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Abstract 

The past decade has witnessed some remarkable advances in our appreciation of the structural and 

reaction chemistry of the heavier alkaline earth (Ae = Mg, Ca, Sr, Ba) elements. Derived from 

complexes of these metals in their immutable +2 oxidation state, a broad and widely applicable 

catalytic chemistry has also emerged, driven by considerations of cost and inherent low toxicity. The 

considerable adjustments incurred to ionic radius and resultant cation charge density also provide 

reactivity with considerable mechanistic and kinetic variability as group 2 is descended. In an attempt 

to place these advances in the broader context of contemporary main group element chemistry, this 

review focusses on the developing state of the art in both multiple bond heterofunctionalisation and 

cross coupling catalysis. We review specific advances in alkene and alkyne hydroamination and 

hydrophosphination catalysis and related extensions of this reactivity that allow the synthesis of a 

wide variety of acyclic and heterocyclic small molecules. The use of heavier alkaline earth hydride 

derivatives as pre-catalysts and intermediates in multiple bond hydrogenation, hydrosilylation and 

hydroboration is also described along with the emergence of these and related reagents in a variety of 

dehydrocoupling processes that allow that facile catalytic construction of Si-C, Si-N and B-N bonds. 

        

Introduction 

Catalysis is central to the world’s chemical industry and the mitigation of its energy demands. The 

importance of catalysis cannot be overstated with, for example, the chemical outputs from industrial 

catalytic processes accounting for ca. 20 % of the GDP of the United States. In common with the 

largest global industrial homogeneous catalytic process, the rhodium-catalysed hydroformylation of 

alkenes, a majority of current homogeneous catalysis is mediated through the reactivity of precious 

metals such as platinum, palladium, rhodium and iridium. These elements are expensive†1and 

particularly sensitive to potential supply restrictions as a consequence of their geological scarcity. In 

response to these concerns, a growing international effort is being applied to the identification of 

alternative catalytic vectors derived from the lighter first row transition metals and the elements of the 

s- and p-blocks of the periodic table.  

                                                             
† For example, rhodium US$ 1300 /troy oz, platinum US$ 1600 /troy oz, iridium US$ 1070 /troy oz versus magnesium US$ 0.13 /troy oz and calcium US$ 
0.005 /troy oz. 
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Within the main group of elements the chemistry and reactivity of ‘frustrated’ Lewis pairs (FLPs) 

has attracted intense attention since Stephan’s initial report of heterolytic H2 cleavage in 2007 and 

these systems continue to be applied to a growing suite of catalytic processes, in some cases 

competitive with established transition metal systems.
1
 While the FLP concept has provided a topical 

strategy for the design and application of main group elements in synthesis and catalysis, the alkaline 

earth (Ae = Mg, Ca, Sr and Ba) metals of group 2, in the form of magnesium Grignard reagents, have 

been notable stoichiometric reagents for more than a century. Their development as catalytic reagents, 

however, is similarly recent and the broader development of the chemistry of these elements is highly 

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

crust,
2
 resultant low cost and their environmentally benign nature. This suggests that a catalytic 

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

With some notable exceptions the chemistry of the group 2 metals is marked by their extremely 

stable +2 oxidation state.3,4 This redox inactivity precludes chemistry characteristic of many catalytic 

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

all of the heavier group 2 congeners have a strong propensity to form their respective Ae2+ ions with a 

d
0
 electronic configuration, marked variations in the ionic radii of the ions are observed as the group 

is descended, with a concurrent increase in polarisability and electropositivity (Figure 1). 

 

 

Figure 1: The variation of the ionic radii of group 2 Ae
2+

 ions.
4 

These intrinsic variations have profound consequences for the nature of metal to ligand bonding for 

group 2. Although a case for some degree of covalency may be made in ligand binding to magnesium, 

similar considerations are all but precluded for its heavier congeners, the bonding of which is 

dominated by non-directional ionic interactions. A consequent major challenge, therefore, is presented 

by the synthesis of well defined, heteroleptic heavier group 2 complexes owing to their propensity to 

undergo Schlenk-type equilibria (Scheme 1, where L = spectator ligand, X = reactive group). 

 

Scheme 1: The Schlenk-type redistribution of group 2 Ae2+ complexes. 
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Redistribution of heteroleptic complexes often yields metal centres ligated by two large, stabilising 

ligands. Consequent approaches to spectator ligands for group 2 (Scheme 2) have focused on 

polydentate monoanionic frameworks encompassing hard donor sites and significant steric bulk to 

provide kinetic stability and suppress the Schlenk-like redistribution. Stabilising ligands include β-

diketiminates (1a-g),5-10 borates (7),11,12 (bisimino)acenaphthenes,13 bisimidazolinates (6),14 

aminotropiminates,
15,16

 triazenides
17

 and anilido-imines (5a-c)
18

 An alternative approach has foregone 

the requirement for a spectator ligand and has relied upon the use of homoleptic group 2 pre-catalysts 

including those incorporating bulky amides (2a-d, 3a-d)
19,20

 and alkyls (4a-d).
21,22

  A range of well-

known ligands and complex types relevant to this work are summarised in Figure 2. 

 

Figure 2: A range of pre-catalysts utilised in group 2-mediated catalysis (Dipp = 2,6-di-iso-

propylphenyl). 

The lanthanide analogy 

The Ae
2+

 state of all the group 2 elements provides an effective d
0
 electronic configuration and 

analogies have, thus, been drawn with trivalent, redox inactive, d0 lanthanide (Ln) complexes of the 

form L2LnX (L = spectator ligands, X = reactive group). Reactivity of the lanthanides is marked by 

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

adjustment to the oxidation state of the metal. These steps are summarised in Scheme 2.23 
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Scheme 2: The key steps in trivalent lanthanide mediated catalysis: (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. 

