added 2,6-di-iso-propylaniline (2 mmol, 0.354g). 
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The mixture was stirred for 1 hour after which time was added phenylsilane (1 mmol, 0.108 

g). A rapid foaming was observed and the mixture was left to stir overnight during. After 

this time, the THF was removed in vacuo and the residue taken up in toluene (10 mL). This 

solution was filtered, the solvent removed to incipient crystallisation and cooled to -20°C 

overnight yielding powder. This suspension was submerged in hot water and allowed to cool 

overnight. This yielded 7 and 8 as colourless blocks (62%) which were separated under a 

microscope and subjected to X-ray analysis.  (DippNH)[DippNSi(H)Ph]Mg(THF)2, 7. 

Owing to a rapid conversion of 7 to 8 in solution, suitable NMR spectroscopic data 

could not be acquired. 

Crystals of and [(H)PhSi(DippN)2]Mg(THF)3, 8, separated by this method were found to 

be of insufficient quality for full crystallographic analysis, however they were solved to 

yield connectivity and as such a rational synthesis of this species was undertaken, yielding 

material of an identical unit cell and connectivity. To a 0.5 mol dm
-3

 heptanes solution of di-

n-butylmagnesium (1 mL, 0.5 mmol) diluted in THF (5 mL) was added N,N’-2,6-

diisopropylphenyl-diamino(phenyl)silane (88 mg, 0.5 mmol) and the mixture allowed to stir 

overnight. The solvent was then removed in vacuo, and the residue dissolved in toluene. The 

resultant solution was concentrated to incipient crystallisation and cooled to –18°C overnight 

yielding colourless blocks suitable for single crystal X-ray analysis (74%). 

1
H NMR ppm (300 MHz, d8-THF) δ ppm 7.37-6.30 (11H, m, ArH), 5.14 (1H, s, SiH), 

3.66 (2H, h, CH3CHCH3), 2.47 (2H, h, CH3CHCH3), 0.91 (24H, m, CH3CHCH3). 
13

C{
1
H} 

NMR (75 MHz, d8-THF) δ ppm 153.9 (CAr), 150.9 (CAr), 145.3 (CAr), 143.9 (CAr), 140.8 

(CAr), 135.9 (CAr), 132.3 (CAr), 128.3 (CAr), 123.8 (CAr), 122.3 (CAr), 120.8 (CAr), 111.5 

(CAr), 28.6 (CH3CHCH3), 28.2 (CH3CHCH3), 26.4 (CH3CHCH3), 23.9 (CH3CHCH3). 

Anal. calc’d for C42H64MgN2O3Si: C, 73.00; H, 9.03; N, 4.48%. Found: C, 72.78; H, 8.95; 

N, 4.56. 

 

 

 

Synthesis [(H)PhSi(DippN)2]Ca(THF)3, 9. 

In a glovebox, to a stirring solution of Ca(CH(SiMe3)2)2(THF)2
31

 (0.15 mmol, 75 mg) in 

THF (10 mL) was added 2,6-di-iso-propylaniline (0.3 mmol, 53 mg). The mixture was 

stirred for 1 hour after which time was added phenylsilane (0.15 mmol, 16 mg). A rapid 
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foaming was observed and the mixture was left to stir overnight. After this time, the THF 

was removed in vacuo and the residue taken up in toluene (5 mL). This solution was filtered, 

the solvent removed to incipient crystallisation and cooled to -20°C overnight. This yielded 

9, suitable for crystallographic characterisation (67%).  

1
H NMR (300 MHz, d8-THF) δ ppm 7.66-6.48 (11H, m, ArH), 5.88 (1H, s, SiH), 4.51 

(4H, h, CH3CHCH3), 1.23-1.16 (24H, m, CH3CHCH3). 
13

C{
1
H} NMR (100 MHz, d8-THF) δ 

ppm 156.2 (CAr), 154.9 (CAr), 150.6 (CAr), 142.9 (CAr), 142.8 (CAr), 135.2 (CAr), 134.6 (CAr), 

134.1 (CAr), 130.3 (CAr), 127.1 (CAr), 122.5 (CAr), 115.0 (CAr), 67.9 (O(CH2CH2)2), 27.5 

(CH3CHCH3), 26.0 (O(CH2CH2)2), 25.9(CH3CHCH3),  25.2 (CH3CHCH3), 23.9 

(CH3CHCH3), 23.6 (CH3CHCH3). 

Repeated attempts to yield acceptable elemental analysis failed and the compound was 

observed to degrade in the solid state over time. 

 

Synthesis [(H)PhSi(DippN)2]Sr(THF)4, 10. 

In a glovebox, to a stirring solution of Sr(CH(SiMe3)2)2(THF)2
31

 (0.15 mmol, 75 mg) in 

THF (10 mL) was added 2,6-di-iso-propylaniline (0.3 mmol, 53 mg). The mixture was 

stirred for 1 hour after which time was added phenylsilane (0.15 mmol, 16 mg). A rapid 

foaming was observed and the mixture was left to stir overnight during. After this time, the 

THF was removed in vacuo and the residue taken up in toluene (5 mL). This solution was 

filtered, the solvent removed to incipient crystallisation and cooled to -20°C overnight. This 

yielded 10, suitable for crystallographic characterisation (71%).  

1
H NMR (300 MHz, d8-THF) δ ppm 7.28-7.05 (11H, m, ArH), 5.60 (1H, m, SiH), 3.53 

(3H, h, CH3CHCH3), 3.28 (16H, br. s, O(CH2CH2)2), 2.64 (1H, h, CH3CHCH3), 2.12 (16H, 

br. s, O(CH2CH2)2), 1.18-1.02 (24H, m, CH3CHCH3). 
13

C{
1
H} (75 MHz, d8-THF) δ ppm 

143.2 (CAr), 138.8 (CAr), 138.2 (CAr), 137.6 (CAr), 134.4 (CAr), 129.7 (CAr), 128.9 (CAr), 

128.8 (CAr), 126.0 (CAr), 124.4 (CAr), 123.4 (CAr), 119.3 (CAr), 68.9 (O(CH2CH2)2), 29.1 

(CH3CHCH3), 28.6 (CH3CHCH3), 25.9 (O(CH2CH2)2), 24.3 (CH3CHCH3), 22.9 

(CH3CHCH3), 21.7 (CH3CHCH3). 

Anal. calc’d for C46H72N2O3SiSr: C, 66.34; H, 8.71; N, 3.36%. Found: C, 66.27; H, 8.68; N, 

3.42%. 

 

 



119 

 

Synthesis of [aIPr]Mg(N{SiMe3}2)2, 11 

In a glovebox, to solid [IPr]Mg(N{SiMe3}2)2 (0.068 mmol, 50 mg) was added 

diethylamine (0.068 mmol, 7.0 μl). The reagents were shaken to homogeneity, then 

subjected to vacuum for 10 minutes. After this time, the residue was dissolved in the 

minimum volume of toluene and chilled to -34°C overnight. This yielded 11, suitable for 

crystallographic characterisation (33%). 

1
H NMR (400 MHz, d8-Tol) δ ppm d 0.30 (s, 36 H) 0.86 (d, J=6.78 Hz, 6 H) 0.93 (d, 

J=6.97 Hz, 6 H) 1.11 (d, J=6.78 Hz, 6 H) 1.37 (d, J=6.78 Hz, 6 H) 2.40 (spt, J=6.84 Hz, 2 

H) 2.74 (spt, J=6.81 Hz, 2 H) 6.92 (m, J=7.70 Hz, 2 H) 7.00 - 7.13 (m, 4 H) 7.22 - 7.26 (m, 

1 H) 7.54 - 7.59 (m, 1 H) 
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 6 7 8 9 10 11 

Empirical formula C30H42N2Si C38H58MgN2O2Si C44H68MgN2O3.50Si C49H72CaN2O3Si C46H71N2O4SiSr C39H72MgN4Si4 

 Formula weight (g mol
-

1
) 

458.75 627.26 733.40 805.26 831.76 733.68 

 Crystal system Monoclinic Triclinic Monoclinic Monoclinic Monoclinic Monoclinic 

 Space group P21/a P-1 P21/n P21/n P21 P21/n 

a (Å) 15.1354(4) 11.2940(4) 10.0310(1) 10.2642(2) 10.3700(3) 11.8620(1) 

b (Å) 9.2400(3) 12.1680(4) 30.0170(5) 22.7621(6) 18.8520(8) 16.7720(2) 

c (Å) 20.1280(6) 13.6040(4) 16.5560(3) 20.7835(5) 12.6320(5) 23.5120(2) 

α (°) 90 96.759(2) 90 90 90 90 

β (°) 101.781(2) 90.610(2) 104.903 98.249(2) 113.607(2) 95.401(1) 

γ (°) 90 90.961(2) 90 90 90 90 

 V (Å) 2755.63(14) 1856.13(10) 4817.34(13) 4805.5(2) 2262.83(15) 4656.93(8) 

 Z 4 2 4 4 2 4 

 ρ (g cm
-3

) 1.106 1.122 1.011 1.113 1.221 1.046 

μ (mm
-1

) 0.105 0.113 0.098 0.195 1.260 0.170 

θ range (°) 3.81 to 27.48 3.53 to 27.49 3.62 to 27.44 5.04 to 25.03 3.68 to 27.52 3.53 to 27.52 

Measured/independent 

reflections/ Rint 

35403 / 6254 / 

0.0772 

25602 / 8357 / 

0.0590 

10746 / 10746 / 

0.000 

64099 / 8386 / 

0.1702 

37584 / 10228 / 

0.1217 

64074 / 10667 / 

0.0500 

 Data / restraints / 

parameters 

6254 / 2 / 304 8357 / 17 / 435 10746 / 36 / 481 8386 / 106 / 572 10228 / 76 / 544 10667 / 0 / 454 

 Goodness-of-fit on F
2
 1.084 1.054 0.980 1.078 1.033 1.035 

R1, wR2 [I > 2σ(I)] 0.0621, 0.1462 0.0612, 0.1597 0.0798, 0.2061 0.0756, 0.1990 0.0640, 0.1119 0.0417, 0.1014 

R1, wR2 (all data) 0.0803, 0.1582 0.0989, 0.1843 0.1594, 0.2358 0.1379, 0.2270 0.1090, 0.1238 0.0620, 0.1120 

 

Notes on crystallographic refinement: 

 

6 H1 and H2 – attached to N1 and N2, respectively, were located and refined at a distance of 0.98Å from the relevant parent atoms. H1A, 

attached to Si1, was also located and refined without restraints. 
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7 Hydrogen atoms attached to Si1 were located and refined subject to being similar distances from the parent. H1 attached to N1 was similarly 

located and refined at distance of 0.98 Å from the nitrogen. C36 and C37 were found to be disordered in 1 50:50 ratio over two proximate sites. 

C-C distances were refined with distance restraints in the associated THF molecule to assist convergence. 

8 H1a, attached to Si1 was located and refined freely. Some disorder was present. In particular, c36/37 were disordered over 2 sites in a 55:45 

ratio, while C41 was similarly fragmented bit in a 60:40 ratio. The unit cell was seen to contain 2 areas of diffuse solvent which could not be 

modelled in any plausible manner. Hence PLATON SQUEEZE was employed to treat these regions. Based on pre-PLATON electron density and 

the results for the SQUEEZE analysis, guest solvent has been included in the asymmetric unit as ½ of a THF molecule. 

9 The asymmetric unit contains one Ca complex and one solvent molecule of toluene. The dataset was weak with a strong decline of intensity 

at higher theta. This resulted in a high R(int)and unresolved disorder. There is potential disorder in the THF group with atom O2 which 

could not be solved.  The other two THF showed disorder in the ratio 60:40 (THF with O3) and 70:30 (THF with O2). All atoms involved in 

the disorder had to be restrained using DFIX and or SADI and SIMU. 

10 H1, attached to Si1, located and freely refined. C40 disordered over 2 sites in a 70:30 ratio, while C43-46 disordered in 50:50 ratio. Some 

ADP, C-O and C-C restraints used in disordered regions to assist convergence.  
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4. Boron-nitrogen Dehydrocoupling 

4.1 Introduction 

Beyond the dehydrocoupling of Group 14 elements with protic amines, the extension of 

such reactivity to hydridic reagents from Group 13 is attractive, most notably boranes 

yielding aminoboranes. Boron-nitrogen bond containing species have found recent utility in 

a variety of interesting transformations, including as sources of highly nucleophilic amide 

anions for reactions with activated alkenes, alkynes and strained lactones.
1
 Further extensive 

work by Suginome has shown the utility of aminoboranes to give ready access to iminium 

cations via their reactions with ketones and aldehydes.
2
 In contrast to the activity of 

aminoboranes on ketones, yielding iminium ions, the action of aminodi(boranes) on ketones 

was shown to give ready access to imines.
3
 

Such applications are, however, hindered by the multistep synthetic routes necessary to 

yield anything more that very simple aminoboranes. Although some latent reactivity exists 

between protic amines and highly Lewis acidic boranes, such as the parent borane or simple 

dialkylboranes such as 9-BBN,
4, 5

 especially in the presence of base,
6
 synthesis of 

aminoboranes via this route is unreliable, and requires forcing conditions. More reliably, the 

action of tin-
7
 and silicon-nitrogen

4, 8
 bonds upon boranes and haloboranes readily yields 

aminoboranes and the relevant E-X bond, however this latter species, in the case of tin, is a 

highly toxic waste stream. As a result, most popular synthetic routes to aminoboranes utilise 

the reaction of lithium amides with BCl3, and, if a ligated aminoborane is desired, 

protonolysis with e.g. diols.
9
 A more specialised route reliant upon the generation of 

borylnitrenes, and their ability to activate C-H bonds has further been reported but its scope 

is highly limited.
10

 Extensive work by a variety of groups have shown that hydroboration of 

imines readily yields aminoboranes, including uncatalysed reports with Me2S·BH3,
11

 and 

reports involving coinage metal,
12

 ruthenium,
13

 Lewis pair and organo-catalysis.
14

 Finally, 

the double-hydroboration of nitriles to yield aminodi(boranes) mediated by an imido-

hydrido molybdenum(IV) complex has been reported
3
 and an extension of this reactivity to a 

magnesium precatalyst has further been devised by the Hill group. In each of the cases, the 

scope of reactivity is limited by the availability of starting materials, be those silylamines, 

stannylamines, borylnitrenes, imines or nitriles. 

