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CONS P EC TU S

T ransition metal compounds are well known as activators of small molecules,
and they serve as efficient catalysts for a variety of homogeneous and

heterogeneous transformations. In contrast, there is a general feeling that main
group compounds cannot act as efficient catalysts because of their inability to
activate small molecules. Traditionally, the activation of small molecules is
considered one of the key steps during a catalytic cycle with transition metals.
As a consequence, researchers have long neglected the full range of possibilities in
harnessing main group elements for the design of efficient catalysts.

Recent developments, however, have made it possible to synthesize main
group compounds with low-valent elements capable of activating small
molecules. In particular, the judicious use of sterically appropriate ligands
has been successful in preparing and stabilizing a variety of Group 14 hydrides
with low-valent elements. In this Account, we discuss recent advances in the synthesis of Group 14 hydrides with low-valent
elements and assess their potential as small-molecule activators.

Group 14, which comprises the nonmetal C, the semimetals Si and Ge, and the metals Sn and Pb, was for years a source of
hydrides with the Group 14 element almost exclusively in tetravalent form. Synthetic difficulties and the low stability of Group 14
hydrides in lower oxidation states were difficult to overcome. But in 2000, a divalent Sn(II) hydride was prepared as a stable
compound through the incorporation of sterically encumbered aromatic ligands. More recently, the stabilization of GeH2 and SnH2
complexes using an N-heterocyclic carbene (NHC) as a donor and BH3 or a metal carbonyl complex as an acceptor was reported.
A similar strategy was also employed to synthesize the Si(II) hydride. This class of hydrides may be considered coordinatively
saturated, with the lone pair of electrons on the Group 14 elements taking part in coordination.

We discuss the large-scale synthesis of hydrides of the form LMH (where M is Ge or Sn, L is CH(N(Ar)(CMe))2, and Ar is
2,6-iPr2C6H3), which has made it possible to test their reactivity in the activation of small molecules. Unlike the tetravalent Group
14 hydrides, the Ge(II) and Sn(II) hydrides were found to be able to activate a number of small molecules in the absence of any
externally added catalyst. For example, the Ge(II) hydride and Sn(II) hydride can activate CO2, and the reaction results in the
formation of Ge(II) and Sn(II) esters of formic acid. This product represents a prototype of a new class of compounds of Group 14
elements. Moreover, we examined the activation of carbonyl compounds, alkynes, diazo and azo compounds, azides, and
compounds containing the CdN bond. These Group 14 hydrides with low-valent elements are shown to be able to activate a
number of important small molecules with CtC, CdO, NdN, and CdN bonds.

The activation of small molecules is an important step forward in the realization of main group catalyst development. Although
it is not yet customary to assay the potential of newly synthesized main group compounds for small-molecule activation, our
results offer good reason to do so.

1. Introduction
Metal hydrides and their complexes are considered valu-

able synthons in chemistry. It has been demonstrated that

main group and transition metal hydrides are important

intermediates in industrial processes and also function as

catalysts.1 In comparison to the main group hydrides, the
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chemistry of transition metal hydrides is well-documented.2

Main groupmetal hydrides are of practical interest as a result

of their widespread application in synthetic organic chem-

istry and their employment as precursors for high-purity

element and alloy devices for the electronics industry.3

Organometallic hydrides of Group 14 elements play an im-

portant role in various metathesis reactions, and therefore,

the reactivity of hydrides such as R3SiH, R3GeH, and R3SnH is

well-studied.4 In the case of Group 14 hydrides, examples of

stable hydrides had been restricted to derivatives of the

tetravalent state. The main reason for this imbalance is the

synthetic difficulty and the stability of Group 14 hydrides

with low valent elements. The situation changed in 2000

when it was shown by Power and co-workers that the

divalent tin(II) hydride (Ar*SnH)2 could be prepared by using

the sterically encumbered Ar* ligand (Ar* = C6H3-2,6-(C6H2-

2,4,6-iPr3)2).
5 Despite considerable research in this area, the

parent free heavymethylenes EH2 (E = C, Si, Ge, Sn, Pb) have

remained unattainable, because the hydrogen atoms can

fulfill neither the steric nor the electronic requirements. The

lightest member, methylene, can be stabilized via MdCH2

coordination (M = transition metal).6 Rivard and co-workers

recently reported the stabilization of parent GeH2 and SnH2

complexes using a N-heterocyclic carbene (NHC) as a donor

and BH3 or metal carbonyl complex as an acceptor.7,8

A similar strategy was also recently employed to synthesize

the Si(II) hydride by Robinson and co-workers.9 This class of

hydrides with low valent elements may be considered as

coordinatively saturated where the lone pair of electrons

takes part in coordination. These Group 14 hydrides with

low valent elements have not been tested for their ability

toward activation of small molecules.