 

Figure 3: Catalytic cycles predicated upon the steps summarised in Scheme 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 polarisation of the E-H bond yielding 

a hydridic hydrogen. 

The reaction types illustrated in Scheme 2 may be combined to construct catalytic cycles (Figure 3) 

leading to the hetrerofunctionalisation of multiple bonds. The divergence in these catalytic cycles 

occurs as a result of the polarisation of the substrate E-H bond. As highlighted by Scheme 2, whilst 

protic E-H bonds engage in protonolysis to yield an Ln-E fragment, hydridic E-H bonds undergo a σ-

bond metathesis to yield a lanthanide hydride. In the case of Figure 3(a), the former case is in 

operation wherein the Ln-E fragment undergoes an insertion of the unsaturated bond yielding a 

species of the form L2LnEC(E)RR’ which can undergo subsequent protonolysis with  a further 

equivalent of the E-H bonded substrate. This reactivity typically provides the anti-Markovnikov 

product and another Ln-E fragment which is available for onward turnover. In contrast, when the E-H 

bond is hydridic (Figure 3(b)), the metal hydride L2LnH is active for the insertion, yielding the 

intermediate L2LnEC(H)RR’ which undergoes a σ-bond metathesis with the E-H fragment to yield the 
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active L2LnH species and the Markovnikov addition product. Exploitation of these cycles has yielded 

a wide variety of heterofunctionalisation reactions operant upon unsaturated moieties mediated by 

L2LnX species, including hydroamination, hydroboration, hydrophosphination and hydroalkoxylation 

of alkenes alongside polymerisation of olefins.
24-52

 

 

Catalysis with Ae
2+
 complexes 

Hydroamination of alkenes and alkynes: Group 2 mediated Lewis acid catalysis has undergone a 

recent renaissance and there has also been significant interest in the utilisation of magnesium and 

calcium species for the ring opening polymerisation of cyclic esters such as ε-caprolactone and rac-

lactide.53 The majority of recent advances in the use of alkaline earth compounds in molecular 

catalysis have been derived from the viewpoint that the d
0
 valence configuration of a Ae

2+
 centre will 

render it some level of ‘lanthanide mimetic’ character enabling the construction of catalytic cycles 

analogous to those shown in Figure 3. In terms of the historical development of the area, initial work 

focused upon the viability of group 2 protonolysis steps, (Scheme 2(a)(i)) to yield catalytically 

relevant species. To this end, the reactivity of alkaline earth amides and alkyls with alcohols, pyrroles, 

terminal alkynes, phosphines and C-H acidic heterocycles has been shown to yield alkoxide,54-56 

pyrrolide,
57

 acetylide,
58-61

 phosphide
62-65

 and carbanion
66

 fragments bound to a group 2 centre 

alongside the protonated basic residue. In the case of metal hexamethyldisilazides (2a-d), for example 

this is an amine, as summarised in Scheme 3. 

 

Scheme 3: The protonolysis of a protic E-H bond by group 2 hexamethyldisilazides, yielding a new 

E-M bond and hexamethyldisilazane (Ae = Mg, Ca, Sr, Ba). 

While such protonolysis reactions, particularly in organomagnesium chemistry are well precedented, 

work by Westerhausen and co-workers demonstrated that group 2 phosphides of the type 

[Ae{P(SiMe3)2}2(THF)4] (Ae = Ca, Sr, Ba) readily underwent facile metallophosphination through 

insertion of 1,4-diphenylbutadiyne. Furthermore these compounds, and their amide analogues 2a-d 

were shown to add readily across the C-N bond in benzonitrile.
67-71

 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, such as [Ae(DMAT)2(THF)2] (Ae = Ca, Sr, DMAT = 2-

dimethylamino-2-trimethylsilylbenzyl), reported by Harder.72-75 Guided by this reactivity, initial 

reports of group-2-mediated molecular catalysis centred on the heterofunctionalisation of unsaturated 

C=C and C=E moieties, similar to the earlier reports of lanthanide mediated catalysis. 
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Scheme 4: The group 2-catalysed intramolecular hydroamination of aminoalkenes. 

The first example of a well-defined molecular catalysis mediated by a group 2 centre was provided by 

intramolecular hydroamination of aminoalkenes and -alkynes (Scheme 4).
76 

Although initial reports 

were concentrated on the use of Chisholm’s β-diketiminato calcium amide (1f), this reactivity was 

found to be mediated by a much wider range of group 2 catalysts including 1a-g,5,6,9 2a-d, and 3a-d.8,9 

Extensive mechanistic investigation into both the homoleptic group 2 bisamides 2a-d, 3a-d alongside 

the bisalkyls 4a-d and β-diketiminato ligated magnesium, calcium and strontium centres 1a-g  has 

been subsequently undertaken by Hill and co-workers.  

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 pre-catalysts and in moderate yields. In all cases cyclisations are 

effected in concordance with Baldwin’s rules
77

 and both alkenes and alkynes consistently yielded the 

expected isomers. 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, attributed to a Thorpe-Ingold 

effect through which a reduction of conformational freedom for these groups induces the adoption of 

more reactive conformations.78 Synthesis of 5-membered rings proceeded faster than 6-membered 

rings which, in turn, proceeded faster than the far more problematic 7-membered rings. Consideration 

of the basicity of the β-diketiminato group 2 metal amides 1d-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 

the protonolysis is irreversible for magnesium alkyl derivatives such as 1a-c. 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.  