With limitations in mind, a general and simple dehydrocoupling route to aminoboranes, 

via the reaction of a hydridic B-H and protic N-H bond would be highly desirable. Beyond 

limited reports of rhodium catalysed dehydrocoupling,
15

 the only other dehydrogenative 
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coupling yielding aminoboranes was reported by the Hill group and summarised in Chapter 

1, to wit a stoichiometric reaction between If and diphenylamine followed by two 

equivalents  9-BBN was reported to yield the relevant aminoborane and a β-diketiminate 

supported calcium borohydride, Il.
16

 

4.2  Catalytic B-N Dehydrocoupling 

In spite of these disappointing preliminary results, the aforementioned utility of B-N 

bonds, led to an initial attempt to render this reaction catalytic. This, however, focussed on 

the more useful pinacolborane, as shown in Scheme 4.1.  Ib and If were selected for, in the 

magnesium case possession of a traceless activating group and in both cases possession of a 

bulky ligand which might simplify solution behaviour rendering the reaction more amenable 

to analysis. 

 

Scheme 4.1 The initial study upon the dehydrocoupling of diethylamine and 

pinacol(borane) mediated by Ib and If. 

Notably, although both If and Ib catalyse this dehydrocoupling, Ib shows a far higher 

efficacy. With this highly preliminary result in mind, an investigation into boron-nitrogen 

dehydrocoupling catalysed by Ib was undertaken. In order to allow comparison with the 

results of Chapter 2 and to allow comparison between Groups 13 and 14 in Group 2 

mediated dehydrocouplings, a simultaneous investigation into silicon-nitrogen 

dehydrocoupling with this precatalyst was undertaken. 

4.3 Catalytic Scope 

An initial NMR investigation was thus carried out into the substrate scope with regards 

to boranes, silanes and amines as shown in Table 4.1-4.3 utilising Ib. On addition of the 

precatalyst to a mixture of the amine and hydridic reagent in C6D6, a pronounced bubbling 

was observed for many of the reactions. 

 



127 

 

 

Entry Silane Amine Product Time/ 

days 

Conversion/ 

% 

1 PhSiH3 BuNH2 PhSiH2NHBu + 

PhSiH(NHBu)2 + 

PhSi(NHBu)3 

1
a
 99 

(11:58:6)* 

2 tBuNH2 PhSiH2NHtBu + 

PhSiH(NHtBu)2 

1
a 

99 (70:30) 

3 PhNH2 PhSiH2NHPh + 

PhSiH(NHPh)2 

1
a 

99 (21:60)* 

4 DippNH2 PhSiH2NHDipp 3
b 

53 

5 PhN(H)Me PhSiH2N(SiMe3)2 <1
a 

99 

6 (CH2)4NH PhSiH2(N(CH2)4) + 

PhSiH(N(CH2)4)2 

1
a 

99 (92:8) 

7 Et2NH PhSiH2NEt2 + 

PhSiH(NEt2)2 

<1
a 

99 

8 Ph2NH PhSiH2NPh2 3
b 

51 

9 (Me3Si)2NH PhSiH2N(SiMe3)2 1
c 

6 

10 Ph2SiH2 BuNH2 Ph2SiHNHBu + 

Ph2Si(NHBu)2 

1
a 

99 (90:10) 

11 tBuNH2 Ph2SiHNHtBu 1
a 

99 

12 PhNH2 Ph2SiHNHPh 1
b 

82 

13 DippNH2 Ph2SiHNHDipp 3
a 

20 

14 PhN(H)Me Ph2SiHN(Me)Ph 1
b 

99 

15 (CH2)4NH Ph2SiHN(CH2)4 <1
a 

99 

16 Et2NH Ph2SiHNEt2 <1
a 

99 

17 Ph3SiH BuNH2 Ph3SiNHBu 4
b 

70 

18 Et2NH No reaction 6
c 

0 

Table 4.1 The results of the scope study into silicon-nitrogen dehydrocoupling catalysed 

by complexes Ib (0.05 mmol) with amine (0.1 mmol) and silane (0.1 mmol) in C6D6 (0.5 

mL) at a) room temperature or b) 60°C, c) 80°C. *Higher oligomers constitute the remainder 

of the conversion. 
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A number of notable trends can be identified. As observed for the magnesium bisamide 

IIa, substrate bulk significantly affects the yield. Indeed, in the case of phenylsilane, 

coupling is significantly inhibited for hexamethyldisilazane (Table 4.1, entry 9) relative to 

that catalysed by IIa (Table 3.1, entry 6). This is unsurprising given the steric constraints 

imposed by the bulky β-diketiminate ligand. Although multiple couplings are once again a 

common characteristic of these equimolar investigations, a higher level of selectivity is 

observed, with disubstituted amines having a higher propensity to only couple once 

compared to the unligated magnesium centre (Table 4.1, entries 6 and 7 versus Table 3.1 

entries 4 and 5).  This can most likely once again be attributed to the steric bulk of the β-

diketiminate ligand.  Moving to the larger diphenylsilane, a similar trend can be observed; 

the very bulky aniline, DippNH2, couples far more reluctantly with Ib than IIa (Table 4.1, 

entry 13 versus Table 3.1, entry 9) whereas smaller amines couple readily. Finally, moving 

to the bulkiest silane analysed, triphenylsilane, coupling becomes far less accessible. Only 

the very small butylamine couples readily (Table 4.1, entry 17), notably to a higher yield 

than could be achieved with IIa for the analogous benzylamine reaction (Table 3.1, entry 

13). This is likely a consequence of the residence time of the intermediate magnesium amide 

in the non-polar reaction medium which is increased by the presence of the β-diketiminate 

ligand. 
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Entry Silane Amine Product Time/ h. Conversion/ % 

1 PinBH BuNH2 PinBNHBu <1
a 

99 

2 tBuNH2 PinBNHtBu <1
a
 99 

3 PhNH2 PinBNHPh <1
a
 99 

4 DippNH2 PinBNHDipp <1
a
 99 

5 PhN(H)Me PinBN(Me)Ph <1
a
 99 

6 (CH2)4NH PinBN(CH2)4 <1
a
 99 

7 Et2NH PinBNEt2 <1
a
 99 

8 Ph2NH PinBNPh2 <1
a
 99 

9 (Me3Si)2NH No reaction 144
b 

0 

10 9-BBN BuNH2 R2BNHBu <1
a 

99 

11 tBuNH2 R2BNHtBu 144
b 

83 

12 PhNH2 R2BNHPh 12
a 

99 

13 DippNH2 R2BNHDipp 144
b 

80 

14 PhN(H)Me R2BN(Me)Ph   

15 Ph2NH R2BNPh2 144
b
 73 

 

Table 4.2 The results of the scope study into boron-nitrogen dehydrocoupling catalysed 

by complexes Ib (0.05 mmol) with amine (0.1 mmol) and borane (0.1 mmol) in C6D6 (0.5 

mL) at a) room temperature or b) 60°C.  

Change of the hydridic coupling partner to a borane yielded a number of other notable 

trends. The weakly Lewis acidic pinacolborane couples readily with a variety of aromatic 

and aliphatic amines of varying bulk (Table 4.2, entries 1-8), but failed to tolerate the very 

bulky hexamethyldisilazane (Table 4.2, entry 9). Notably, the reaction rate is far in excess of 

that for silanes, with all coupling partners coupling in less than a day with a pronounced 

bubbling. The reaction was entirely selective for monocoupling when monosubstituted 

amines were utilised (Table 4.2, entries 1-4) which reflects the inaccessibility of disilylation 

of amines noted for IIa (Table 3.2, entries 1, 2, 5-8). In contrast to the facile reaction 

between pinacolborane and a wide variety of amines, the reaction of the more Lewis acidic 

9-BBN showed a much greater dependence on the identity of the amine. While the smallest 

amine, butylamine, couples readily (Table 4.2, entry 10), bulkier aliphatic amines couple 

extremely sluggishly, to the point that the introduction of Ib appears to induce no rate 
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acceleration over the background reaction (Table 4.2, entries 11, and 15). In contrast, small 

monosubstituted and disubstituted aromatic amines couple at rates in excess of the 

background (Table 4.2, entries 12 and 14), while bulkier anilines revert to the uncatalysed 

rate (Table 4.2, entry 13). These data suggest a subtle interplay of steric and electronic 

effects dominate in the case of 9-BBN and, alongside the results for both silanes, and 

pinacolborane are indicative of a reaction which is profoundly influenced by the identity of 

the hydridic coupling partner. Notably, beyond the effects of bulk noted previously for 

variations in the silane coupling partner, the Lewis acidity of the hydridic partner also 

appears to be influential. 

Entry Silane Amine Ratio Product Time/ days Conversion/ % 

1 PhSiH3 BuNH2 1:2 PhSiH2NHBu + 

PhSiH(NHBu)2 + 

PhSi(NHBu)3 

1
a 

99 (5:88:7) 

2 1:3 1
a 

99 (0:0:100) 

3 (CH2)4NH 1:2 PhSiH2(N(CH2)4) + 

PhSiH(N(CH2)4)2 

<1
a 

99 (8:92) 

4 1:3 <1
a 

99 (0:100) 

5 Ph2SiH2 BnNH2 1:2 Ph2SiHNHBu + 

Ph2Si(NHBu)2 

1
a 

99 (40:60) 

6 (CH2)4NH 1:2 Ph2SiH(N(CH2)4) <1
a 

99 

7 PinBH BuNH2 2:1 (PinB)2NBu 1
b 

99 

8 tBuNH2 2:1 (PinB)2NtBu <1
a 

99 

9 PhNH2 2:1 PinBNHPh 2
b 

99 

10 9-BBN BuNH2 2:1 R2BHNBu 1
a 

99 

11 PhNH2 2:1 R2BNHPh 2
b 

99 

Table 4.3 The results of the scope study into silicon- and boron-nitrogen 

dehydrocoupling catalysed by complexes Ib (0.05 mmol) with limiting reagent (0.1 mmol) 

in C6D6 (0.5 mL) at a) room temperature or b) 60°C. *Higher oligomers constitute the 

remainder of the conversion. 

As for equimolar silicon-nitrogen couplings (Table 4.1), multiple dehydrocouplings 

were observed to yield silanes with higher amine incorporation. In order to rationally 

investigate these, a series of dehydrocouplings were attempted with amine:silane ratios 

reflective of the observed product of the equimolar reaction. Notably, the trend mirrors that 

IIa (Table 3.2), with subsequent dehydrocouplings to yield higher oligomers being more 

sluggish than the initial reactions. This is once again thought to be a consequence of both the 

increased steric demands of the silylamines and the effect of amine substitution on the 

hydridicity of the silicon-hydrogen bond.  Although the smallest amine investigated, 
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butylamine, a 1:2 silane:amine ratio did yield an increase in the proportion of the 

bis(amino)silane relative to the equimolar reaction, this proportion did not yield complete 

conversion to the persilylated product (Table 4.1, entry 1). In contrast to IIa (Table 3.2, 

entry 1) a 1:3 silane:amine ratio  gave high conversion to the tris(amino)silane. In contrast to 

this, the secondary amine pyrollidine gave, at best, double dehydrocoupling independent of 

stoichiometry, albeit for a 1:2 silane:amine ratio, with a higher ratio of bis(amino)silane 

(Table 3.2, entries 3 and 4 versus Table 3.2 entries 3 and 4). For the more sterically 

encumbered diphenylsilane, unremarkably, diaminosilane formation was inaccessible for all 

but the smallest amine, butylamine (Table 3.2, entry 5) and in this case in a smaller 

proportion than is accessible for IIa (Table 3.2, entry 5) which can also access the 

bis(pyrollidino)silane (Table 4.3, entry 6 versus Table 3.2, entry 9), a reflection of the steric 

demands imposed by the β-diketiminate ligand. 

Whereas higher amine incorporation into silanes was observed readily, such reactivity is 

inaccessible for the boranes investigated herein owing to their possession of only a single 

hydride. Notably, however, unlike attempts to yield aminodi(silanes) utilising IIa which 

were unsuccessful in almost all cases (Table 3.2, entries 3, 6 and 8), aminodi(boranes) were 

accessible. In the case of both pinacolborane and 9-BBN double dehydrocoupling with 

butylamine occurred (Table 4.3, entries 7 and 10), albeit with a need for gentle heating and 

slightly extended reaction times compared to aminoborane formation reflective of the effect 

of successive borylation on the electronic nature of the nitrogen. Although tert-butylamine 

also coupled twice with pinacolborane (Table 4.3, entry 8) neither borane showed any sign 

of multiple dehydrocoupling being with aniline (Table 4.3, entries 9 and 11). The ready 

coupling of the more bulky tert-butylamine suggest this limitation is a reflection of the 

electronic structure rather than bulk of the anilinoborane, most likely the deficit of electron 

density at the nitrogen atom as a result of the effects of both the borane and phenyl 

substituents. 