The activation of small molecules is an important step in

realizing the main group based catalyst development. How-

ever, it was only discovered recently that a number of Group

14 compounds with low valent elements can activate small

molecules under ambient conditions that led to compari-

sons of their reactivity with that of open shell transition

metal species.10 For example, in 2005, it was shown that the

Ge alkyne analogue Ar0GeGeAr0 [Ar0= C6H3-2,6(C6H3-2,-

6-iPr2)2] reacted directly with H2 under ambient conditions

to give the hydrogenated products Ar0(H)GeGe(H)Ar0, Ar0(H)2-
GeGe(H)2Ar0, and Ge(H)3Ar0.

11 The initial interaction involves

donation of electron density from the σ-orbital of H2 into

the LUMO of Ar0GeGeAr0. There is a synergetic electron dona-

tion from the π-HOMO orbital of the germanium species

into the σ*-orbital of H2. This weakens the H�H bond

sufficiently to enable oxidative addition to occur and clearly

shows the mechanism of H2 activation by main group

compounds in analogy to transition metal compounds

from the point of symmetry of the frontier orbitals. Later

on, Bertrand and his group showed in 2007 that the

reaction of the related stable carbenes such as :C(tBu)NiPr2
with H2 affords the addition product H2C(tBu)NiPr2.

12

In addition to the activation of H2, Bertrand and co-workers

also demonstrated that carbenes can activate NH3

molecules.12 In another investigation, it was displayed

that the deep green distannyne Ar0SnSnAr0 can activate

ethylene at room temperature under 1 atm pressure of

ethylene.13 In this account, we discuss the recent ad-

vances of the synthesis of Group 14 hydrides with low

valent elements and their potential toward small mole-

cule activation. We show that monomeric terminal hy-

drides LMH [M = Ge or Sn, L = CH{N(Ar)(CMe)}2, Ar = 2,-

6-iPr2C6H3] can be isolated in large scale and these

hydrides are used to activate a number of small molecules

containing CdO, CtC, NdN, and CdN bonds.

2. Synthesis of Terminal Silicon(II), Germanium-
(II), and Tin(II) Hydrides
At present, the chemistry of divalent Group 14 elements

is quite rich with numerous well-defined examples of stable

monomeric carbenes, silylenes, germylenes, stannylenes,

and plumbylenes of general formula R2E:.
14 However, the

realization of free silicon(II) dihydride, SiH2, has been so far

elusive at room temperature. SiH2 plays a central role in the

field of silicon chemistry, and it is considered as a transient

species. SiH2 is unstable at room temperature and poly-

merizes or disproportionates to give insoluble products.

We aimed at synthesizing a silicon(II) monohydride species

stable at room temperature. The synthesis of Lewis acid base

stabilized monohydrosilylene L0SiH(BH3) (1) by employing

the chelating benzamidinate ligand L0 [where L0 indicates
PhC(NtBu)2] was accomplished in 2011.15 The chlorosilylene,

L0SiCl,16 with a stereoactive lone pair of electrons present at the

silicon atom was used as starting material for the synthesis of

L0SiH(BH3). The lone pair of electrons was arrested by treat-

ing L0SiCl with a Lewis acceptor BH3 to yield the Lewis acid

base stabilized chlorosilylene, L0SiCl(BH3). L0SiCl(BH3) was re-

acted with the hydrogenating agent K[B(sBu)3]H in toluene

at �30 �C to afford the stable monohydrosilylene, LSiH(BH3)

(1), in good yield (Scheme 1). A solution of 1 in benzene-d6
did not show any evidence of oligomerization or decom-

position after 48 h of heating in an oil bath at 80 �C. The
central structural element of L0SiH(BH3) (1) is a planar SiN2C
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four-membered ring, with the silicon atom in the plane of

the chelating benzamidinate monoanionic ligand. A de-

tailed experimental charge density investigation reveals a

central positively charged silicon atom bound to a nega-

tively charged hydrogen atom.