Kinetic analysis, initially undertaken with 1a and 1f, 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 1a which undergoes an irreversible initiation yielding the active catalyst and 

inert methane.7 The reaction was found to be first order with respect to [pre-catalyst], suggesting the 

reaction occurs with a monomeric catalytic centre in solution. Although, a first order rate relationship 

to aminoalkene concentration was observed, the mechanism is significantly more complicated. A 
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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 

5. 

 

Scheme 5: The initial proposed model for hydroamination catalysis mediated by 1d-f. 

These data yielded a pair of catalytic manifolds involving irreversible or reversible catalyst initiation 

which were consistent with the elementary steps proposed by Marks in lanthanide catalysis and the 

initially proposed mechanism for group 2-catalysed heterofunctionalisation. On this basis the rate 

determining step was proposed to be occur through C-C multiple bond insertion via the polarised 

four-membered transition state shown in Scheme 2(b).8 Although thorough kinetic investigations were 

only undertaken into the magnesium β-diketiminate complex 1a, it was proposed that the calcium 

complex 1f performed analogously. Furthermore the pronounced observed Thorpe-Ingold effect, 

which is consistent across the various congeners, is far more easily explained by a C=C insertive rate-

determining step. 

Arrhenius and Eyring analyses comparing the solvated β-diketiminate supported calcium and 

strontium amides 1f and 1g suggested a trend which reflects the variation in rate with a decreased free 

energy of activation (∆G
‡
) for the calcium congener. Further studies of the group 2 bisamides 2a-d 

and their THF adducts 3a-d alongside the bisalkyls 4a-d allowed a direct comparison of all the 

congeners from magnesium to barium.
9 

Most notably, barium 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 inactive product. Arrhenius and Eyring analyses of these reactions 

indicated a marked dependence of the activation energy and free energy of activation values on the 

identity of the metal. More notable variations were deduced for the activation entropies (∆S
‡
), with 

strontium amides providing consistently less negative values than calcium with a proportionate effect 
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on the free energy of activation. This entropy dominated free energy change of activation has emerged 

as a common theme for group 2 catalysis and has been attributed primarily to the larger size and more 

deformable coordination geometry of the Sr2+ cation, and its consequent ability to assemble less well-

ordered transition states.
 
A moderate kinetic isotope effect for N-deuteration was observed leading  

Hill and co-workers to postulate a modification to the previously suggested rate determining 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 6. A similar deduction had also previously been 

proposed by Sadow and co-workers on the basis of stoichiometric experiments with an magnesium 

amidoalkene derivative of a tris(oxazolinyl) ligand.79 In this latter case, C=C insertion into the Mg-N 

bond was only observed to ensue upon the addition of a further equivalent of the protic aminoalkene 

substrate.     

 

Scheme 6: The 6-membered proton –assisted transition state proposed to account for the observed 

kinetic isotope effect during calcium-catalysed intramolecular hydroamination of amino alkenes. 

Beyond these investigations into intramolecular hydroamination, a number of successful group 2 

catalysts have been described for the more entropically demanding intermolecular hydroamination 

(Scheme 7). In this case, Hill and co-workers have utilised the group 2 bisamide (2a-d) and bisalkyl 

(4a-d) species are competent pre-catalysts for this reaction
80,81

 while the group of Sarazin has 

investigated the anilidoimine supported group 2 derivatives 5a-c.18 Access to the catalytic manifold 

again occurs through protonolysis of the pre-catalyst while 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 anti-Markovnikov, 

product and return to the catalytic amide intermediate occurs via a protonolysis of a further equivalent 

of N-H bond. The Ca- and Sr-catalysed reactions are thus far restricted to the intermolecular 

hydroamination of styrene and its derivatives, dienes and diphenylacetylene, which 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.18,80   

 

Scheme 7: The intermolecular hydroamination of styrene. 
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Initial rate analysis of reactions performed with the group 2 bisamides 2a-d, and di-n-butylmagnesium 

invoked a rate dependence was in the order Sr > Ca >> Ba > Mg.
81

 As a result of the extremely slow 

rate of conversion by both barium and magnesium pre-catalysts, no further analysis of these species 

was undertaken. The slow rates were attributed to the inability of the diffuse barium centre to 

sufficiently polarise the C=C bond and due to the reduced polarising ability of the far less polar Mg-N 

bond respectively. These investigations gave rise to a rate law for the intermolecular hydroamination 

of alkenes, as shown in Equation 1, where the second order rate dependence on [catalyst] was 

suggested to implicate a dimeric metal centre. 

���� = �[��	
�]�[�
��
�]�[����
���]� (1) 

Kinetic isotope studies yielded values for N-deuteroamines similar to those observed for the 

intramolecular hydroamination of aminoalkenes, which were again interpreted as suggestive of 

concerted C-N bond forming and protonolysis step, analogous to that shown in Scheme 6. 

In contrast to the rate dependence observed for catalysis performed with 2a-b, the barium congener 

was found to provide the highest activity in an assessment of the anilidoimine derivatives 5a-c.18 

Kinetic analysis suggested a rate law similar to that proposed 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]. Although the Sarazin group also postulated a proton-assisted 6-membered 

rate determining transition state involving concerted C-N bond formation and protonolysis, this 

deduction has been challenged by computational density functional theory (DFT) analysis of both the 

intra- and intermolecular variants of this reactivity performed by Tobisch.82  A detailed examination of 

various mechanistic scenarios concluded that the requisite multi-centred transition states required by 

the proton-assisted concerted NC/CH bond-forming pathway are energetically prohibitive in 

comparison to the kinetically less demanding sigma-insertive path.  