From this in-depth scope study a number of key observations can be noted. Coupling is 

contingent upon both steric and electronic effects of the hydridic coupling partner, most 

notably the Lewis acidity at the element bound to the hydride, yielding a general rate 

acceleration for pinacolborane over both silanes and 9-BBN. This suggests a “Goldilocks 

effect” wherein moderate Lewis acidity yields a rate acceleration, but more extreme Lewis 

acidity has an inhibitory effect. Furthermore, stereoelectronic effects at the nitrogen centre 

are also striking. Finally, comparison can be drawn with IIa which shows the effect of the 

bulky β-diketiminate ligand,  and yielded decreased tolerance for bulk but in some cases, 

increased selectivity. This study shows that dehydrocoupling is readily catalysed by Ib 
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giving moderate to excellent conversions for a broad range of coupling partners and is 

indicative of fascinating variations contingent on hydridic substrate warranting further 

investigation. 

4.4 Stoichiometric Studies 

In order to provide further insight into the effect of hydridic coupling partner, a range of 

stoichiometric reactions were undertaken. The amine selected for investigation was 2,6-di-

iso-propylaniline which, upon equimolar reaction with Ib, has been reported to readily form 

the anilide. Subsequent addition of an equivalent of hydridic reagent followed by 

interrogation by 
1
H and, in the case of the boranes, 

11
B NMR spectroscopy was utilised to 

analyse the reaction. In each case crystals suitable for single crystal X-ray diffraction 

analysis were achieved, as summarised in Scheme 4.2. 

 

Scheme 4.2 The proposed pathway to stoichiomertrically analyse borane- and silane-

dehydrocoupling with DippNH2. 

In the case of phenylsilane, the 
1
H NMR spectrum indicated the consumption of the 

phenylsilane partner and the emergence of a new resonance at 4.92 ppm, attributed to the 

silyl-hydride peak of the product (12) alongside a series of new iso-propyl resonances which 

were suggestive of a metal-bound anilidosilane. Crystallisation occurred from a mixture of 

toluene and hexane and the results of the resultant X-ray investigation are shown in Figure 

4.1. 
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Figure 4.1 ORTEP representation of 12 (30% probability ellipsoids). Iso-propyl methyl 

groups and hydrogen atoms except those attached to Si1 omitted for clarity. Selected bond 

lengths (Å) and angles (°): Mg2-N3 1.9599(16), N3-Si1 1.7032(16),  N3-C30 , Si1-C42 

1.872(2),  Mg2-N3-Si1 120.06(8), N1-Mg2-N2 95.79(6), N1-Mg2-N3 132.54(7), C30-N3-

Si1 116.93(12). 

Compound 12 is, as suggested by the 
1
H NMR spectrum, is indeed a metal-bound 

anilidosilane which retains two silylhydrides. The bond lengths and angles in this species are 

unremarkable in comparison to a variety of previously reported silylamide derivatives of 

magnesium.
17
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In the case of the reaction utilising pinacolborane, interrogation of the 
11

B NMR 

spectrum (δ = 32.1 ppm) suggested a new, 3-coordinate nitrogen bound boron environment. 

Inspection of the 
1
H NMR spectrum was less informative, with a complex set of signals in 

the regions attributable to the pinacol-methyl and iso-propyl resonances. Crystallisation at -

38°C from toluene, however, yielded crystals of 13 suitable for X-ray diffraction analysis 

and the results of this investigation are summarised in Figure 4.2. 

 

Figure 4.2 ORTEP representation of 13 (30% probability ellipsoids). Iso-propyl methyl 

groups and hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): 

Mg1-O2 2.3737(18), Mg1-N3 2.003(2), O2-B1 1.418(3), B1-N3 1.379(4), N3-C30 1.423(3), 

N1-Mg1-N2 94.72(8), Mg1-O2-B1 80.94(14), O2-B1-N3 116.8(2), B1-N3-Mg1 96.96(15), 

B1-N3-C30 120.6(2). 

Compound 13 is a heteroleptic β-diketiminate ligated magnesium bound 

amido(pinacol)borane and constitutes the first structurally characterised species of this class. 
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Whilst a variety of magnesium amidoborane complexes derived from amineboranes, which 

contain four coordinate boron centres and B-H bonds yielding Mg···H agostic-type 

interactions, have been structurally characterised, those containing three coordinate boron 

centres are more sparse and are confined to reports of an aminoboratabenzene
18

 derivative, 

an amineborane containing scorpionate ligand
19

 and two reports of alkyldi(amino)boranes.
20

 

While none of these structures bear sufficient similarities to 13 for comparison to be 

suitable, a number of striking structural features can be highlighted, most notably the donor 

interaction between one of the pinacol oxygens and the magnesium centre. This interaction 

raises the coordination number of the magnesium to four and yields, due to the structural 

constraints of the amidoborane fragment, a highly distorted tetrahedral environment at the 

magnesium centre, most remarkably indicated by the N-Mg versus O-Mg distances 

(2.003(2) versus 2.3737(18) Å respectively). The complexity of the pinacol methyl region in 

the 
1
H NMR can be thus explained as this bond, which is evidently persistent in a solution of 

the non-donor deuterobenzene solvent, renders the pinacol methyls magnetically 

inequivalent and hence yields a variety of peaks in the pinacolmethyl region.  

The initial 
1
H NMR spectrum provided by an analogous reaction with 9-BBN was not 

readily amenable to interpretation owing to the complexity of the 
1
H NMR resonances of the 

9-BBN fragment. The 
11

B NMR contained more useful, if surprising information. The 
11

B 

NMR spectrum was indicative of two boron environments. The first at 53.6 ppm, by 

comparison with the catalytic scope studies (vide supra) could be attributed to the 

anilineborane DippN(H)BR2 which appeared to form quantitatively, with complete 

consumption of aniline. The second resonance, a broadened triplet at -13.8 ppm, was 

suggestive, based on the higher field chemical shift and coupling pattern, of a four 

coordinate borohydride of the form [R2BH2]
-
. Crystallisation from a mixture of THF and 

toluene at -38°C yielded crystals of 14 suitable for X-ray crystallography and the results of 

this experiment are summarised in Figure 4.3. 
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Figure 4.3 ORTEP representation of 14 (30% probability ellipsoids). Iso-propyl methyl 

groups and hydrogen atoms except those attached to B omitted for clarity. Selected bond 

lengths (Å) and angles (°): Mg-B 2.3092(15), Mg-O1 2.0555(9), Mg-H1a 1.932(14), Mg-

H1b 1.929(15), B-C35 1.618(2), B-C39 1.6027(19), N1-Mg1-N2 93.48(4), N1-Mg-B 

125.62(5), C35-B-C39 107.44(11). Symmetry transformations used to generate equivalent 

atoms: -x+1, -y+1, -z+1. 

The formation of this metal borohydride, bound via H···Mg interactions, can be 

rationalised as a result of an excess of 9-BBN in solution reacting with the postulated 

intermediate metal hydride (Scheme 4.2). Although two magnesium dialkylborohydride 

complexes have been structurally characterised,
21

 these occupy vastly distinct coordination 

environments, as a result of pentafluorophenyl substitution on the boron and high 

magnesium coordination numbers as a result of hydroxide coligands, to 14 and are, as such, 

of limited relevance. On the other hand, this species is closely related to the more expansive 

class of magnesium borohydrides containing [BH4]
-
. Indeed the direct analogue 
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[CH{C(Me)N(Dipp)}2}Mg(BH4)] has only recently been described by Mountford and 

coworkers.
22

 Remarkably, in spite of the significantly reduced steric demands of the [BH4]
-
 

anion Mg-H distances for this fragment are significantly elongated compared to 14 whilst 

the Mg-B distances are similar (Mg-B 2.223 versus 2.309, Mg-H 2.022 versus 1.929(15) Å).  

In all other respects, these compounds show remarkably similar bond length and angle data. 

This data, however, must be treated with extreme caution as in the case of 

[CH{C(Me)N(Dipp)}2}Mg(BH4)], the hydrides were not independently located. 

It was hypothesised this strong Mg···H2BR2 interaction could be responsible for 

inhibiting the deprotonation of the anilinoborane. The reaction was reattempted with more 

stringent attention to stoichiometry and interrogation of the resultant 
1
H and 

11
B NMR 

spectra. In the latter spectrum, a single resonance previously attributed to DippN(H)BR2 was 

the only observable boron environment. Two species could be identified based on their 

proton resonances, however; DippN(H)BR2 and peaks attributable to the previously reported 

β-diketiminate magnesium hydride Ih could be identified. This result suggests that, when 

not in excess, the 9-BBN does not inhibit the deprotonation of DippN(H)BR2 via the 

formation of 14. Rather the proposed intermediate metal hydride does indeed form but is 

unable to deprotonate the bulky DippN(H)BR2. Nevertheless, the persistence of this 

Mg···H2BR2  species in the presence of excess borane may well be responsible for the 

limitations in the catalytic activity for Ib in N-B dehydrocoupling with 9-BBN. 

It is informative to compare 14 to the previously reported analogous β-diketiminato 

calcium dialkylborohydride, Il. Although Il was the result of a stoichiometric B-N coupling 

which occurred via σ-bond metathesis, this species was unable to effect catalytic B-N 

coupling. Structural comparison of 14 and Il shows a number of contrasts; whilst 14 

crystallises as a single conformer, Il shoes two conformeric forms, as shown in Figure 4.4. 

 

Figure 4.4 The two conformeric forms of Il observed crystallographically. 

Whilst in Il(a) the hydride ligands and nitrogen atoms of the β-diketiminate ligand are 

coplanar, in Il(b) these ligands are orthogonal. A further notable feature is an agostic 

interaction from the hydrocarbon framework of the 9-BBN. In contrast 14 shows only one 
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conformer, that analogous to Il(a) and no such agostic interaction is present. Finally, 

comparison of the M···H2BR2 distances reflects the variation in cation size between these 

species. Whilst in 13 the Mg-B distance is 2.309 Å and the Mg-H interactions of an identical 

length, in Il the former distance is far longer (Il(a): 2.542 Å, Il(b): 2.550) and the 

conformation of the 9-BBN fragment indicate two different B-H-Ca bond lengths and 

angles. These data could be indicative of two bonding extremes; whilst the Mg···H2BR2 

interaction is dominated by covalent Mg-H and B-H interactions, the Ca···H2BR2 interaction 

is a predominantly ionic one, wherein a tightly bound ion pair of [LCa][H2BR2] is present. 

Such a species would be precluded from the dissociation of the 9-BBN from the LMH 

fragment which seems to be essential for catalytic activity in 14 and may thus account for 

the catalytic inability of Il in boron-nitrogen dehydrocoupling with 9-BBN. Further credence 

for this hypothesis is provided by the observed activity for B-N dehydrocoupling of the 

calcium precatalyst If, when utilising pinacol(borane) as a coupling partner Scheme 4.1. 

This latter observation can be accounted for as a consequence of the reduced Lewis acidity 

of the pinacol(borane) coupling partner which would render such a H···B interaction far 

more labile. 

These stoichiometric investigations suggested reactivity occurring via a series of σ-bond 

metathesis steps: deprotonation of an amine followed by an M-N/E-H σ-bond metathesis, to 

yield a magnesium hydride and an E-N bond which can, but is not always, deprotonated by 

the hydride. Notably, under a superstoichiometric regime wherein the concentrations of 

hydride source and amine are in large excess, this metal hydride would deprotonate another 

equivalent of amine allowing catalytic turnover. Consistent with the observations from the 

scope study, once again a variety of steric and electronic effects can again be observed 

contingent both on steric bulk and Lewis acidity of the hydride source. 

4.5 Kinetic Analyses 

Utilising 
1
H NMR spectroscopy, a kinetic study was undertaken to help elucidate the 

mechanism of the σ-bond metathesis between amines and silanes or boranes, centring on the 

reaction of N-methylaniline with diphenylsilane, pinacolborane and 9-BBN as catalysed by 

Ib (Scheme 4.3). These coupling partners were selected as the reaction occurs in a 

practicable timeframe and yields a range of well defined products with NMR resonances 

which give valid integrations. NMR solutions were prepared in the glovebox, immediately 

cooled to 193 K upon removal and allowed to warm to room temperature in the 

spectrometer. Concentrations of substrate and product were followed by integration over 

three half-lives. 
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Scheme 4.3 The dehydrocoupling of N-methylaniline and pinacol(borane), 9-BBN and 

diphenylsilane mediated by Ib investigated in this kinetic study. 

An initial analysis of the turnover frequency for these dehydrocoupling partners was 

thus undertaken. Although the acquisition consistent data was somewhat complicated by the 

experimental requirement to perform reactions with the silane coupling partner at elevated 

temperature, Arrhenius analysis (vide infra) was utilised to model consistent data for 298 K. 

Hydride Source TOF (h
-1

) 

9-BBN 26.4(28) 

PinBH 9935(1353) 

Ph2SiH2 2.5(5)* 

 Table 4.4 Turnover frequency data (298 K) for the dehydrocoupling of N-methyaniline 

and 9-BBN, pinacol(borane) and diphenylsilane mediated by Ib. *Calculated via Arrhenius 

modelling to allow direct comparison. Data collected at 343 K. 

The results of this initial study (Table 4.4) mirror the results of the scope study, with 

boranes far outstripping the silane in their ability to undergo dehydrocoupling with this 

aniline coupling partner. 