To realize heavier Group 14 hydrides with low valent

elements, Power and co-workers reported dimericgermanium-

(II) and tin(II) hydrides, Ar0(H)GeGe(H)Ar0 [Ar0 = C6H3-2,6-

Dipp2; Dipp = C6H3-2,6-iPr2)] and (Ar*SnH)2 [(Ar* = C6H3-

2,6-(C6H2-2,4,6-iPr3)2] using the sterically encumbered

ligand.5,17 Recently, Rivard and co-workers reported on the

parent GeH2 complex utilizing NHC as donor and BH3 or

metal fragment as acceptor by the Cl/H metathesis reac-

tion of carbene-stabilized dichlorogermylene with lithium

tetrahydroborate in diethyl ether.7 However, there was no

report on monomeric terminal monohydrides of Ge(II) and

Sn(II) with the free lone pair of electrons on the Ge(II) or

on Sn(II). In 2001, we reported the formation of an adduct of

germanium(II) hydridewith BH3, [{CH(CMeNAr)2}Ge(H)(BH3);

Ar = 2,6-iPr2C6H3 (3) or 2,6-Me2C6H3 (4)] by refluxing the

suspension of chlorogermylene 2a or 2b with NaBH4 in

THF for 12 h (Scheme 2).18 The desired germanium(II)

hydride was obtained by using a Lewis acid scavenger such

as PMe3 under elimination of Me3PBH3 with a smooth color

change from pale yellow to orange (Scheme 2).18 5 is the

first three coordinate germanium(II) hydride compound

stable at room temperature. Amazed by the stability of this

compound, we explored a number of alternative synthetic

pathways to obtain 5 as well as similar low valent tin(II)

hydride.

In 2006, we found that AlH3 3NMe3 is a suitable candi-

date for transformation of germanium(II) chloride into the

orange-red germanium(II) hydride (Scheme 3).19 Similarly,

the reaction of LSnCl 6 with AlH3 3NMe3 in toluene at �4 �C
yields the first monomeric and terminal tin(II) hydride 7

(Scheme 3).19 Preparation of 5 or 7 using AlH3 3NMe3 re-

sulted in the formation of the expected hydride contami-

nated with small amounts of the starting material 2a or 6.

Therefore, the method of preparation needed some im-

provement, and in 2009 we reported on the modified

synthetic procedure of 5 and 7 starting from 2a and 6,

respectively. Treatment of 2a or 6 with potassium triisobu-

tylborohydride (K[HB(iBu)3]) in toluene at �10 �C afforded 5

or 7 in high yield (Scheme 3).20,21 Compounds 5 and 7 are

thermally stable over a long period of time when stored in a

glovebox. The structure of orange-red single crystals of 5

reveals that the germanium atom is tetrahedrally coordi-

nated by the β-diketiminato ligand, a hydrogen atom, and,

we assume, a lone pair of electrons at the fourth coordina-

tion site. The solid state structure of 7 revealed the weak

intermolecular contacts between the lone pair of electrons

on the tin atom and the Sn�H hydrogen atom from another

molecule generating a hydrogen bridged dimer [(Sn 3 3 3H),
4.01(3) Å; (Sn 3 3 3 Sn), 3.71 Å].

3. Activation of Carbon Dioxide
There is increased recognition by the world's scientific,

industrial, and political communities that the concentrations

of greenhouse gases in the earth's atmosphere, particularly

SCHEME 2. Synthesis of Germanium(II) Hydride SCHEME 3. Synthesis of Germanium(II) and Tin(II) Hydrides