Further group 2-mediated heterofunctionalisation catalyses 

A wide range of combinations of further protic E-H and multiple C=E′ bonds have also been reported 

as suitable substrates for group 2 catalysed heterofunctionalisation reactions. Hill and co-workers 

described the catalytic intermolecular hydrophosphination of alkenes utilising the β-diketiminato 

calcium complex 1f as shown in Scheme 8.
83

 Westerhausen and co-workers subsequently extended 

the scope of this reaction to alkynes utilising a homoleptic calcium phosphanide pre-catalyst84 and the 

Sarazin group have described the hydrophosphination of alkenes catalysed by the same suite of 

heteroleptic calcium, strontium and barium amides employed in their studies of hydroamination. In 

this latter case, the order of reactivity was also found to be Ca < Sr < Ba and both the anilidoimine- 

and phenoxide-supported catalysts were shown to provide higher activity than their analogous β-

diketiminate species.
18, 85

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

also reported the hydrophosphonylation of ketones and aldehydes mediated by 3b-d.86  
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Scheme 8: The group 2-catalysed hydrophosphination of alkenes. 

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, 

which include hydroamination87,88 and hydrophosphination89 to provide the guanidine and 

phosphaguanidine species respectively. 

Enabled by the ready deprotonation of terminal alkynes by group 2 amides (3a-c), the 

hydroacetylenation of carbodiimides allowing the catalytic synthesis of propargylamidines is also 

readily achieved.90,91 Although a number of catalytic group 2-based transformations of isocyanates to 

isocyanurates
92 

and ureas
93,94

 have been described, attempted extension of this latter reactivity to the 

catalytic synthesis of propargylamides was unsuccessful. Rather, addition of a combination of an 

organoisocyanate and a terminal aryl alkyne to alkyl magnesium species resulted in a cascade of inter- 

and intramolecular insertion events to yield a unique series of bis(imidazolin-2,4-dione) molecules 

(Scheme 9).95 While this stoichiometric reactivity could not be extended to a catalytic regime, the in 

situ formation of propargyl amidines by pre-catalysts 3a-c and interception with RNCO, RNCS and 

CS2 substrates has recently enabled the catalytic and atom-efficient one pot assembly of a wide 

variety of functionalised imidazolidine-2-ones and –thiones, 2-imino-imidazolidines and thiazolidine-

2-thiones.96,97 In an interesting recent advance Harder and co-workers have suggested that the 

presence of the group 2 centre is unnecessary in the hydroamination of ArN=C=O and RN=C=NR (R 

= alkyl) by Ph2NH. This study did, however, deduce that the presence of a metal cation is crucial in 

the intramolecular hydroamination of unactivated C=C bonds in H2C=CHCH2CPh2CH2NH2 and, on 

this basis, implemented a simple hybrid catalyst consisting of a strong organic Schwesinger base and 

the salt CaI2 to provide quantitative conversion to the pyrrolidine product at room temperature.
98
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Scheme 9: Proposed stepwise mechanism yielding bis(imidazolin-2,4-dione)s via 

metallocarboration and metalloamination steps.
95

  

 

Alkaline Earth Hydrides and Reductive Heterofunctionalisation  

Extension of this group 2 catalysed heterofunctionalisation chemistry to systems appropriate for the 

hydrogenation, hydrosilylation or hydroboration of multiply bonded substrates (i.e. analogous to the 

lanthanide-based reactivity illustrated in Figure 3b) naturally implicates the generation of alkaline 

earth hydride intermediates. This requirement has naturally resulted in a focus on the isolation of 

well-defined and isolable molecular hydrides. While this objective has yet to be achieved for 

strontium and barium, there has been significant recent progress leading to the isolation a variety of 

magnesium and strontium hydrido species.  

These studies were initiated by Harder’s seminal report of a β-diketiminate-supported calcium 

hydride (8), the synthesis of which relied upon the σ-bond metathesis pathway illustrated in Scheme 

10.
99

 Subsequent reports by Jones and Stasch described a variety of similar β-diketiminate-supported 

magnesium hydrides,100,101 and the σ-bond metathesis route utilising phenylsilane has now yielded a 

variety of higher magnesium hydrides reported by the groups of Hill,
102

 Harder
103

 and Okuda.
104

 An 
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exploration of the stoichiometric reactivity of 8 with a variety of unsaturated substrates provided well-

defined and predictable insertive behaviour and established a foundation for the catalytic 

implementation of heavier group 2 element hydrides (Scheme 11).105-108 

 

Scheme 10: Synthesis of a β-diketiminato calcium hydride.99 

An initial report of the hydrosilylation of activated alkenes with range of calcium and strontium 

benzyl complexes of the form [Ae(DMAT)2(THF)2] (Ae = Ca, (9) Sr, (10); DMAT = 2-

dimethylamino-2-trimethylsilylbenzyl) was provided by the Harder group.
109

 Notably, the 

regioselectivity of the reaction was contingent upon metal identity and solvent, with a more polar 

solvent yielding a terminal silane. This led the authors to postulate two contrasting catalytic cycles, 

one consistent with that proposed for lanthanide catalysis (Figure 3b) and one which implicated a 

metal silyl formed via the deprotonation of silane by an incipient metal hydride (Scheme 11a and b 

respectively). 