4.5.1 Order of Reactants for 9-BBN 

To analyse the order in catalyst, a 1:1 mixture of aniline and borane was reacted at a 

range of loadings of Ib (Figure 4.5). This data, showing the reaction to be first order overall 

was then analysed via a best fit plot of rate against loading to find the order in catalyst as 

shown in Figure 4.6. These analyses indicated the reaction to be ½ order in Ib. 
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Figure 4.5 The overall first-order plot of ln([amine]t/[amine]0) against time for a range 

of Ib concentrations. 

 

Figure 4.6 The plot of observed rate constant (kobs) against catalyst loading for a range 

of Ib concentrations. 

Subsequent to this, the orders in aniline and borane were determined via a pseudo-first 

order methodology in which a tenfold excess of aniline was reacted with a single equivalent 

of borane and vice versa. The consumption in limiting reagent with time was then fitted to 

an order, as shown in Figure 4.7. This data, with a tenfold excess of amine, was judged to 

indicate a 0 order dependence on [9-BBN], assuming the first order kinetics of the overall 

reaction are an indicator that the reaction rate is independent of [9-BBN]. 
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Figure 4.7 The overall first-order plot of f([borane]t/[borane]0) against time for a 

reaction with a tenfold excess of N-methylaniline. 

Unfortunately, the addition of a tenfold excess of borane appeared to inhibit the reaction 

to such an extent that no data could be acquired. This inhibition can be rationalised based 

upon the stoichiometric results previously observed for this reaction wherein the presence of 

a excess borane was found to yield persistent formation of a β-diketiminato magnesium 

borohydride, which may well be catalytically inactive and present in far larger proportions 

when a vast excess of 9-BBN is added. It is nevertheless possible to formulate a rate law for 

this reaction as shown below (Equation 4). 

𝑟𝑎𝑡𝑒 = 𝑘 [𝑰𝒃]½[𝑏𝑜𝑟𝑎𝑛𝑒]0[𝑎𝑚𝑖𝑛𝑒]1 

Equation 4 

4.5.2 Order of Reactants for pinacol(borane) 

Using an analogous methodology as that utilised for 9-BBN, the order of reagents for 

the dehydrocoupling of pinacol(borane) with N-methylaniline was assessed. The reaction 

was judged to be first order overall (Figure 4.8). A best fit plot of rate against Ib indicated a 

second-order dependence on catalyst concentration (Figure 4.9).  
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Figure 4.8 The overall first-order plot of ln([amine]t/[amine]0) against time for a range 

of Ib concentrations. 

 

Figure 4.9 The plot of observed rate constant against catalyst loading for a range of Ib 

concentrations. 

Experiments performed with a tenfold excess of pinacol(borane) indicated a 0 order 

dependence on aniline concentration, as shown in Figure 4.10. By process of elimination, 

similar to that assumed in the derivation of Equation 4, it is thus possible to imply the 

reaction is first order in [PinBH]. 
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Figure 4.10 The overall first-order plot of f([amine]t/[amine]0) against time for a 

reaction with a tenfold excess of pinacol(borane). 

With these data in hand it is further possible to formulate a rate law for this process, 

distinct from that of its dialkylborane analogue as shown in Equation 5. 

𝑟𝑎𝑡𝑒 = 𝑘 [𝑰𝒃]2[𝑏𝑜𝑟𝑎𝑛𝑒]1[𝑎𝑚𝑖𝑛𝑒]0 

Equation 5 

 

4.5.3 Order of Reactants for diphenylsilane 

The reaction between diphenylsilane and N-methylaniline was thus investigated. An 

equimolar reaction was judged to show zero-order overall behaviour (Figure 4.11) and a 

series of catalyst loading experiments indicated a ½ order dependence upon Ib as shown in 

Figure 4.12. 
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Figure 4.11 The overall first-order plot of ln([amine]t/[amine]0) against time for a range 

of Ib concentrations at 343 K. 

 

Figure 4.12 The plot of observed rate constant against catalyst loading for a range of Ib 

concentrations at 343 K. 

When a tenfold excess of diphenylsilane was subsequently investigated, this indicated a 

-1 order dependence upon [aniline] which, by elimination, suggested a first-order 

dependence on [silane], as summarised in Figure 4.13. 
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Figure 4.13 The overall -1 order plot of f([amine]t/[amine]0) against time for a reaction 

with a tenfold excess of diphenylsilane at 343 K. 

These analyses once again allowed the formulation of a rate law, independent of that 

derived for the prior reactions. 

𝑟𝑎𝑡𝑒 = 𝑘 [𝑰𝒃]½[𝑠𝑖𝑙𝑎𝑛𝑒]1[𝑎𝑚𝑖𝑛𝑒]−1 

Equation 6 

4.5.4 Eyring and Arrhenius Analyses for 9-BBN, pinacolborane and 

diphenylsilane 

Subsequently, analysis was undertaken into the effect of temperature upon these 

reactions, as summarised in Figure 4.14-Figure 4.16. 
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Figure 4.14 The variable temperature plots for N-methylaniline-9-BBN coupling 

mediated by Ib. 

 

Figure 4.15 The variable temperature plots for N-methylaniline-pinacol(borane) 

coupling mediated by Ib. 
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Figure 4.16 The variable temperature plots for N-methylaniline-diphenylsilane coupling 

mediated by Ib. 

Utilising Arrhenius and Eyring analysis techniques, key parameters relating to the rate 

determining step can be derived (Figure 4.17 and Figure 4.18) and are thus summarised in 

Table 4.5. 

 

Figure 4.17 The Arrhenius analysis to elucidate the activation energy for the rate 

determining step of N-methylaniline-hydridic reagent dehydrocoupling catalysed by Ib. 
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Figure 4.18 The Eyring analysis to elucidate the activation enthalpy and entropies for 

the rate determining step of N-methylaniline-hydridic reagent dehydrocoupling catalysed by 

Ib. 

 Ea (kcal mol
-1

) ΔH
‡
 (kcal mol

-1
) ΔS

‡
 (cal mol-1 K

-1
) ΔG

‡
298 (kcal mol

-1
) 

9-BBN 29.5(7) 29.9(7) 20.0(25) 23.0 

PinBH 9.8(7) 9.2(7) –47.9(25) 23.5 

Ph2SiH2 16.4(8) 15.7(8) –33.1(24) 25.6 

Table 4.5 Activation parameters for the catalytic dehydrocoupling of N-methylaniline 

with a range of hydridic reagents mediated by Ib. 

Consideration of the activation energy for these processes shows a somewhat striking 

divergence from the observed turnover frequencies. Whilst pinBH enjoys a 7 kcal mol
-1

 

advantage over silane, as would be suggested by the order of magnitude difference in their 

turnover frequencies (Table 4.4), 9-BBN would, from consideration of the activation 

energies alone, be expected to be the slowest coupling partner. 

In contrast to these results, consideration of the ΔG
‡
 values is more informative. In the 

case of this measure the trend in endergonicity more closely mirrors that of turnover 

frequency. This striking divergence can be attributed to the observed values for the entropy 

of activation. Extensive precedent both herein and in the literature has indicated the 

profound effect of entropic effects in the rate determining steps of Group 2 catalysis. Whilst 

both phenylsilane and pinacol(borane) provide negative entropies of activation, indicative of 

highly ordered transition states, 9-BBN was observed to show a positive entropy of 

activation. The resultant inference of a strongly disordered transition state readily mitigates 
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the distinct enthalpic penalty which the 9-BBN system suffers upon achieving the rate 

determining transition state. 

With these data in hand, and with consideration of the previously derived rate laws for 

these reactions, it is possible to speculate upon the nature of the rate determining step for 

each of these transformations. Notably, each reaction appears to occur by a distinct 

mechanistic pathway. 

9-BBN showed a ½-order dependence on [Ib], such a dependence on catalyst can be 

readily accounted for via a dimeric catalytic system. Given the dimeric nature of a number of 

the β-diketiminate magnesium hydrides and borohydrides reported in the literature, a 

consequence of the unique steric and electronic properties of the hydride ligand, this result is 

somewhat unsurprising. Such a species may be a hydride bridged dimer, similar to Ih but is 

more likely, given the distinct Lewis acidity of 9-BBN, to be a dimer bridged by one 

borohydride and one hydride. Furthermore, the first order dependence on [amine] may be 

indicative of a rate determining protonolysis, in a manner reminiscent of the silicon-nitrogen 

dehydrocoupling mediated by IIa described in Chapter 2. Whilst the activation parameters 

derived for the silicon-nitrogen dehydrocoupling of IIa indicated a highly ordered transition 

state (ΔS
‡
 = –29.8(6)), with a moderate ΔH

‡
 (13.9(2)), the dehydrocoupling of 9-BBN and 

N-methylaniline mediated by Ib occurs via assembly of a far more disordered transition 

state, with the occurrence of a  greater degree of bond breaking necessary to achieve this 

transition state. Such parameters are most readily accounted for by considering the 

consequences of the apparent dimeric nature of the catalyst in this reaction, and would 

indicate a significant degree of dimer cleavage in the transition state, as summarised in 

Scheme 4.4. 

 

Scheme 4.4 The proposed rate determining step and transition state for the 

dehydrocoupling of N-methylaniline and 9-BBN mediated by Ib. 

As shown, protonolysis, occurring in a concerted fashion with dimer cleavage, yields a 

ligated magnesium amide and a borohydride, structurally analogous to 14, with this 

transformation constituting the rate determining step. A subsequent rapid B-N coupling 
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could be envisaged to proceed by one of two possible paths; a subsequent interaction of the 

magnesium amide with an equivalent of 9-BBN, which undergoes a rapid σ-bond metathesis 

to form the product aminoborane and a metal hydride which interacts with the magnesium 

borohydride produced in the rate determining step to yield the hydrido-borohydride dimer 

postulated to be involved in such a step may be envisaged. Alternatively, direct interaction 

between the products of the rate determining step, most likely via a dissociation of the 9-

BBN fragment from the borohydride, might yield the B-N coupling and a hydride bridged 

dimer, structurally related to Ih. The reaction of this with 9-BBN thus once again yields the 

catalytic species involved in the rate determining step. 

In contrast, the reaction of pinacol(borane) with N-methylaniline mediated by Ib showed 

both a distinct rate law and activation parameters. A second order dependence on [Ib] was 

observed, with only a first order dependence on [PinBH]. Furthermore, the ΔS
‡
 value 

suggested a highly ordered transition state but only a modest ΔH
‡
 was observed. These data 

were close to those derived by Sadow and co-workers for silicon-nitrogen dehydrocoupling 

mediated by VII, wherein they postulated a rate determining nucleophilic attack of a 

magnesium bound amide on the silane (ΔH
‡
: 5.9(2), ΔS

‡
: -46.5(8) kcal mol

-1
). Although it is 

likely that such a rate determining step is occurring here also, such a hypothesis does not 

account for the observed second-order dependence on [Ib]. This dependence, however, can 

be accounted for by consideration of the ligand variation between VII and Ib. VII is ligated 

by a tris(oxazolyl)borate, a tridentate ligand which may be able to support a terminal 

magnesium hydride in solution. In contrast, with the exception of one striking example 

reliant on a super-bulky β-diketiminate,
23

 no terminal 3-coordinate magnesium species have 

been described. In order to stabilise the product of the subsequent N-B coupling, a metal 

hydride, a second equivalent of β-diketiminate magnesium borohydride could be envisioned 

to be required to yield an active species. In this case, the product is a dimeric magnesium 

hydrido-borohydride, identical to one previously structurally characterised. Protonolysis of 

this species with N-methylaniline would thus yield the magnesium amide and borohydride 

species required to come together to access the rate determining step in a pre-equilibria 

which contributes the second-order dependence on catalyst to the rate law (Scheme 4.5). 
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Scheme 4.5 The proposed rate determining step and transition state for the 

dehydrocoupling of N-methylaniline and PinBH mediated by Ib. 

Such a scheme seems somewhat contrived given the evident nucleophilicity of the 

monomeric β-diketiminato magnesium amide which could thus attack the pinacol(borane) 

and yield turnover. It is likely, however, that even if such reactivity is occurring in solution, 

a Curtin-Hammett effect inhibits the produced monomeric magnesium amidoborane from 

contributing to reactivity as the subsequent hydride transfer, which would yield an 

unprecedented three-coordinate magnesium hydride, is slowed to such an extent that the 

pathway in Scheme 4.5 instead dominates. 

Finally, when considering the diphenylsilane coupling partner, a divergent rate law is 

once again observed. A ½-order dependence on [Ib] is once again deduced, liable to be 

indicative of a persistent dimer. In contrast to both borane coupling partners, however, this 

reaction suggested an inhibitory effect of aniline, indicating a -1-order dependence on 

[amine], with a first order dependence on [silane] being thus implied. The activation 

parameters once again suggest a highly ordered transition state with limited bond breaking, 

and are comparable with both that for pinacol(borane) coupling mediated by Ib and silicon-

nitrogen dehydrocoupling mediated by VII. Although these data can be again accounted for 

by a rate determining nucleophilic attack on the silane coupling partner, owing to the 

reduced Lewis acidity of the silane, it is far less likely that the catalyst dimer is held together 

by a bridging H-Si interaction. Thus the dimer is liable to be either hydride or anilide 

bridged, and structurally related to Ij. In the presence of excess aniline, a reversible donor 

interaction from the aniline to the catalyst dimer can be envisaged which, owing to the steric 

congestion of this species may prevent approach of the silane. As such, the observed -1 order 
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in aniline can be readily accounted for by a dissociative pre-equilibrium upon which the 

subsequent nucleophilic attack is contingent (Scheme 4.6). 