SCHEME 1. Synthesis of Lewis Acid Base Stabilized Si(II) Hydride
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CO2, are increasing. As a result, there ismore andmore effort

to reduce concentrations of atmospheric CO2. Carbon diox-

ide is a readily accessible atmospheric gas that could be a

useful feedstock for organic compounds.22 Catalytic hydro-

genation is one of the most promising approaches to CO2

fixation. Mostly CO2 insertion into the M�H bond has been

limited to transition metal and alkali metal hydrides. For

Group 14metal hydrides, there are only a few reports on the

hydrogenation of carbon dioxide using silicon(IV) hydride

and tin(IV) hydride.23 The reaction of carbon dioxide and

silicon(IV) hydride requires a transitionmetal catalyst. To the

best of our knowledge, there were no reports on the hydro-

genation of carbon dioxide using Group 14 metal hydrides

with low valent elements before 2009. Later on, in 2011, the

activation of carbon dioxide by divalent tin alkoxide com-

plexes was reported by Fulton and co-workers.24 In 2009,

the synthesis of a germylene formate, LGe�O�C(O)H (8),

and stannylene formate, LSn�O�C(O)H (9), was reported in

quantitative yield by the reaction of 5 and 7, respectively,

with carbon dioxide at room temperature without using any

additional catalyst (Scheme 4).20,21 The solid state structures

of 8 (Figure 1) and 9 confirm that the normal insertion of CO2

takes places in the present cases.

One step ahead to realize the catalytic hydrogenation

processmediated by low valent hydrides, onemust consider

the regeneration of starting hydride releasing formic acid,

and this process will in turn lead to another CO2 insertion.

The 1:1 reaction of LGe�O�C(O)H (8) with LiH2NBH3 in THF

at �78 �C leads to the reformation of LGeH (5) and lithium

formate (Li�O�C(O)H) (Scheme 5).25 The 1H NMR spectrum

of the crude reaction mixture in C6D6 indicates the conver-

sion of LGe�O�C(O)H (8) to LGeH (5) in almost quantitative

yield. Lithium formate can easily be converted to formic acid

by reaction with hydrochloric acid. The conversion of

LGe�O�C(O)H (8) to LGeH (5) regenerates the primary

CO2-capturing agent. Here it is worth mentioning that LGeH

is stable toward water and can therefore be easily separa-

ted from the other reaction products by extraction with

benzene.

4. Activation of Carbonyl Compounds
The carbonyl group and its transformation into other func-

tional groups are very important in organic chemistry. There

are numerous reports on hydrostannylation of compounds

with carbonyl groups using tin(IV) hydride.26 However, there

were no protocols of hydrogermylation or hydrostannyla-

tion using hydrides with the low valent germanium or tin.

The germanium(II) hydride 5 displayed no reactivity toward

unactivated ketones such as acetone or benzophenone

at room temperature; however, it reacted cleanly with

activated ketones, namely, 2,2,2-trifluoroacetophenone

and 2,2,2-trifluoroacetothiophene. Treatment of 5 with

SCHEME 4. Activation of Carbon Dioxide by Germanium(II) and Tin(II)
Hydrides

FIGURE 1. Molecular structure of 8 revealing insertion of CO2 into the
Ge(II)�H bond.

SCHEME 5. Regeneration of Germanium(II) Hydride (5) from Germa-
nium(II) Formate (8)

SCHEME 6. Activation of Ketones by Germanium(II) Hydride, 5
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2,2,2-trifluoroacetophenone and 2,2,2-trifluoroacetothio-

phene leads quantitatively to the germylene alkoxides 10

and 11, respectively, with a Ge(II)�O�C framework that is

formedbynucleophilichydrideaddition to the respectivecarbon

of the carbonyl group (Scheme 6).27 Themolecular structures of

10 and 11 reveal that the three coordinate germanium atom is

surroundedby twoNatomsof theβ-diketiminato ligandandan

exocyclic O atom establishing a Ge(II)�O�CH core.

Further we studied the activation of tin(II) hydrides with a

variety of activated and unactivated ketones. Ketone inser-

tion into the tin(IV)�hydrogen bond of various complexes is

well established.28,29 The first report on the hydrostannyla-

tionof a variety of carbonyl compoundsby tin(II) hydridewas

documented only in 2009.21,30 The tin(II) hydride does not

display any reactivity toward activation of acetone at ambi-

ent temperature; however, it reacts cleanly with a variety of

other ketones including aromatic ketones. Treatment of 7

with 2-benzoylpyridine, 2,2,2-trifluoroacetophenone, ferro-

cene carbaldehyde, benzophenone, di(2-pyridyl)ketone,

2,2,2-trifluoroacetothiophene, and dicyclopropylketone

led to the stannylene alkoxides 12�18 (Scheme 7). Molec-

ular structures of 12, 14 (Figure 2), 17, and 18 were deter-

mined by single crystal X-ray crystallography revealing

the three coordinate tin atom surrounded by two N atoms

of the β-diketiminato ligand, and an exocyclic O atom.