 

Scheme 11: The solvent dependent catalytic cycles proposed by Harder and co-workers for the 

hydrosilylation of activated alkenes.
109 

Attempts to extend this reactivity to an asymmetric regime in the hydrosilylation of styrene utilising 6 

were broadly unsuccessful, with enantiomeric excesses of only 5-10%.
110 

 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 and again 

proceeded with regioselectivity reflecting the intermediacy of a calcium silyl, lending further credence 

to Harder’s mechanistic hypothesis.
111
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Harder was then able to demonstrate that compounds 8 – 10 were able to catalyse the hydrogenation 

of diphenylethylene and styrene derivatives with conversions as high as >99% at pressures under 20 

bar H2 and at mild (<100ºC) reaction temperatures.112 This reactivity was again predicated on a 

sequence of metathesis and insertion reactions and is especially significant in requiring what is 

formally a heterolytic activation of H2. This latter observation was emphasised by a subsequent 

computational density functional theory study of the hydrogenation of 1,1-diphenylethylene and 

myrcene catalysed by 8, which inferred that the charge separation incurred during the H-H cleavage 

reaction was of a similar magnitude to that implicated during the heterolytic activation of dihydrogen 

by a typical frustrated Lewis pair.113 

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

catecholborane utilising a range of organocalcium catalysts.114 Once again, reactivity which contrasted 

with that previously observed for the lanthanides was noted whereby (Ph2CHCH2)3B rather than the 

expected Ph2CHCH2OBCat was produced. This activity was attributed to a calcium-hydride mediated 

decomposition of the catecholborane, yielding BH3 and B2Cat3, leading to the suggestion that calcium 

catalyses the decomposition of HBcat.  

Similar decomposition of HBcat in the presence of group 2 complexes was also noted by Hill and 

co-workers, leading them to turn their attention to the less electron withdrawing pinacol borane 

(HBpin). This latter borane provided efficient turnover with magnesium pre-catalyst (1b), via in situ 

generation of the magnesium hydride 11 for the hydroboration of aldehydes and ketones.115 Use of as 

little as 0.05 mol% of 1b complete conversion of aldehydes to the fully reduced boron ester was 

observed in less than 1 hour.  This extremely active catalyst also provided high reactivity for ketone 

hydroboration whilst use of 0.1 mol% of 1b enabled complete conversion in 2 hours in a reaction 

which was proposed to ensue through the sequence of polarised insertion and metathesis events 

depicted in Scheme 12.  
 

 

Scheme 12: Magnesium-catalysed hydroboration of aldehydes and ketones. 
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In a similar manner, the β-diketiminato magnesium n-butyl complex 1b was described as an efficient 

pre-catalyst for the hydroboration of pyridines (Scheme 13), to provide a mixture of N-boryl-1,2- and 

1,4-dihydropyridines.116 Kinetic studies of this reactivity have indicated that catalytic turnover is 

dependent on a pre-equilibrium involving dissociation of donor substrate molecules from the 

coordination sphere of the catalytic Mg centre.117 Harder has also shown that a bis(magnesium) 

hydride supported by a bis(-β-diketiminate) ligand allows the stoichiometric dearomatisation of 

pyridines with a preference for 1,2-addition.118 Although extension of this stoichiometric reactivity to 

catalytic hydroboration of pyridines with HBpin provided efficient turnover, the regioselectivity 

observed in the stoichiometric reactions did not translate to the catalytic regime.  

 

Scheme 13: Magnesium-catalysed hydroboration of pyridines 

 This hydroboration reactivity was extended to the unsaturated C=N bonds of a variety of aldimine 

and ketamine substrates.119  Reactions typically required 5 mol% (1b) and at room temperature near 

full conversion was observed in 2 hours for the aldehyde-derived imines. The bulkier ketone-derived 

imine substrates required mild heating (50 °C) and extended reaction times (up to 24 hours) to reach 

approximately 80% conversion. The reactions were observed to proceed through the intermediacy of 

well-defined magnesium amides, two examples of which were isolated and structurally characterised. 

Mechanistic investigations suggested that the catalytic rate determining process occurs at an isolated 

magnesium centre and requires the presence of two molecules of the imine substrate for effective 

turnover. This latter observation was rationalized as a requirement for the secondary substrate 

molecule to displace HBpin, most likely as a component of a borohydride anion, from the 

coordination sphere of the catalytic magnesium centre. A very recent extension of this work has 

provided the first examples of a main group catalysed bis-hydroboration of organic nitriles and 

isonitriles to provide regioisomeric bis-borylated primary and secondary amines respectively (Scheme 

14).120,121 Although in both cases mechanistic analysis of catalysis derived from the β-diketiminato 

magnesium pre-catalyst 1b was again broadly indicative of familiar polarised insertion and metathesis 
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events, differences observed across a broad range of substrate types could be traced to variations in 

the positions of several pre-equilibria and serves to highlight that homogeneous processes performed 

under heavier alkaline earth catalysis may yet demonstrate previously unappreciated mechanistic 

diversity. 

 

Scheme 14: Magnesium-catalysed bis-hydroboration of organic nitriles (top) and isonitriles (bottom). 

In related work Sadow and co-workers have reported the use of magnesium pre-catalyst, 7, for the 

hydroboration of esters.
122

 With two equivalents of HBpin this was found to result in cleavage of the 

C-O bond to yield two alkoxyborane products in the presence of 0.5-5 mol% 7 at room temperature 

(Scheme 15). 

 

Scheme 15: The magnesium-catalysed hydroboration of esters 

This system was also found to be tolerant to a variety of functional groups and conjugated olefins 

showing selectivity for the ester group over 1,4-addition. Compound 7 and was shown to react readily 

with HBpin to generate MeBpin and an unstable magnesium hydride species.  It was also possible to 

isolate a derivative of the borohydride anion [H2Bpin]- through slow addition of 7 to 15 equivalents of 

HBpin.  Addition of EtOAc to 7 resulted in the formation of the corresponding magnesium ethoxide 

with production of acetone through a series of insertion and β-ethoxide elimination reactions while 

kinetic studies of the hydroboration of EtOAc provided the rate law shown as Equation 2. 