 

Scheme 4.6 The proposed rate determining step and transition state for the 

dehydrocoupling of N-methylaniline and diphenylsilane mediated by Ib. 

With these data in hand, a number of key conclusions may thus be drawn. Boron-

nitrogen dehydrocoupling can be readily mediated by Ib, alongside silicon-nitrogen 

dehydrocoupling. This reactivity shows a relatively wide range of substrate tolerance and 

occurs in practicable timeframes. More interesting, however, are the mechanistic nuances 

once again indicated by the kinetic study. Alongside effects from solution molecularity, 

coordinative unsaturation and ancillary ligation, in a manner reminiscent of the results 

described in Chapter 2, a number of other factors can now be added to considerations of 

dehydrocoupling activity of magnesium precatalysts. To wit, Lewis acidity of coupling 

partners appears to have a profound effect on not only the rate but also the mechanism of 

dehydrocoupling catalysis. These factors are, partially at least, a consequence of the 

privileged position of the hydride ligand as being both electronically and sterically unique 

but further being able to interact with highly Lewis acidic substrates. These observations 

once again build on the mechanistic complexity of Group 2 mediated dehydrocoupling 

catalysis, and add observations which provide essential insight to further analysis of these 

intriguing reactions. 

 

 



153 

 

4.6 Experimental 

[CH{C(Me)N(Dipp)}2}Mg{N(Dipp)Si(H)2Ph}], 12 

To a toluene solution (3 mL) of Ib (50 mg, 0.1 mmol) was added DippNH2 (18.85 µL, 

0.1 mmol) and the resultant solution, which initially bubbled, allowed to sit for 1 h. After 

this time was added phenylsilane (12.3 µL, 0.1 mmol) and a bubbling noted again. After 1 

h., removal of solvent in vacuo yielded a sticky residue which was diluted with hexane (0.3 

mL). The resultant suspension had toluene added dropwise until dissolution and the resultant 

solution was chilled to -34°C yielding material suitable for crystallographic characterisation 

(34 mg, 47%). 

1
H NMR (400 MHz, Tol)  ppm 0.86 (d, J=7.07 Hz, 12 H, H3CCHCH3) 1.05 (d, J=6.82 

Hz, 4 H, H3CCHCH3) 1.09 (d, J=6.82 Hz, 8 H) 1.17 (d, J=6.82 Hz, 12 H, H3CCHCH3) 1.52 

(s, 6 H, H3C) 3.09 (br. spt, 4 H, H3CCHCH3) 3.55 (spt, J=6.80 Hz, 1 H, H3CCHCH3) 4.79 (s, 

1 H CH3CCHCCH3)) 4.91 (s, 2 H, SiH) 6.79 - 7.14 (m, 14 H, ArH); 
13

C NMR (Tol 

,101MHz):  = 171.5, 147.4, 145.0, 143.7, 142.3, 138.0, 134.8, 127.4, 126.3, 124.4, 123.8, 

121.5, 96.2, 29.1, 27.5, 24.8, 24.6, 24.5, 24.3 ppm. 

Anal. calc’d for C47H65MgN3Si: C, 77.92; H, 9.04; N, 5.80%. Found: C, 77.78; H, 9.17; 

N, 5.75%. 

 

 [CH{C(Me)N(Dipp)}2}Mg{N(Dipp)Bpin}], 13 

To a toluene solution (3 mL) of Ib (50 mg, 0.1 mmol) was added DippNH2 (18.85 µL, 

0.1 mmol) and the resultant solution, which initially bubbled, allowed to sit for 1 h. After 

this time was added pinacol(borane) (14.4 µL, 0.1 mmol) and a bubbling noted again. After 

1 h., the resultant solution had solvent removed in vacuo to incipient crystallisation and was 

chilled to -34°C yielding material suitable for crystallographic characterisation (27 mg, 

34%). 

 

1
H NMR (300 MHz, Tol)  ppm 0.48 - 0.67 (m, 12 H, OC(CH3)2) 0.70 (s, 6 H, 

H3CCHCH3) 0.73 - 0.85 (m, 12 H, H3CCHCH3) 0.91 (dd, J=6.69, 3.11 Hz, 12 H, 

H3CCHCH3) 1.05 - 1.15 (m, 6 H, H3CCHCH3) 1.33 (s, 4 H) 2.89 (spt, J=6.80 Hz, 4 H, 

H3CCHCH3) 3.04 (spt, J=6.80 Hz, 1 H, H3CCHCH3) 4.58 (s, 1 H, CH3CCHCCH3) 6.60 - 

6.88 (m, 9 H, ArH); 
13

C NMR (Tol ,75MHz):  ppm 170.3, 145.7, 142.9, 141.5, 140.4, 
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125.4, 123.4, 122.6, 120.0, 95.7, 82.7, 82.4, 31.7, 28.5, 28.1, 27.9, 24.6, 24.5, 24.4, 24.1, 

23.8, 22.8, 14.0; 
11

B NMR (96MHz, Tol): δ = 32.1 (s). 

Anal. calc’d for C47H70BMgN3O2: C, 75.85; H, 9.48 N, 5.65%. Found: C, 75.65; H, 

9.56; N, 5.77%. 

                                                                                                                         

[CH{C(Me)N(Dipp)}2}Mg(THF)(H2B{CHCH2CH2CH2}2)], 14 

To a toluene solution (3 mL) of Ib (50 mg, 0.1 mmol) was added DippNH2 (18.85 µL, 

0.1 mmol) and the resultant solution, which initially bubbled, allowed to sit for 1 h. After 

this time was added 9-BBN (12.2 mg, 0.1 mmol) and a bubbling noted again. After 1 h., the 

resultant solution had solvent removed in vacuo to incipient crystallisation and was chilled 

to -34°C yielding a powder. Three drops of THF were thus added and chilling to -34°C 

yielded material suitable for crystallographic characterisation (52 mg, 82%). 

 

1
H{

11
B} NMR (300MHz, d8-THF) δ ppm 1.01 (dd, 12H, H3CCHCH3), 0.89-1.69 (m, 

12H, 9-BBN), 1.80 (s, 6H, H3C), 3.30 (sept, 2H, H3CCHCH3), 3.39 (s, H, H2-B), 4.79 (s, 1H, 

CH3CCHCCH3), 6.89-7.30 ppm (m, H, aromatic); 
13

C NMR (benzene-d6 ,75MHz)  ppm 

169.4, 145.3, 142.5, 125.4, 123.9, 95.0, 67.9, 27.4, 26.0, 24.7, 24.2, 23.9, 23.2, 14.2; 
11

B 

NMR (96MHz, d8-THF): δ ppm -14 (d, R2B-H2-Mg) . 

Anal. calc’d for (%) for C41H65BMgN2O C, 77.30; H, 10.28; N, 4.40%. Found: C, 79.11; 

H, 9.80; N, 4.89%. 

 

Aminoboranes were synthesised according to conditions noted in Table 4.2 and 

identified by comparison to literature compounds. Novel compounds are characterised 

hereafter. 

BuN(H)Bpin 

1
H NMR (300 MHz, benzene-d6) δ ppm 2.92 (q, J=6.8 Hz, 2 H), 2.07 (br. s, 1 H), 1.19 - 

1.23 (m, 4 H), 1.10 - 1.17 (m, 12 H), 0.81 ppm (t, J=7.5 Hz, 3 H); 
13

C NMR (benzene-d6 

,75MHz): δ ppm 82.1, 41.4, 36.4, 25.2, 20.3, 14.4; 
11

B NMR (96 MHz, benzene-d6) δ ppm 

28.04 (s). 
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tBuN(H)Bpin 

1
H NMR (300 MHz, benzene-d6)  ppm 1.12 (s, 12 H) 1.21 (s, 9 H); 

13
C NMR (benzene-

d6 ,75MHz):  ppm 81.7, 32.6, 25.3, 25.1; 
11

B NMR (96 MHz, benzene-d6)  ppm 27.33 (s). 

 

tBuN(Bpin)2 

1
H NMR (300 MHz, benzene-d6)  ppm 1.20 (s, 3 H), 1.12 (s, 6 H), 1.00 (s, 24 H); 

13
C 

NMR (benzene-d6 ,75MHz):  ppm 83.5, 32.6, 25.3, 25.1; 
11

B NMR (96 MHz, benzene-d6)  

ppm 31.63 (s). 

 

DippN(H)Bpin 

1
H NMR (300 MHz, benzene-d6)  ppm 1.15 (s, 24 H) 1.30 (d, J=6.78 Hz, 24 H) 3.49 

(m, J=6.88 Hz, 4 H) 7.10 - 7.22 (m, 3 H); 
13

C NMR (benzene-d6 ,75MHz):  ppm 145.8, 

136.4, 126.3, 123.6, 82.8, 29.0, 25.0, 24.2; 
11

B NMR (96 MHz, benzene-d6)  ppm 27.52 (s). 
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 12 13 14 

Empirical formula C47H65MgN3Si C47H70BMgN3O2 C96H146B2Mg2N4O2 

 Formula weight (g mol
-1

) 724.42 744.18 1457.40 

 Crystal system Monoclinic Triclinic Triclinic 

 Space group P21/n P-1 P-1 

a (Å) 12.0310(2) 10.4810(4) 10.6157(2) 

b (Å) 21.6920(3) 12.1080(4) 11.7803(3) 

c (Å) 17.0200(3) 18.7980(5) 11.7803(3) 

α (°) 90 94.881(2) 84.5660(10) 

β (°) 94.632(1) 103.832(2) 84.3360(10) 

γ (°) 90 104.473(2) 84.3360(10) 

 V (Å) 4427.31(12) 2216.08(13) 2228.54(8) 

 Z 4 2 1 

 ρ (g cm
-3

) 1.087 1.115 1.086 

μ (mm
-1

) 0.101 0.079 0.075 

θ range (°) 3.70 to 27.42 5.39 to 25.05 3.07 to 30.07 

Measured/independent 

reflections/ Rint 

69316 / 10038 / 

0.0786 

7761 / 5250 / 

0.0918 

43046 / 12947 / 

0.0595 

 Data / restraints / 

parameters 

10038 / 0 / 491 7761 / 0 / 505 12947 / 0 / 531 

 Goodness-of-fit on F
2
 1.049 1.030 1.019 

R1, wR2 [I > 2σ(I)] 0.0523, 0.1123 0.0565, 0.1249 0.0514, 0.1182 

R1, wR2 (all data) 0.0923, 0.1306 0.0960, 0.1488 0.0837, 0.1356 

 

Notes on crystallographic refinement: 

12 H1 and H2 (attached to Si1) were located and refined without restraints. 

13 Data truncated to a Bragg angle of 25
o
 because of a consequent fall-off in diffracting 

ability that reflects a very small crystal size. 

14 The asymmetric unit consists of one Mg complex and solvent molecules of toluene. 

The THF ligand in the Mg complex shows disorder in the ratio 80:20 with the minor 

part refined isotropically. Both solvent molecules are located about a centre of 

inversion. One molecule is complete with 50 % occupation factor and the other is 

half a molecule with full occupation. 
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5. Single Electron Transfer Steps in Group 2 Catalysis 

5.1 Introduction 

The stable nitroxyl radical, TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy),
1
 has 

attracted widespread interest since its first synthesis in 1960. Much of this attention has 

centred on its utility in polymer synthesis,
2
 organic oxidation reactions

3
 and, due to its 

persistent radical character, in molecular magnetism.
4
 Although the use of TEMPO as a 

radical donor ligand is dominated by reports of redox active d-block complexes,
5
 there is 

also more limited precedent for the use of TEMPO in d
0
 f-

6
 and s-block complex chemistry.

7-

10
 Mulvey and co-workers reported the first Group 1 and 2 complexes of TEMPO in 2001,

7
 

noting not only its coordination as a neutral two electron donor but also its ability to adopt 

an anionic electron configuration when ligating Group 2 cations in complexes of the form 

[{(Me3Si)2N}Mg{µ-TEMPO}]2 (XI). A subsequent, elegant report from this group of single 

electron transfer (SET) from elemental Group 1 metals to TEMPO yielded a structurally 

diverse series of [LnM{OTEMP}] compounds (M = Li, Na, K, Rb, Cs, L = THF, 

Me2NCH2CH2NMe2) once again containing TEMPO anions (hereafter referred to as 

TEMPOxide).
8
  

 

Figure 5.1 The “chameleonic” nature of the TEMPO/TEMPOxide ligand set as 

exemplified by its SET activity on MgBu2. 
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A demonstration of TEMPO reactivity with Group 2 reagents has also been observed by 

Fedushkin et al who reported SET with a magnesium complex mediated by a redox active 

1,2-bis(arylimino)acenaphthene (BIAN) ligand.
10

 Furthermore, stoichiometric SET to a 

variety of organomagnesium reagents is well precedented yielding a variety of C-C and C-N 

coupled products.
11

 Although this reactivity has not yet been extended to magnesium 

hydride species, it is notable that Jones et al have described the stoichiometric reaction of 

TEMPO with a range of Group 13 hydrides yielding molecular dihydrogen alongside the 

formation of TEMPOxide ligated to the relevant Group 13 centre.
12

 Similarly, Stephan and 

co-workers have described the effect of TEMPO upon [Zn{C5Me5}2], yielding 

[Zn{OTEMP}2]6 and the radical coupling product derived from the C5Me5
-
 ligands.