Additionally, the reaction of fluorinated aromatic ketones

with tin(II) hydride 7 was studied.31 The reactions of 7 with

fluorinated aromatic ketones such as pentafluorobenzophe-

none (PhCOC6F5) andperfluorobenzophenone (C6F5COC6F5),

respectively, in toluene at room temperature, lead to the

nucleophilic addition products LSnOCHPh(C6F5) (19) and

LSnOCH(C6F5)2 (20) as well as to metathesis products PhCO-

(4-C6F4H) (21) and C6F5CO(4-C6F4H) (22) with the formation

of LSnF (23) (Scheme 8). The tin(II) fluoride LSnF (23) is

obtained by cleavage of one of the C�F bonds of the C6F5
group. The para fluorine atom of the pentafluorophenyl

group is replaced by the hydrogen atom of the starting tin(II)

hydride 7. In contrast, the reactions of 4-fluorobenzophenone

(PhCO-4-C6H4F) and pentafluorobenzaldehyde (C6F5CHO)with

7 provide the normal tin(II) alkoxide products LSnOCHPh

(4-C6H4F) (24) and LSnOCH2C6F5 (25) as a result of nucleophilic

addition of hydride to the carbonyl group. From the above

reactions, itmaybeargued that there is a competitionbetween

themetathesis reaction and the nucleophilic addition reaction.

The para C�F bond is activated during themetathesis reaction

most probably due to steric reasons.

5. Alkyne Activation through Hydrogermyla-
tion and Hydrostannylation
Thehydrogermylation andhydrostannylation of olefins and

alkynes have been established for nearly 50 years and

follow either a polar or a free-radical pathway, depending

on substituents and conditions.32,33 The hydrogermylation

and hydrostannylation of unsaturated hydrocarbon com-

pounds with Ge(IV)�H and Sn(IV)�H reagents give a variety

of acyclic and cyclic carbon functional germanium com-

pounds in the presence of externally added catalyst.32,33

Because of the variable polarity of the M�H bond, various

catalysts have been used in hydrogermylation reactions

to initiate different pathways. In contrast to this, we recently

SCHEME 7. Activation of Ketones by Tin(II) Hydride, 7

FIGURE 2. Molecular structure of 14 revealing activation of a carbonyl
compound by a tin(II) hydride compound.
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reported hydrogermylation reactions of alkynes using

germanium(II) hydridewithout any catalyst.20,27 Compounds

5 and 7were used for hydrogermylation and hydrostannyla-

tion of a number of alkyne compounds in the absence of any

added catalyst as a result of transfer of the hydrogenatomand

germylene or stannylene across the carbon�carbon triple

bond rather than the elimination of H2 owing to the differently

polarized Ge�H and C�H bonds.

The germanium(II) hydride 5 reacts with a variety of

alkynes HCtCCO2Et, MeO2CCtCCO2Me, tBuO2CCtCCO2-

tBu, HCtCCO2Me, and EtO2CCtCCO2Et at room tempera-

ture to form the germanium(II) substituted alkenes 26-30

(Scheme 9). The disubstituted alkynes dimethyl acetylene-

dicarboxylate and di-tert-butyl acetylenedicarboxylate were

chosen to check the selectivity of the addition across the

carbon�carbon triple bond. It was observed that 5 reacts

with these dialkyl acetylenedicarboxylates (RO2CCtCCO2R;

R =Me, tBu) in toluene at room temperature to formonly the

corresponding isomers 27 and 28 with the (E)-germylene-

substituted alkene. The solid state structures of 27 and

28 also confirmed the presence of only the (E)-isomer. The

formal oxidation state (II) at the germanium atom persisted

during the transfer of the hydrogen to the corresponding

carbon�carbon triple bond (alkyne).