���� = ��[��]�[�����]�/�[���	
]�  (2) 

This rate law indicated that the σ-bond metathesis reaction is turnover limiting thus ruling out an 

insertion/ σ-bond metathesis pathway while the half-order dependence on [EtOAc] was interpreted to 

indicate a reversible interaction between the catalyst and the ester to give ester cleavage prior to the 

turnover-limiting step. Sadow and co-workers also provided evidence of the presence of a magnesium 

derivative of the [EtO(H)Bpin]- anion from in situ monitoring of a series of catalytic reactions, which  

was identified as the catalytic resting state and shown to yield the borate ester products on addition of 
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EtOAc. This latter observation is, thus, consistent with the zero-order dependence on [HBpin] as the 

hydride reducing equivalent is already present in the ‘zwitterionic’ catalyst resting state. 

In a related advance Sadow and co-workers employed a similar catalyst system to effect the 

hydroboration of amides which occurred with their deoxygenation to amines.
123

  Functional groups 

such as cyano, nitro, and azo were found to remain intact under reaction conditions while kinetic 

experiments indicated that B-H addition to the amide C=O unit is even faster than addition to ester 

C=O and the turnover-limiting step of the catalysis is deoxygenation. α,β-unsaturated esters may also 

be reduced with silanes to silyl ketene acetals in the presence of a tris(4,4-dimethyl-2-

oxazolinyl)phenylborate magnesium hydridoborate catalyst.
124 

Similar C-O cleavage reactions have also been observed by Hill and co-workers during the group 2 

mediated hydroboration of the small molecule oxygenates CO
 
and CO2.

125,126
 Although reactions 

between the β-diketiminato magnesium hydride and carbon monoxide were found to result in the 

isolation of a dimeric cis-enediolate species through the reductive coupling of two CO molecules,
125

 

under catalytic conditions with PhSiH3 an observable Mg formyl species could be intercepted for the 

mild reductive cleavage of the CO triple bond. The trajectory of this catalysis was proposed to be 

predicated on a sequence of rapid and unobservable C=O/Mg-H and Mg-O/Si-H metathesis events 

(Scheme 16) with a rate determining process provided by the activation of the C-O bond to yield 

PhH2SiCH3 and (PhH2Si)2O (Scheme 16). 

 

Scheme 16: Proposed mechanism for the catalytic reduction of CO with PhSiH3 catalysed by 11. 

Use of the strong Lewis acid tris(pentafluorophenyl)borane provided access to the β-diketiminate 

supported magnesium and calcium borohydrides (12 and 13), which were shown to catalyse the 

highly selective reduction of CO2 to the methanol equivalent, MeOBpin in the presence of HBpin 

(Scheme 17).126 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 scandium 

hydrides reported by Piers and coworkers.127 
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Scheme 17: Group 2 catalysts (12 and 13) for the hydroboration of carbon dioxide.  

Group 2-Mediated Cross-Metathesis and Dehydrocoupling 

In addition to the preceding heterofunctionalisation reactivity, all of which requires the incorporation 

of at least one unsaturated substrate, catalytic group 2-centred reactions that are predicated entirely on 

σ-bond metathesis reactivity can be constructed to effect the cross metathesis of two dissimilar σ-

bonds. A prototypical catalytic manifold based on a dehydrogenative coupling of E-H and E′-H bonds 

is shown in Scheme 18. 

 

Scheme 18: Prototypical mechanism for group-2-catalysed dehydrogenative cross metathesis. 

While a 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 dihydrogen in 

dehydrocouplings. Harder and co-workers 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.
128 

More recently, Sadow and co-workers 

have performed a more in-depth investigation into the dehydrocoupling between silanes and amines 

mediated by the trisoxazolinylborate magnesium pre-catalyst 7.
129

 This reaction is postulated to occur 

via a manifold similar to that shown in Scheme 18 and allows access to a range of silazanes in 

excellent yields.  Kinetic analysis yielded a rate law as shown in Equation 3.
 
 

���� = �[��	
�]�[�	
�
�]�[����
���]�   (3) 
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A large, negative entropy of activation (∆S‡) 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 small normal kinetic isotope 

effect (
��

� 
= 1.0(2)) indicating the onset of limited Si-H bond cleavage in the rate determining 

transition state. A Hammett plot with a moderate positive slope was thought to suggest a transition 

state involving a five-coordinate silicon centre due to the stabilising effect of electron withdrawing 

substituents on this species. This observation was suggested to favour a limited degree of Si-H 

cleavage in the transition state, whereby increasingly electron-withdrawing aryl substituents would 

disfavour hydride transfer to magnesium. On this basis, 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 19.
 129

  

 

Scheme 19: The proposed mechanism of silicon-nitrogen dehydrocoupling proposed by Sadow and 

co-workers. 

In a similar manner the homoleptic alkaline earth hexamethyldisilazides, [Ae{N(SiMe3)2}2]2 (3a – 3c), 

have been demonstrated as active pre-catalysts for the cross-dehydrocoupling of Si-H and N-H bonds. 

Although reactions performed with all three pre-catalysts presented a number of common features, 

variations in overall reaction order, mode of pre-catalyst activation and the nature of the rate 

determining process were postulated to arise as a consequence of the marked change in Ae2+ radius 

and resultant charge density as group 2 is descended.
130

 A recent application has also employed the 

anilido-imine species 5a – 5c as very active and productive pre-catalysts (TON=396, TOF up to 

3600h(-1); Ca<Sr<Ba) for NH/HSi cross-dehydrocoupling, with excellent chemoselectivity in the 

reaction of (di)amines with (di)hydrosilanes. Experimental and DFT investigations again revealed that 

the reactions proceed by a process which is best described as a nucleophilic attack of a metal amide at 

the incoming silane and subsequent turnover-limiting hydrogen transfer to the metal centre.131 

In a further recent advance, dehydrocoupling reactions between the borane substrates HBpin and 9-

BBN and a range of amines and anilines have been shown to ensue under very mild conditions in the 

presence of compound 1b. The facility of the reactions was suggested to be a function of the Lewis 

acidity of the borane substrate and to be dictated by resultant pre-equilibria between, and the relative 

stability of, magnesium hydride and borohydride intermediates during the course of the catalysis as 

shown in Scheme 20.132 In a manner reminsicent of the above described Si-N dehydrocoupling 
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catalysis, regeneration of the catalytic magnesium hydride was proposed to occur via effective β-

hydride elimination from the amidoborohydride intermediate.  