13
 In 

contrast to these SET-derived products, a number of f
n
d0 or p-block metal containing 

adducts of the TEMPO radical are also known, including [{TEMPO}MX3] (M = B, X = Br; 

M = Al, X = Cl, Br)
14

 and [RE
III

(hfac)3(TEMPO)2] (RE = Y, Ln, Gd)
15

 alongside those 

described by Mulvey and co-workers.
7
 

While reductive processes, based on Group 2 hydride intermediates generated by 

metathesis of silane and borane reagents at amide- and alkoxide-ligated centres, have 

dominated recent progress, as shown in chapters 1-4,
17

 all previous work in Group 2 

catalysis has been contingent on 2-electron processes. As a result, introduction of single 

electron transfer steps into Group 2 mediated manifolds would be an attractive goal. Thus, 

an investigation into the activity of the stable radical TEMPO upon Group 2, inspired by 

previous stoichiometric reports, was undertaken. 

5.2 Stoichiometric Reactivity of TEMPO with Magnesium Species 

 Our initial investigation centred upon β-diketiminate complexes of magnesium 

[CH{C(Me)NDipp}2}Mg
n
Bu] (Ib)

18
 and [CH{C(Me)NDipp}2}MgH]2 (Ih)

19
. Gratifyingly, 

the action of TEMPO upon both these species evidenced SET characteristics with almost 

instantaneous extinction of the red colour associated with TEMPO. Monitoring by 
1
H NMR 

spectroscopy revealed that compound Ib had undergone a well-precedented alkyl coupling 

to form n-octane, while compound Ih, in reactivity reminiscent of that reported Group 13 

hydrides, provided a pronounced bubbling of molecular dihydrogen (Scheme 5.1). 

Alongside the desired small molecule product of this reaction, a magnesium complex (15) 

was isolated and characterised by NMR spectroscopy and single crystal X-ray diffraction 

analysis (Figure 5.2). 
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Scheme 5.1 The reaction between a series of β-diketiminato magnesium complexes and 

TEMPO yielding a TEMPOxide and radical coupling product. 

 Although the coordination environment of compound 15 is otherwise comparable to 

Fedushkin’s BIAN derivative,
10

 wherein the nitroxide displays significant pyramidalisation 

indicative of single electron reduction of the radical starting material, the two compounds 

differ significantly in the mode of binding of the TEMPOxide ligand. Whereas the 

TEMPOxide binds in an unambiguous 
1
 coordination mode through the terminal oxygen 

centre in 15, coordination to the BIAN-coordinated magnesium occurs through both of the 

nitroxide nitrogen and oxygen centres
10

 and repeating the reaction which yielded 15 yielded 

a THF free analogue, 15ʹ, which contained a magnesium centre in a similar coordination 

environment. 15ʹ, however, was of poor crystalline quality and thus only connectivity could 

be established and no meaningful comparisons on bond length or angle data can thus be 

made. It is, however, clear that the coordination variation of the TEMPOxide fragment 

between 15 and the BIAN complex is a direct result of the presence of the THF atom, and 

this adjustment results in a significant shortening of the Mg-O distance within compound 15 

(1.8887(13) versus 1.9061(10) Å). 
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Figure 5.2 ORTEP representation of 15  and 15ʹ (30% probability ellipsoids). Iso-propyl 

methyl groups and hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles 

(°) for 15: Mg1-N1 2.0915(15), Mg1-O2 1.8887(13), O2-N3 1.4423(1), Mg1-O2-N3 

125.60(11), N1-Mg1-N2 92.65(6), C34-N3-C40 117.1(1). Repetition of the reaction in 

toluene omitting THF yielded 15ʹ in which pseudo-merohedral twinning prevented complete 

refinement, nevertheless the compound is presented as connectivity was unambiguous. 



163 

 

 

 Attempts to extend this reactivity to a catalytic manifold, reliant upon the conversion 

15 into Ih via σ-bond metathesis, were undertaken utilising phenylsilane as a hydride source. 

Unfortunately no reactivity between 15 and PhSiH3 was observed which was attributed to 

the steric demands of the various substituents surrounding the magnesium centre and 

precluding approach of the silane reagent. 

 Consequently, attention turned to the homoleptic magnesium amide IIa due to the 

reduced steric congestion of the magnesium centre. Gratifyingly, the reaction between 

phenylsilane and TEMPO in the presence of 10 mol% IIa in C6D6 induced an observable 

bubbling and the decolourisation of the solution over the course of days. Analysis of the 

resultant solution by NMR spectroscopy also confirmed the formation of a new silane 

containing species, proposed to be TEMPOSi(H)2Ph, forming via a catalytic manifold reliant 

upon both SET and σ-bond metathesis (Scheme 5.2). The reaction was optimized with 

respect to a small range of solvents, with the donor solvent d8-THF showing a vast 

superiority in reaction rate to both aromatic solvents investigated, C6D6 and d8-toluene. 

 

 

Scheme 5.2 The proposed catalytic cycle predicated on σ-bond metathesis and SET 

steps to yield an oxidative coupling of H2 and a TEMPO-silylether. 

  

 In order to elucidate the intermediate species participating in this reaction, a series of 

stoichiometric investigations were undertaken. Reaction of di-butylmagnesium with two 

equivalents of TEMPO in THF yielded stepwise activation of the magnesium bound butyl 

groups giving rise to a crystallographically characterised heteroleptic TEMPOxide-alkyl 

[(THF)Mg(OTEMP)(Bu)]2 (16) (Figure 5.3) and the desired homoleptic magnesium 
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TEMPOxide complex, [(THF)Mg(OTEMP)2]2 (17), which was isolated and characterised by 

NMR spectroscopy and a further single crystal X-ray diffraction analysis (Figure 5.4).  

Both species are dimeric with bridging TEMPOxide ligands. In the case of 16 the butyl 

ligands adopt a terminal arrangement, analogous to the hexamethyldisilazide ligands in 

Mulvey’s structurally related complex, XII.
7
 In contrast to this species, however, the 

coordination sphere of the magnesium is completed by a THF ligand. This seems, however, 

to have a limited effect upon the Mg-O bond lengths of the bridging TEMPOxides, which 

are in the range of those reported by Mulvey. Finally, pyramidalisation of the TEMPOxide 

nitrogens, an indication of a loss of radical character, further confirms the TEMPOxide 

ligands to be binding in a reduced, anionic form. 

 

Figure 5.3 ORTEP representation of 16 (30% probability ellipsoids). Hydrogen atoms 

omitted for clarity. Selected bond lengths (Å) and angles (°): Mg1-C4 1.9909(16), Mg1-O2 

1.9883(16), O2-N1 1.451(2), Mg1-O2-N1 106.81(11), C9-N1-C15 117.88(17), C9-N1-O2 

108.59(15), C15-N1-O2 110.34(15), Mg1-O2-Mg2 97.46(7). 

Similarly, the dimeric structure of compound 17 comprises terminal and bridging 

TEMPOxide ligands. Once again, the bridging Mg-O interactions within the structure of 17 

[1.9869(11), 1.9891(1) Å] are similar to those of XII,
7
 but are significantly elongated in 

comparison to both the terminal distances within the dimeric unit itself [1.8848(11) Å] and 
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the unique TEMPOxide ligand of compound 15. Notably, the pyramidalisation of the 

TEMPO nitrogens is again present, indicative of the anionic character of the TEMPOxide 

ligands. 

 

 

Figure 5.4 ORTEP representation of 17 (30% probability ellipsoids). Hydrogen atoms 

omitted for clarity. Selected bond lengths (Å) and angles (°): Mg1-O1 1.8848(11), Mg1-O2 

1.9869(11), O1-N1 1.4420(15), O2-N2 1.4551(15), Mg1-O1-N1 130.91(9), C1-N1-C7 

109.97(11), Mg1-O2-Mg1
'
 100.20(5), Mg1-O2-N2 106.85(8), C10-N2-C16 118.3(1). 

Symmetry transformations used to generate equivalent atoms: (') -x,y,-z+1/2. 

 

Gratifyingly, the reaction of 17 with an excess of phenylsilane did indeed induce the 

appearance of peaks corresponding to the proposed silane containing product, 

TEMPOSi(H)2Ph, in the 
1
H NMR spectrum. Although the corresponding magnesium 

hydride intermediate implicated in the proposed mechanism was not observed by 
1
H NMR 

spectroscopy, an intractable white solid was seen to be deposited from solution. This was 

proposed to be bulk magnesium hydride which, under such stoichiometric conditions was 

not intercepted and thus precipitated. 
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5.3 Catalytic TEMPO Induced Silane Dehydrogenation 

The influence of substitution of the silane coupling partner was then assessed via a 

limited scope study (Table 5.1).  

 Silane Silane:TEMPO  Product Time 

(d) 

Temp. 

(°C) 

Conversion 

(%) 

1 PhSiH3 1:1 PhSi(H)2OTEMP 1 60 99 

2 1:2 PhSi(H)OTEMP2 6 80 96 

3 Ph2SiH2 1:1 Ph2Si(H)OTEMP 3 60 97 

4 1:2 Ph2Si(H)OTEMP 4 80 99 

5 Ph(Me)SiH2 1:1 Ph(Me)Si(H)OTEMP 1 80 77 

6 Et3SiH 1:1 N/A 3 80 0 

7 Ph3SiH 1:1 N/A 3 80 0 

 

Table 5.1 The results of the scope study into silane (0.1 mmol) coupling partners with 

TEMPO mediated by Mg{N(SiMe3)2}2(THF)2 (0.01 mmol) in 4:1 THF:C6D6 (0.5 mL). 

A number of notable trends can be identified from this study- a significant dependence 

on substrate bulk was notable with a primary silane (Table 5.1, entry 1) reacting far faster 

than secondary silanes (Table 5.1, entries 2, 3 and 5). Tertiary silanes were found to be too 

bulky to couple even at elevated temperatures and extended reaction times (Table 5.1, 

entries 4, 6 and 7). These data are consistent with limitations previously observed for the 

magnesium-mediated coupling of amines with silanes.
 
Finally, subsequent further TEMPO 

substitution upon the silane substrate was accessible, but only once and for the smallest of 

the silane coupling partners, PhSiH3. 

To give further mechanistic insight into this reaction an initial, limited, kinetic study was 

undertaken focussing on 
1
H NMR analysis of the reaction between PhSiH3 and TEMPO 

mediated by IIIa. After an initial induction period, consistent with the formation of an 

intermediate magnesium TEMPOxide, structurally related to 17, the reaction was judged to 

be second-order overall as shown in Figure 5.5. The corresponding product of this initiation 

was attributed to HN(SiMe3)2 the formation of which was tentatively ascribed to the 

coupling of a hexamethydisilazyl and hydrogen radical species. Such an activation 

mechanism is unsurprising given the recalcitrance for IIa to induce hexamethyldisilazane-

silane coupling, as shown in Chapter 3. 
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Figure 5.5 The graph of f([silane]t/[silane]0) against time for an equimolar reaction 

between silane and TEMPO indicative of the overall reaction order. 

A pseudo-first order study with a tenfold excess of phenylsilane, however, indicated a 

first-order dependence on [TEMPO] as shown in Figure 5.6 and a rate determining process 

predicated upon the presence of one equivalent of phenylsilane and one equivalent of 

TEMPO at the catalytic reaction centre. The latter deduction is suggestive of a rate 

determining step in which one molecule of silane is transformed to the silyl TEMPOxide and 

one molecule of TEMPO facilitates the assembly of the requisite polarised transition states 

in a manner broadly reminiscent of frustrated Lewis pair behaviour and the proton-assisted 

pathways integral to successful turnover of Group 2-centred olefin hydroamination catalysis. 

Further studies to more fully elucidate the nature of the rate determining process are 

ongoing. 
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Figure 5.6 The pseudo-first order graph of f(([silane]t/[silane]0)-[silane]final) against time 

for a 10:1 ratio of  reaction between silane and TEMPO indicative of the reaction order in 

TEMPO. 

5.4 Reactivity of TEMPO with Calcium and Strontium Amides 

With this investigation into the reactivity of magnesium undertaken attention was turned 

to the heavier congeners, calcium and strontium. Initial stoichiometric investigations into the 

reaction of a 2:1 ratio of TEMPO with IIb and IIc were undertaken on an NMR scale in 

C6D6. In contrast to the rapid decolourisation and resultant spectrum observed for IIIa, these 

solutions retained the characteristic red colour of the TEMPO radical and NMR spectra 

which were uninterpretable and heavily broadened as a result of the radical character of 

TEMPO, suggesting no SET process has occurred. Notably, however, the reaction of IIc 

with TEMPO under these conditions was observed to precipitate a microcrystalline material. 

Although crystals suitable for a single crystal X-ray diffractometry experiment could not be 

grown directly from the NMR sample, a repeat on a preparative scale yielded crystals 

suitable for such an experiment, the results of which are summarised in Figure 5.7. 
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Figure 5.7 ORTEP representation of 18 (30% probability ellipsoids). Hydrogen atoms 

omitted for clarity. Selected bond lengths (Å) and angles (°): Sr2-N7 2.493(3), Sr2-O3 

2.478(3), O3-N5 1.293(4), Sr2-O3-N5 162.6(3), C31-N5-C37 125.0(4). Symmetry 

transformations used to generate equivalent atoms: -x,-y+1,-z 

The product of this reaction is a simple adduct of the TEMPO radical and the starting 

material, IIc, wherein two neutral TEMPO ligands, acting as 2 electron donors, complete the 

coordination sphere of the strontium yielding a distorted tetrahedral arrangement.  There is 

extensive precedent in Groups 1-3 and 13 complexes for TEMPO to act as a 2 electron 

donor while retaining its radical character as evidenced by the trigonal arrangement around 

the TEMPO nitrogen atom and the N-O bond length, reflective of the partial double bond 

between the nitrogen and oxygen atoms.
14, 15

 Notably, the N5-O3 bond length, C31-N5-C3 

bond angle and Sr2-O3 bond lengths strongly mirror the corresponding bonds in the 

[Ln(hfac)3(TEMPO)2] complex described by Ishida and co-workers which was found to have 

persistent, TEMPO-centred radical character and no super-exchange between TEMPO 

ligands via the metal.
15

 Unfortunately, attempts to yield tractable material under these 

conditions with IIb and If yielded only red oils which were not readily amenable to 
1
H NMR 

spectroscopic analysis. Given the recalcitrance of the heavier congeners of IIa to undergo 
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SET steps under stoichiometric conditions, no further investigation into their catalytic ability 

was undertaken. 