In 2009, we reported the hydrostannylation reaction

of alkynes with 7 without any catalyst.21,30 Compound 7

reacts with a number of alkynes resulting in the insertion of

alkyne into the Sn(II)�Hbond producing compounds 31�36

(Scheme 10). 31�36 were characterized completely by

spectroscopic methods, and a few representative com-

pounds were characterized by single crystal X-ray studies.

Compound 7 reacts with symmetrically substituted alkynes

RO2CCtCCO2R (R =Me, Et, tBu) in toluene at room tempera-

ture to form both the E- and Z-stannylene-substituted al-

kenes 31�33 in a ratio of 1:0.7 (31), 1.00:0.69 (32), and

1.00:1.52 (33). The molecular structure of 32 was deter-

mined by X-ray crystallography revealing the presence of

only one isomer (Z-isomer) in the solid state. 7 reacts with

SCHEME 8. Competition of Metathesis and Nucleophilic Addition of Fluorinated Aromatic Ketones with Tin(II) Hydride, 7

SCHEME 9. Hydrogermylation of Alkynes SCHEME 10. Hydrostannylation of Alkynes Using Tin(II) Hydride, 7
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HCtCCO2Me and HCtCCO2Et, respectively, at room tem-

perature to form the vinyl stannylenes34 and35 (Scheme10).

The unsymmetrically substituted alkyne MeCtCCO2Et reacts

with 7 at room temperature to form the hydrostannylated

product36 (Scheme10). The crystal structureof36 reveals a cis

orientation of the tin and hydrogen atom across the double

bond. In solution, also, only one isomer is detected, indicating

that 36 is obtained by 1,2-syn-addition of 7 to the alkyne

resulting from the transfer of the hydrogen atom and stanny-

lene across the carbon�carbon triple bond.

6. Activation of Diazo and Azo Compounds
The reaction of diazoalkanes with transition metals has a

long history in the cyclopropanation of olefins.34 Coordina-

tive unsaturation at themetal center allows transition-metal

complexes to react as electrophiles (Lewis acids) with diazo

groups. Numerous diazoalkane complexes of transition

metals have been prepared in which the metal center is

coordinated to the terminal nitrogen group (end-on) or to

the NdN bond (side-on).35 In contrast, the reaction of

diazoalkane with compounds of main group elements is

scarcely known in literature.36,37 In 1996, Meller and co-

workers reported the reaction of dimethyl 2-diazomalonate

and 2-diazo-1,3-indanedione with germylenes and stanny-

lenes resulting in oxadiazametallanin core with six-mem-

bered heterocyclic ring formation around the germanium or

tin center.37 In 2009,we reportedanend-onnitrogen insertion

of adiazo compound intoagermanium(II) hydrogenbondand

a comparable reaction with diethyl azodicarboxylate.38

The reaction of diazoalkane N2CHR (R = CO2Et or SiMe3)

with germanium(II) hydride 5 leads to the first stable

germanium(II) substituted hydrazone derivative, [LGeN(H)-

NCHR], where R = CO2Et (37) or SiMe3 (38), in high yields

(Scheme 11). Also the reaction of 5 with diethyl azodicar-

boxylate (DEAD) proceeds rapidly at room temperature to

give compound 39 in high yield (Scheme 11). The reaction

takes action by the unprecedented end-on insertion of

diazoalkane into the Ge�H bond. Dinitrogen elimination

with subsequent insertion or an oxidative addition reaction

is generally expected. The end-on N2CHR insertion into the

Ge�H bond unambiguously in the present case reveals the

initial interaction between the germanium center and the

terminal nitrogen atom of the diazo group followed by

hydrogen transfer from the germanium center to nitrogen.

Compounds 37, 38 (Figure 3), and 39were characterized by

spectroscopic, analytical, and X-ray crystallographic mea-

surements. The X-ray structures reveal that the coordination

polyhedron around the germanium atom features a dis-

torted tetrahedral geometry with a stereochemically active

lone pair of electrons with zigzag orientation of the N�N

moiety. To investigate the electronic structure and bonding

properties of 37 and 38, ab initio DFT calculations were

performed. The calculations reveal that the stabilities of

compounds 37 and 38 arise from the electron density shift

from the N�N bond of the diazoalkane to the Ge�N bond

between germanium and ligating nitrogen. As a conse-

quence, the N�N bond deviates from a triple bond and the

initial linear geometry of the ligating end inN2CHR transforms

into a planar zigzag structure in 37 and 38.