 

Scheme 20: Proposed mechanism for Mg-catalyzed dehydrocoupling of amines and boranes.
132 

Further related reactivity has been described by Hill with regards to phosphine oxides. 

Diarylphosphine oxides undergo both reduction and dehydrocoupling in the presence of phenylsilane 

mediated by 1f and 2b, to yield both the mixed P(III)-P(V) compound Ph2P(O)PPh2 and its fully 

reduced counterpart Ph2PPPh2. Triarylphosphine oxides were also shown to react with P-P coupling, 

which is postulated to occur via a P-C σ-bond metathesis.133  

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

partners for cross metathesis, the ability to move ‘beyond dehydrocoupling’ for the group 2 catalysed 

cross-metathesis of sigma bonds has been demonstrated only very recently.
134

 The alkaline earth 

bis(trimethylsilyl)amides 2a-c are effective pre-catalysts for boron-nitrogen bond formation through 

the ‘desilacoupling’ of amines, RR’NH (R = alkyl, aryl; R′ = H, alkyl, aryl), and pinBSiMe2Ph 

(Scheme 21). This reactivity also yielded a stoichiometric quantity of Me2PhSiH and provided the 

first example of a catalytic main group element-element coupling that is not dependent on the 

concurrent elimination of H2. Stoichiometric reactivity studies between the magnesium alkyl 1a and 

pinBSiMe2Ph provided the corresponding magnesium silyl and nBuBpin metathesis by-products. A 

kinetic investigation and the the absence of any observable magnesium silyl formation during the 

course of the catalysis led the authors to suggest the operation of alternative outer sphere mechanisms. 

 

Scheme 21: The alkaline earth-catalysed ‘desilacoupling’ of amines and boranes.134 
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Alternative Mechanisms in Group 2-Mediated Reactivity 

While the group 2-catalysed boron-nitrogen cross-coupling of dialkyl boranes or borane esters has 

only been described very recently,
135

 the dehydrocoupling of amine-boranes, RnNH3-n⋅BH3 (n = 0, 1, 

2) has been explored more extensively. Harder and co-workers’ report of the reactivity of the β-

diketiminate calcium hydride, 8, 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 22.
136 

 

Scheme 22: The dehydrogenative coupling of ammonia-borane and methylamine-borane mediated by 

compound 8 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 methylamine-borane 

MeNH2⋅BH3, and a further investigation into the far more sterically encumbered DippNH2⋅BH3 

yielded a deprotonated iminoborane coordinated to a β-diketiminate supported calcium centre. In 

contrast to this result, the lighter magnesium congener, utilising 1d, yielded a di(amino)borane of the 

form [DippNHBHNHDipp], under analogous reaction conditions Scheme 23.137 

 

Scheme 23: Congeneric variations in the dehydrogenation of DippNH2BH3 by 1d or 8. 

Subsequent extensive catalytic and stoichiometric dehydrocoupling of secondary amine boranes, 

primarily Me2NH⋅BH3, was investigated by Hill and co-workers. (Scheme 24).138 Although the major 

boron-containing product of the catalysis was found to be the cyclic diborazane [Me2N-BH2]2,  

stoichiometric investigations allowed the identification of not only amidoborane fragments bound to 
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group 2 centres, but also magnesium complexes (14 and 15) of the anion [NMe2-BH2-NMe2-BH3]
- 

derived from the formal dehydrocoupling of two Me2NH⋅CH3 substrate molecules (Figure 4). 

 

 

Scheme 24: The dehydrogenative dimerisation of dimethylamine-borane extensively investigated by 

the Hill group. 

 

 

Figure 4: The crystallographically-characterised magnesium complexes 14 and 15 of a coupled 

diaminodiborane anion proposed by Hill and co-workers, to represent intermediates in the group 2 

mediated dehydrogenative dimerisation of dimethylamine-borane.138 

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

pathway, further extensive NMR investigations in conjunction with these crystallographic 

investigations led this group to postulate the alternative catalytic manifold shown in Scheme 25.
138 

 

Scheme 25: The proposed mechanism of the group-2-catalysed dehydrocoupling of dimethylamine-

borane. 
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In this mechanism an initial protonolysis yields a metal-amidoborane which undergoes a β-hydride 

elimination to yield a metal-hydride and an aminoborane moiety. This unsaturated fragment, which is 

isoelectronic to a C=C bond, then undergoes an insertion into an Ae-N bond of a metal-amidoborane. 

This process is analogous to the aforementioned polarised insertion reactivity prevalent in C=E 

heterofunctionalisation catalysis and provides a coupled metal-diamidodiborane analogous to 

compounds 14 and 15 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. 138 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 aminoborane, iPr2N=BH2, even under catalytic 

conditions as shown in Scheme 26. It was postulated that dehydrogenation of di-iso-propylamine 

borane ensues similarly by β-hydride elimination from an initially formed alkaline earth amidoborane 

derivative. The product aminoborane, 
i
Pr2N=BH2, however, is unable to undergo subsequent Ae-N 

insertion as a result of the greater steric demands of the iso-propyl substituents.  