In order to elucidate the mechanism of the SET operant upon Ib, a number of 

subsequent studies were undertaken. It was noted that when TEMPO was added to Ib, the 

initial red colour associated with the TEMPO radical was instantaneously replaced by a deep 

black colour. Within a minute, this colour was observed to discharge to yield a colourless 

solution. In attempt to identify the source of this colour, the addition of a second equivalent 

of TEMPO was added 15, synthesized in situ via the reaction of Ib and TEMPO. The 

resultant solution maintained the intense black colour previously only noted transiently and 

cooling this solution to -34°C yielded material suitable for crystallographic analysis, as 

summarised in Scheme 5.3 and Figure 5.8. 

 

Scheme 5.3 The reactivity between TEMPO and 15ʹ and TEMPO to yield 19. 
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Figure 5.8 ORTEP representation of 19 (30% probability ellipsoids). Iso-propyl methyl 

groups and hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°) for 

18: Mg1-N1 2.0882(12), Mg1-O1 1.8873(11), Mg1-O2 2.0297(12), O1-N3 1.4394(16), O2-

N4 1.2952(17), Mg1-O1-N3 131.76(9), Mg1-O2-N4 137.53(10), N1-Mg1-N2 93.60(5), 

C30-N3-C46 116.75(12) C39-N4-C45 124.17(13). 

This species is superficially similar to 15, albeit with a TEMPO radical acting as a 

neutral 2-electron donor in place of the THF. The TEMPOxide and TEMPO ligands are 

crystallographically distinct. The TEMPOxide ligand can be identified by its pyramidalised 

nitrogen, N3 which sits 0.455 Å out of the plane made by C30-C36-O1, furthermore the N-O 

bond length of 1.4394(16), these data are remarkably similar to those described for the 

TEMPOxide ligand of 14 (N3 to C34-O2-C40 plane 0.437 Å, O2-N3 1.4423(1) Å). The 

neutral TEMPO donor, in contrast shows data far closer to the simple adduct 18 with a 
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shortened O2-N4 bond length of 1.2952(17) Å and a N4 to C39-C45-O2 distance of just 

0.144 Å (18: N6 to C40-C46-O4 plane 0.142 Å O3-N5 , 1.293(4) Å). Finally, a contrast 

between the coordination of these distinct ligands can be drawn from their variation in Mg1-

O bond length, in the TEMPOxide this is close to that of 15 (1.8873(11) versus 1.8887(13) 

Å) whilst the TEMPO neutral donor is more distant at 2.0297(12) Å. 

In spite of this analysis suggesting a simple complex of a β-diketiminato magnesium 

bound to a TEMPOxide with TEMPO acting as a simple adduct and the radical nature of this 

species localised thereon, this fails to account for a number of characteristics of 19. Notably, 

19 was crystallised as black crystals from a black solution, this colour is highly distinct from 

both 18 and the parent TEMPO suggesting perturbation of the electronic structure of the 

TEMPO radical. Furthermore, the puckering of the β-diketiminate ring, readily analysed by 

comparison of the N1-N2-C2-C4 plane compared to the C2-C3-C4 plane is distinct on 19 

compared to 15 (14.08 versus 8.49°). Although this could be a simple consequence of the 

steric constraints imposed by the TEMPO ligand in contrast to the smaller THF, however 

one alternative explanation could be partial delocalization of the radical from the TEMPO 

ligand to the β-diketiminate backbone. Such non-innocence has some precedent in 

magnesium chemistry
20

 and thus further analysis of the electronic structure of 19 must be 

undertaken. Furthermore, 19 represents a metal-bound mixed valence oxygen compound, an 

intriguing class of compounds worthy of further study. 

In summary, this chapter has described the first process involving a SET step which is 

catalytic in an s-block metal. This oxidative coupling yields dihydrogen and a series of novel 

TEMPO silylethers mediated by a magnesium(II) centre. Catalytic turnover most likely 

proceeds via a catalytically active magnesium TEMPOxide which undergoes Si-H/Mg-O σ-

bond metathesis yielding a magnesium hydride species and the aforementioned silylether. 

The action of TEMPO upon this magnesium hydride can be considered a SET step and, to 

the best of our knowledge, constitutes the first example of the action of TEMPO on a Group 

2 hydride. In contrast, the heavier alkaline earths appear to be far more reluctant to engage in 

SET steps, and work to elucidate the reasons behind this is ongoing. Furthermore, the 

chameleonic nature of the TEMPO ligand has been explored with its ability to act as both a 

2-electron neutral donor in its radical form and as an anion explored. The combination of 

these forms on a single molecule, as in 18 raises intriguing possibilities for bonding and 

possible reactivity in these novel structural motifs. 
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5.5 Experimental Details 

 [CH{C(Me)N(Dipp)}2}Mg{ON{C(CH3)2CH2}2CH2}{THF}], 15 

To a stirring toluene solution (4 mL) of Ib (100 mg, 0.2 mmol) was added TEMPO (31 

mg, 0.2 mmol). The resultant red solution rapidly turned black before decolourising to yield 

a precipitate, drops of THF were added to yield redisolution, thus a colourless solution 

which was filtered. The filtrate was concentrated to incipient crystallisation and cooled to -

35°C yielding colourless blocks (76%) suitable for single crystal X-ray diffractometry. 

1
H NMR (300 MHz, d8-Tol) δ ppm 1.02 (d, 12H, O-NC(Me)2), 1.10 - 1.35 (m, 30H, 

H3CCHCH3, ON(C(Me)2CH2)CH3), 1.46 (s, 6H, H3C), 3.76 (m, 4H, H3CCHCH3), 4.55 (s, 

1H, CH3CCHCCH3), 6.92 (s, 6H, ArH); 
13

C NMR (75 MHz, C6D6) δ ppm 
13

C NMR (75 

MHz, benzene-d6) δ ppm 21.1, 23.8, 24.1, 24.8, 25.1, 25.7,  29.0 41.1, 70. 6, 94.7, 123.9, 

125.6, 143.1, 147.3, 169.1. 

Anal. calc’d for C42H67MgN3O2: C, 75.26; H, 10.08; N, 6.27%. Found: C, 76.16; H, 

9.88; N, 6.90%.  

 

[CH{C(Me)N(Dipp)}2}Mg{ON{C(CH3)2CH2}2CH2}], 15 ʹ 

To a stirring toluene solution (15 mL) of Ib (100 mg, 0.2 mmol) was added TEMPO (31 

mg, 0.2 mmol). The resultant red solution rapidly turned black before decolourising to yield 

a colourless solution which was filtered. The filtrate was concentrated to incipient 

crystallisation and cooled to -35°C yielding colourless blocks (25%) suitable for single 

crystal X-ray diffractometry. Full refinement of this data, however, was hindered due to 

pseudo-merohedral twinning of the crystal. 

1
H NMR (300 MHz, d8-Tol)  ppm 1.06 – 1.51 (m, 18 H, ON{C(CH3)2CH2}2CH2) 

1.17 (d, J=6.78 Hz, 12 H, H3CCHCH3) 1.37 (d, J=6.97 Hz, 12 H, H3CCHCH3) 1.68 (s, 

6 H , H3C) 3.19 (spt, J=6.70 Hz, 4 H, H3CCHCH3) 4.89 (s, 1 H, CH3CCHCCH3) 6.92 - 

7.19 (m, 6 H, ArH); 
13

C NMR (d8-Tol ,75MHz):  ppm 24.3, 24.5, 24.9, 95.3, 124.0, 

125.7, 142.4, 145.9, 170.2. 

Despite repeated attempts, no suitable elemental analysis data for 15 ʹ could be obtained. 

 

 



174 

 

 [(THF)Mg(OTEMP)(Bu)]2 (16) and [(THF)Mg(OTEMP)2]2 (17) 

To a stirring heptanes solution of 0.5 mol dm
-3

 di-butylmagnesium in heptanes (1 mL, 

0.5 mmol) was added TEMPO (156 mg, 1 mmol). The resultant red solution rapidly 

decolourised  and precipitated polycrystalline solid. THF was added to yield a solution 

which was filtered, the filtrate was concentrated to incipient crystallisation and cooled to -

35°C yielding colourless blocks (67%) suitable for single crystal X-ray diffractometry. 

Subsequent recrystallization of the solution that yielded 16 yielded only 17 of analytical 

purity precluding the full characterisation of 16. 

 

[(THF)Mg(OTEMP)2]2, 17 

1
H NMR (300 MHz, C6D6) δ ppm 1.22 (br. s., 8 H) 1.31 - 1.54 (m, 20 H) 1.54 - 1.68 (m, 

8 H) 1.68 - 1.84 (m, 4 H) 3.54 - 3.73 (m, 4 H); 
13

C NMR (75 MHz, d8-Tol) δ ppm 19.6, 25.6 

(O(CH2CH2)2), 33.1, 35.6, 38.7, 40.9, 68.4 (O(CH2CH2)2). 

Despite repeated attempts, no suitable elemental analysis data for 17 could be obtained. 

 

PhSi(H)2OTEMP 

1
H NMR (300 MHz, THF) δ ppm 1.13 (br. s., 12 H, C(CH3)2) 1.49 (br. m., 6 H, CH2) 

5.09 (s, 2 H, SiH) 7.28 - 7.41 (m, 3 H, CHAr) 7.58 - 7.65 (m, 2 H, CHAr); 
13

C NMR (75 MHz, 

C6D6) δ ppm 17.7, 32.3, 40.4, 61.3, 128.8, 130.9, 135.2, 136.5. 

 

PhSi(H)OTEMP2 

1
H NMR (300 MHz, C6D6) δ ppm 0.69 – 1.38 (br. m., 24 H, C(CH3)2) 1.32 (br. m., 12 H, 

CH2) 5.30 (s, 1 H, SiH) 7.19 (br. s., 3 H, CHAr) 7.69 (br. s., 2 H, CHAr); 
13

C NMR (75 MHz, 

C6D6) δ ppm 17.0, 32.3, 40.5, 60.9, 128.0, 130.4, 135.6, 135.9. 
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Ph2Si(H)OTEMP 

1
H NMR (300 MHz, THF) δ ppm 0.91 - 1.16 (m, 12 H, C(CH3)2) 1.43 (br. s., 6 H, CH2) 

5.53 (s, 1 H, SiH) 7.21 - 7.41 (m, 6 H, CHAr) 7.59 (m, 4 H, CHAr); 
13

C NMR (75 MHz, THF) 

δ ppm 17.9, 26.4, 40.8, 61.2, 128.6, 130.7, 135.8, 136.6. 

 

PhSi(Me)(H)OTEMP 

1
H NMR (300 MHz, C6D6) δ ppm 0.36 (d, J=3.01 Hz, 3 H, SiCH3) 1.00 (s, 12 H, 

C(CH3)2) 1.33 (br. s., 6 H, CH2) 5.08 (q, J=3.01 Hz, 1 H, SiH) 7.16 - 7.20 (m, 3 H, CHAr) 

7.50 (m, 2 H, CHAr); 
13

C NMR (75 MHz, C6D6) δ ppm 4.0, 19.1, 33.5, 41.9, 62.1, 129.8, 

131.7, 135.9, 136.8. 

 

[({Me3Si}2N)2Sr{ON{C(CH3)2CH2}2CH2}2], 18 

To toluene solution (3 mL) of IIc (82 mg, 0.2 mmol) was added  TEMPO (62.4 mg, 0.4 

mmol). The resultant red solution was filtered. The filtrate was concentrated to incipient 

crystallisation, cooled to -35°C yielding orange blocks (73%) for X-ray diffractometry.  

Owing to the paramagnetic nature of this compound, suitable NMR data was 

inaccessible. Despite repeated attempts, no suitable elemental analysis data for 18 could be 

obtained. 

 

[CH{C(Me)N(Dipp)}2}Mg{ON{C(CH3)2CH2}2CH2}2], 19 

To toluene solution (3 mL) of Ib (300 mg, 0.6 mmol) was added  portionwise TEMPO 

(18.7 mg, 1.2 mmol). The resultant red solution rapidly turned black before decolourising 

during the course of the reaction until >1 equivalent of TEMPO was added, whereupon the 

black colour persisted. After complete addition, this yielded a black solution which was 

filtered. The filtrate was concentrated to incipient crystallisation and cooled to -35°C 

yielding black blocks (54%) suitable for single crystal X-ray diffractometry.  