FIGURE 3. Molecular structure of 38 revealing end-on nitrogen inser-
tion of a diazo compound into the Ge(II)�H bond.

SCHEME 11. Activation of Diazo and Azo Compounds by Germanium(II) Hydride, 5
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7. Activation of Azide
After activation of azo and diazo compounds, we became

interested in studying the reactivity of 5 with substituted

azide. Trimethylsilyl diazomethane and trimethylsilyl azide

are isoelectronic, and both exhibit 1,3-dipolar properties.

Therefore, it was expected that the azide might also insert

end-on into the germanium�hydrogen bond of 5. However,

the reaction of 5 with trimethylsilyl azide at room tempera-

ture affords two products germanium(II) azide 40 and

germanium(IV) diamide 41 in a ratio of 1:1 (Scheme 12).25

Compound 40was formed by metathesis reaction of 5with

Me3SiN3 under elimination of Me3SiH, whereas compound

41 was generated by elimination of dinitrogen from azide,

with the resulting nitrene (:NSiMe3), inserting into the ger-

manium�hydrogen bond. The final oxidative addition of

another nitrene is followed by simultaneous hydrogen trans-

fer from one methyl group, which is attached to the hetero-

cyclic ring backbone. The formation of 41 requires the

oxidation of germanium(II) to germanium(IV). Therefore,

the synthesis of 41 involves a unprecedented oxidative

addition�insertion with nitrene which is formed in situ from

trimethylsilyl azide by elimination of dinitrogen, and inser-

tion into the Ge(II)�H bond. The molecular structures of 40

and 41 were established by single crystal X-ray studies. In

the solid state, 41 exists as a monomer without any inter-

molecular hydrogen bonds.

8. Activation of CdN Bond
Activation of CdC, CdO, and CdN bonds by transitionmetal

complexes has substantial precedent. Examples of direct

observation of activating C�N multiple bonds by main

group compounds are not common, since the C�Nmultiple

bond is very stable and requires high activation energy. In

2009, the activation of the C�N multiple bond by tin(II)

hydride7was reported.21 The reaction of7with compounds

containing C�N multiple bonds was studied by its reaction

with dicyclohexyl carbodiimide (DCC) (Scheme 13). This

reaction proceeded rapidly and quantitatively at room

temperature to give the spirocyclic compound 42, which

contained the four- and six-membered heterocycles of com-

position C3N2Sn and CN2Sn.

9. Summary and Conclusions
In summary, we document in this account the synthesis of

terminal low valent hydrides of Si(II), Ge(II), and Sn(II). The

Ge(II) and Sn(II) hydrides were studied for their ability to

activate small molecules. It was observed that, unlike the

tetravalent Group 14 hydrides, the Ge(II) and Sn(II) hydrides

can activate a plethora of small molecules in the absence of

any externally added catalyst. The germanium(II) hydride

and tin(II) hydride can activate CO2, and the reaction resulted

in the formation of a germanium(II) and tin(II) ester of formic

acid, which represents a prototype of a new class of com-

pounds of Group 14 elements. For example, a low valent

stable carbon analogue of composition RC�O�C(O)H has

not been reported to date. A RC�O�C(O)H species should be

extremely unstable and will rearrange to the corresponding

1,2-dicarbonyl compound, RC(O)�C(O)H. The reaction of

Ge(II) and Sn(II) hydrides with alkynes resulted in the forma-

tion of germanium(II)- or tin(II)-substituted alkenes. The

germanium(II)- and tin(II)-substituted alkenes have a lone

pair of electrons on the germanium center and a carbon�
carbon double bond, both of which are prone to react

further. The activation of small molecules is an important

step in the realization of main group based catalyst devel-

opment. So far it is not yet customary to check the

potential of newly synthesizedmain group compoundswith

low valent elements toward small molecule activation.

One step ahead to realize the catalytic process mediated

by Group 14 hydrides with low valent elements, one must

consider the regeneration of the hydride precursor. It has been

successfully shown that the conversion of LGe�O�C(O)H to

the starting hydride LGeH can be regenerated, indicating its

potential to be utilized as a main group based catalyst.
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