 

Scheme 26: The dehydrogenation of iPr2NH•BH3 yielding an aminoborane which is incapable of 

dimerisation, and dihydrogen. 

Further evidence for the intermediacy of unsaturated aminoborane units was provided by a subsequent 

report which noted the interception of a postulated in situ generated aminooborane by a Sr-X (X = 

NR2, CH(SiMe3)2) bond to yield variously an unsymmetrical diaminoborane or aminoalkylborane in 

the case of 3c and 4c respectively. In each case an equivalent of ‘SrH2’ 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 3a and 3b as pre-catalysts (Scheme 27).139 

 

Scheme 27: The insertion reactivity of in situ generated aminoborane fragments into Ae-X bonds (X 

= R2N, (Me3Si)2CH) to yield unsymmetrically substituted boranes and catalytically viable group 2 

hydrides. 

Most notable in this chemistry was the rate-dependence of amine borane dehydrocoupling upon metal 

identity, which was found to be contingent upon an increase in cation charge-density (Ba < Sr < Ca < 
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Mg) yielding increasingly efficient dehydrocoupling. Further mitigation for this hypothesis was 

provided by the observation that the even greater charge density of the Sc
3+

 ion provided a rate of 

catalytic dimethylamine borane dehydrocoupling well in excess of that of magnesium.140 

 

Conclusions and Future Perspectives 

It is readily apparent that the utility of group 2-based species as potentially sustainable reagents in 

homogeneous catalysis has progressed enormously during the past decade. Despite the many advances 

described above, however, the scope and absolute activity of bond activation processes available 

remains relatively narrow in comparison to the vast breadth of transformations which may be 

catalysed by transition metal reagents. Furthermore, and notwithstanding the many and varied 

mechanistic deductions so far, a clear conceptual framework to facilitate the development of future s-

block catalyst types is somewhat lacking. It is, thus, interesting to reflect on the advances made in 

parallel and related areas, with particular regard to catalytic and bond activation reactivity derived 

from what may be generically termed as main group species. 

As highlighted in the introduction to this review, redox activity is a common feature of many 

transition metal catalysis. While a variety of single electron oxidative reactions of metal-metal bonded 

Mg(I) centres have been demonstrated by Jones and co-workers,3,141 these processes are confined to 

stoichiometric reductions as the regeneration of the magnesium(I) dimers under catalytic conditions is 

unlikely. In contrast it is interesting to note that many enzymes utilise redox inactive magnesium and 

calcium centres to modulate electron transfer processes through the use of biological structures 

analogous to non-innocent or redox active ligands.142 With these considerations in mind, Hill and co-

workers have utilised the stable radical 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) to derive the 

first example of a single electron transfer with an s-block element in catalysis (Scheme 28).143 In this 

case H2 evolution was observed between an otherwise unreactive mixture of TEMPO and 

phenylsilane upon addition of a catalytic quantity of either compound 1b or 3a. The proposed 

mechanism is rationalised as a combination of Si-H/Mg-O metathesis and single electron oxidation of 

the as formed magnesium hydride. Although extensions to this approach are likely to require elements 

of more system-specific ligand design, the application of single electron transfer steps to more 

productive element-element bond forming reactions should provide a competitive area of future 

interest in s-block chemistry. 

 

 

Scheme 28: Magnesium-catalysed coupling of silanes and TEMPO. 
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Oxidative addition reactions of small molecules such as dihydrogen to typical transition metals are 

commonly pictured to ensue through the assembly of a synergic HOMO/LUMO interaction of an 

unfilled metal d-orbital and the σ orbital of H2 in conjunction with back donation from a filled metal 

orbital to σ*(H2). In a similar manner Bertrand’s singlet (alkyl)(amino)-carbenes (CAACs),
144

 the 

amido(boryl)- amido(silyl)silyenes of Aldridge and Jones and Power’s heavier group 13 and 14 

systems are  able to effect H2 activation under very mild conditions.145,146 In such cases the facility of 

the activation is again viewed as resulting from the complementary engagement of the σ and σ* 

orbitals of the H2 substrate and the respective LUMO and HOMO of the formally low oxidation state 

triel- or tetrel-based molecules. Probably the highest profile main group systems for H2 activation, 

however, have been provided by Stephan’s ‘frustrated’ Lewis pairs (FLPs).
1
 Although there has been 

some dispute over their precise mode of action, the most authoritative treatment of these systems also 

describes the assembly of the H2 activation transition state as a result of cooperative σ(H2) donation to 

the Lewis acid component of the FLP and Lewis base donation to σ*(H2).
147 In such cases substrate 

engagement results in effectively barrierless heterolytic H-H cleavage. Although orbitally 

unconstrained and non-directional, it is notable that similarly high levels of polarisation and charge 

separation are implicated during the small molecule activation steps mediated by the highly polar 

alkaline earth reagents described herein. The activation of H2 by a Mg-X or Ca-X bond may be 

considered as a subset of the same reaction type in which heterolysis of the H-H bond is achieved 

through a σ(H2) interaction with the Lewis acidic Ae centre in concert with simultaneous, but heavily 

polarised, charge donation from the basic X substituent to the σ*(H2) orbital.
113

 From this standpoint, 

and more generally, the σ-bond metathesis reactivity so generally associated with group 2-centred and 

FLP bond activation may be viewed as displaying a high degree of complementarity. It seems likely 

that future directions will be increasingly led by a similar cross-fertilisation of concepts from other 

areas. Furthermore, the greater unification of models for reactivity across the entire main group of 

elements may allow the eventual design of catalytic main group systems including the group 2 

elements which are competitive with or even surpass the utility of transition metals. 
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