Owing to the paramagnetic nature of this compound, suitable NMR data was 

inaccessible. Despite repeated attempts, no suitable elemental analysis data for 19 could be 

obtained. 
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 15 16 17 18 19 

Empirical formula C42H67MgN3O2 C34H70Mg2N2O4 C25H47MgN2O3 C98.10H224.10N12O6Si12Sr3 C50H84MgN4O2 

 Formula weight (g mol
-1

) 670.30 619.54 447.96 2268.13 797.52 

 Crystal system Orthorhombic Monoclinic Monoclinic Monoclinic Triclinic 

 Space group P212121 P21/n C2/c P21/a P-1 

a (Å) 12.0740(2) 8.6460(1) 28.5730(4) 23.0180(1) 11.4460(1) 

b (Å) 17.2770(2) 19.6870(4) 9.61200(10) 19.6290(1) 11.6220(1) 

c (Å) 19.0950(3) 21.9880(5) 21.3920(3) 30.7790(2) 20.1630(3) 

α (°) 90 90 90 90 94.442(1) 

β (°) 90 90.633(1) 117.690(1) 100.192(1) 94.775(1) 

γ (°) 90 90 90 90 115.786(1) 

 V (Å) 3983.26(10) 3742.43(12) 5202.32(12) 13687.09(13) 2387.34(5) 

 Z 4 4 8 4 2 

 ρ (g cm
-3

) 1.118 1.100 1.144 1.101 1.109 

μ (mm
-1

) 0.082 0.100 0.095 1.316 0.078 

θ range (°) 5.01 to 27.50 3.63 to 27.47 3.67 to 27.48 3.52 to 27.46 3.53 to 27.50 

Measured/independent 

reflections/ Rint 

54893 / 9060 / 0.0713 53641 / 8553 / 

0.0919 

5946 / 5946 / 0.0000 177754 / 31145 / 

0.0902 

37987 / 7854 / 

0.0423 

 Data / restraints / 

parameters 

9060 / 0 / 447 8553 / 12 / 407 5946 / 0 / 262 31145 / 36 / 1418 10813 / 0 / 505 

 Goodness-of-fit on F
2
 1.032 1.030 1.046 1.019 1.044 

R1, wR2 [I > 2σ(I)] 0.0413, 0.0983 0.0582, 0.1133 0.0500, 0.1410 0.0670, 0.1355 0.0529, 0.1382 

R1, wR2 (all data) 0.0534, 0.1065 0.1156, 0.1347 0.0630, 0.1486 0.1414, 0.1661 0.0781, 0.1517 

 

Notes on crystallographic refinement: 

1. C31 and C32 disordered over 2 sites in a 75:25 ratio. Hydrogen atoms attached to C33 are included on the basis of the major component of C32. 

2. Asymmetric unit comprises ½ of a dimer molecule and a region of disordered electron density (proximate to a crystallographic inversion centre)  

that has been attributed to ½ of a benzene of recrystallization. Such was the disorder that it defeated the crystallographers to model it and – 

hence – the SQUEEZE algorithm was (reluctantly) deployed. 
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3. Asymmetric unit consists of 3 molecules of the strontium complex, ½ of a molecule of benzene located proximate to a crystallographic inversion 

centre and a full molecule of benzene at 85% occupancy. The carbon atoms in the ligands based on N1 and N2 were disordered in a 60:40 ratio, 

and all fractional occupancy atoms were refined anisotropically with constraints. There was some evidence of a similar disorder in relation to the 

ligands based on N9 and N10. However, preliminary attempts to model this indicated that the minor component occupancies were relatively 

small. Balancing this information against the number of restraints necessary to achieve a satisfactory model convergence in region of the map 

tended towards over parameterisation – and hence the disorder model was abandoned. Distance and ADP restraints were applied within the 

fractional occupancy solvent moiety. 
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6. Summary 

In summary, this thesis describes a variety of investigations into the utility of Group 2-

mediated σ-bond metathesis, both for synthetic stoichiometric reactions and, further, for 

catalytic dehydrocouplings. 

As a result of these investigations, a number of key conclusions can be drawn. Chapter 

2, via the synthesis of mixed Group 1-Group 2 amidoalkyls 1-3, and their resultant reactivity 

with phenylsilane indicates the utility of Group 1 metals in higher hydride clusters such as 4 

and 5. This utility is a result of the coordinative flexibility of the Group 1 cations which 

allows them to occupy a range of positions in clusters such as 5, a dodecaheterobimetallic 

decahydrido octaamide. 

The catalytic utility of Group 2 reagents in dehydrocouplings was investigated in 

Chapters 3 and 4. These investigations, trivially, indicated the utility of Group 2 precatalysts 

such as IIa-c and Ib in dehydrocoupling of amines with silanes, stannanes and boranes. The 

former coupling partner yielded fascinating congeneric variation when considering IIa-c and 

this study draws attention to the importance of ancillary ligation, solution molecularity and 

congener identity in dehydrocoupling. Stannane-amine dehydrocoupling, as investigated in 

Chapter 3 indicated both the potential for cascade reactivity reliant on dehydrocouplings 

and, more intriguingly, the potential for further Group 2 mediated mechanisms in 

dehydrocoupling. Finally, the consideration of borane-nitrogen dehydrocoupling mediated 

by Ib suggested the importance of substrate Lewis acidity, alongside the aforementioned 

ligation and molecularity effects. 

Finally, the activity of the stable radical TEMPO, as exemplified in Chapter 5, gave 

intriguing hints as to the inclusion of SET steps in Group 2 mediated catalytic manifolds. 

Furthermore, these investigations indicated the synthetic potential of TEMPO to yield novel 

and structurally unique Group 2 species.
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7. Future Work 

Although extensive studies are herein described, a number of aspects of future work are 

necessary in order to gain greater insight into both Group 2 mediated dehydrocoupling, the 

synthetic utility of σ-bond metathesis in the synthesis of novel s-block compounds and the 

use of single electron transfer steps in Group 2 mediated reactivity. 

Chapter 2 

Further investigations into the synthetic utility of the reactivity outlined in Chapter 2 is 

essential. The ability of alkali metal cations to act as a variety of structural elements in 

higher hydride clusters, a consequence of their coordination flexibility is key, and the 

potential indicated by the synthesis of 4 must be investigated. Furthermore, the reactivity of 

the described compounds with other hydride sources is of interest, particularly with a focus 

upon 1 with the aim of generating higher hydride species without the issues of redistribution 

and precipitation herein described. 

Chapter 3 

Whilst the data described for the silicon-nitrogen dehydrocoupling gives useful insight into 

the effects of congeneric variation on this reaction, computational investigations could 

provide key insight into transition state structure which could be correlated with the 

observed kinetic data. Furthermore, a number of other observations warrant further 

investigation. The formation of the abnormal carbene in 11 is a step of significant interest 

that requires mechanistic insight. Furthermore, the unusual results in the tin-nitrogen 

dehydrocoupling which hint at the accessibility of α-elimination of low valent p-block 

species from Group 2 complexes is fascinating and requires authentication and interrogation. 

Chapter 5 

Whilst Chapter 5 successfully describes the inclusion of single electron transfer steps into 

Group 2 mediated catalysis, the results described are highly preliminary. The electronic 

structure of both the TEMPOxides 15-17 and the TEMPO adduct 19 requires interrogation 

by both EPR and magnetic methods. Furthermore, the application of single electron transfer 

steps to more productive element-element bond forming reactions is of key interest. 



i 

 

Appendix i. General Experimental Procedures 

i.1 General Synthetic Notes 

All manipulations were carried out under an inert atmosphere of argon utilising standard 

glovebox and Schlenk line techniques. J. Youngs tap NMR tubes sealed in a glovebox were 

utilised for NMR analysis. NMR spectroscopy was performed utilising a Bruker AV-300 

spectrometer at 96.3 MHz (
11

B), 75.5 MHz (
13

C) or 111.9 MHz (
119

Sn) or a Bruker AV-400 

spectrometer and spectra were referenced to residual solvent peaks. 
15

N NMR (40.6 MHz) 

was performed utilising an HMQC method via coupling to the HMDS protons and are 

reported unreferenced. Spectra were recorded at 298 K unless stated otherwise and 

calibration of temperatures was performed utilising 80% ethylene glycol in methanol for 

temperatures above 298 K, and 4% MeOH in MeOD for temperatures below. Diffusion 

spectra were acquired on a Bruker AV400 operating at 400.13 MHz for 
1
H. Spectra were 

obtained using a stimulated echo pulse sequence utilizing bipolar gradients, sine-shaped 

gradients and a longitudinal eddy current delay. Gradients were incremented in sixteen steps 

from 1.74 to 3.11 Gcm
-1

, with Δ and δ of 50 and 2.4 ms respectively. Spectra were processed 

using standard Bruker software. Elemental analysis was performed externally by London 

Metropolitan University Elemental Analysis Services, UK. Solvents were dried utilising an 

Innovative Solutions Pure Solv MD SPS (hexane, toluene) or utilising 

potassium/benzophenone (diethyl ether, THF) and stored over 4Å molecular sieves and 

potassium. Hexadeuterobenzene and octadeuterotoluene were purchased from Goss 

Scientific Instruments Ltd. and dried over molten potassium then distilled under nitrogen. 

Metal iodides, di-n-butylmagnesium, amines, silanes, stannanes, boranes, and TEMPO were 

purchased from Sigma-Aldrich. Liquids were dried over CaH2 then distilled while solids 

were subjected to vacuum overnight before use. Silylamines, distannanes and aminoboranes 

were identified by comparison to literature data unless otherwise denoted. Precatalysts were 

synthesized according to literature conditions (see Chapter 1, and references contained 

therein). 

 

i.2 Crystallographic Analysis 

Diffraction data for compounds 1-19 were collected on a Nonius Kappa CCD with a low 

temperature device at 150 K, utilising Mo-Kα radiation monochromated with graphite (λ = 
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0.71070 Å). Processing utilised the Nonius software,
1
 with structure solution and refinement 

using WINGX 1.6, SHELXS and SHELXL
2
 and visualised utilising Ortep 3.

3
 

 

i.3 Synthetic Procedures 

NMR Scale investigations into the synthesis of silylamines, distannanes, aminoboranes 

(Tables 3.1, 2, 8; 3.7, 8; 4.1-3) and TEMPO-silyl ethers (Table 5.1) mediated by Ia, If 

IIa-c (Chapter 3), Ib (Chapter 4) and IIa (Chapter 5). 

In a glovebox, to a vial containing precatalyst (loading as denoted on a 0.1 mmol scale) 

was added solvent (0.5 mL, as denoted) followed by reagents (proportions as denoted, 

limiting reagent on a 0.1 mmol scale). The resultant solution was transferred to a NMR tube 

equipped with a Youngs tap which was sealed and the tube removed from the glovebox. 

NMR analysis was performed at regular intervals and conversions were analysed by ratios of 

starting material to product, with products identified by comparison to literature values. 

General method for kinetic investigation into the order in catalyst (Figures 3.9, 10, 13, 

14, 17, 18; 4.5, 6, 8, 9, 11, 12) 

In a glovebox, to a vial containing metal precatalyst (concentrations noted, IIa-c loading 

measured as monomer) was added C6D6 (Chapters 3, 4) or d8-THF (Chapter 5) (0.5 mL) 

followed by reagents as noted (0.1 mmol). The resultant solution was transferred to a NMR 

tube equipped with a Youngs tap which was sealed, removed from the glovebox and frozen 

in liquid nitrogen. The tube was then thawed and immediately transferred to the 

spectrometer and subjected to NMR analysis at regular intervals. The data found herein was 

utilised to calculate turnover frequencies (Tables 3.5; 4.4) with standard deviations derived 

from degree of variation over these 5 data points. 

General method for kinetic investigation into the order in reagents (Figures 3.11, 12, 

15, 16; 4.7, 10, 13; 5.6) 

In a glovebox, to a vial containing metal precatalyst (loading as denoted, for IIa-c as 

monomers) was added C6D6 (0.5 mL) followed by reagents in a 10:1 ratio as noted (0.1 

mmol of limiting reagent). The resultant solution was transferred to a NMR tube equipped 

with a Youngs tap which was sealed, removed from the glovebox and frozen in liquid 

                                                      
1
 A. Altomare, M. C. Burla, M. Camalli, G. L. Cascarano, C. Giacovazzo, A. Guagliardi, A. G. 

G. Moliterni, G. Polidori and R. Spagna, Journal of Applied Crystallography, 1999, 32, 115-119. 
2
 Z. Otwinowski and W. Minor, DENZO-SMN Manual, University of Texas Southwestern 

Medical Centre, Dallas, USA, 1996; G. M. Sheldrick, SHELXL97-2, Program for Crystal Structure 

Refinement, Universität Göttingen, Göttingen, Germany, 1998. 
3
 C. Barnes, Journal of Applied Crystallography, 1997, 30, 568. 
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nitrogen. The tube was then thawed and immediately transferred to the spectrometer and 

subjected to NMR analysis at regular intervals. Plots of f(starting material:product) 

(hereafter, x) against time were used to define order. Zero-order dependence was assessed by 

direct plotting of x against time, 1
st
 order via a plot of ln(x) against time, 2

nd
 order via a plot 

of x
-1

 against time and ½ order via a plot of x
½
 versus time. 

General method for Eyring and Arrhenius studies (Figures 3.21-25; 4.14–18) 

In a glovebox, to a vial containing metal precatalyst (concentrations noted, for IIa-c as 

monomers) was added C6D6 (0.5 mL) followed by silane or borane (0.1 mmol) then amine 

(0.1 mmol). The resultant solution was transferred to a NMR tube equipped with a Youngs 

tap which was sealed, removed from the glovebox and frozen in liquid nitrogen. The tube 

was then thawed and immediately transferred to the spectrometer which had been allowed 

equilibrate at the noted temperature for at least 20 minutes to and subjected to NMR analysis 

at regular intervals. This was then repeated at the range of temperatures noted and Arrhenius 

and Eyring analyses utilised to derive activation parameters (Tables 3.6 and 4.5)
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Appendix ii. Literature Compounds Described Herein 
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Appendix iii. Novel Compounds Described Herein 
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