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Introduction 1

1. Introduction 

For the stabilization of highly reactive species, there are two conceivable approaches, 

thermodynamic and kinetic stabilization. The former is defined as stabilization of the ground 

state by the mesomeric effect of neighboring heteroatoms, attachment of an electron-donating 

or -withdrawing substituent or complexation with transition metal. The latter stabilization is 

resulting from raising the transition state by taking advantage of steric protection with bulky 

groups, which prevents oligomerization or reactions with others reagents such as oxygen and 

water. Kinetic stabilization obviously is superior to thermodynamic stabilization since the 

latter perturbs the intrinsic nature to a greater extent than the former.[1]

The use of the two approaches together with proper synthetic routes has then produced 

striking and outstanding results covering a variety of elements. For instance, 

[(tBu3SiGe)3
+BPh4

−], which incorporates a free germyl cation, was obtained by treating 

tetrakis(tri-tert-butylsilyl)cyclotrigermene with triphenylmetyl tetraphenylborate.[2,3] More 

recently, the same methodology was employed to generate a cyclotrisilenylium ion by 

elimination of one tBu2MeSi substituent from a cyclotrisilene (tBu2MeSi)2SiSi2(SitBu3)2 in 

the presence of Ph3C+·TSFPB– (TSFPB– = tetrakis[4-tert-butyldimethylsilyl)-2,3,5,6-

tetrafluorophenyl]borate.[4] The synthesis of a stable dibismuthene, TbtBi=BiTbt, was 

accomplished by an efficient steric protection group (Tbt = 2,4,6-

tris(bis(trimethylsilyl)methyl)phenyl). It was noted that the sterically demanding Tbt groups 

effectively surround the reactive Bi−Bi double bond moiety suppressing oligomerization.[5] 

Interestingly, a stable bicyclic compound with two Si=Si double bonds, a silicon analogue of 

spiropentadiene, resulted from the reaction of R3SiSiBr2Cl (R = tBuMe2Si) and potassium 

graphite at low temperature.[6] In contrast, the parent spiropentadiene decomposes within a 

few minutes in solution and its composition has only been confirmed by NMR spectroscopy 

and by analyses of a few chemical-trapping reactions.[7,8] The long-sought and quite reactive 
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species such as the three-coordinate silicon cations, R3Si+ (R = alkyl, aryl group)[9] and the 

(Cp∗)Si+ (Cp∗ = η5-pentamethylcyclopentadienyl)[10,11] cation have been recently structurally 

characterized. In the case of the free silylium ion the isolation could be possible by the 

stoichiometric reaction of trimesityllylsilane and Et3Si(H-CB11Me5Br6) to lead to the 

formation of [Mes3Si][H-CB11Me5Br6] (Mes = 2,4,6-trimethylphenyl). For the derivate of 

HSi+ the corresponding reaction of (Cp∗)2Si with the proton-transfer reagent 

Me5C5H2
+B(C6F5)4

− afforded the salt (Cp∗)Si+B(C6F5)4
−. By reduction of a tetrabrominated 

precursor a stable disilyne and its molecular structure was obtained. The Si−Si triple bond is 

kinetically and thermodynamically stabilized by two large silyl substituents, each bearing one 

isopropyl and two bis(trimethylsilyl)methyl groups.[12−14]  

In addition, the isolation of low-valent and low-coordinate compounds has gained 

considerable importance due to the possibility of new bonding sytems and new reaction 

modes. Particularly, the formation of homonuclear M−M and heteronuclear M−M´ multiple 

bonds between heavier main group elements has gained great interest.[15–18] Most importantly, 

this provides the chance to revise some concepts of bonding. In the case of ArPbPbAr (Ar = 

2,6-Trip2C6H3; Trip = 2,4,6-iPr3C6H2) a diplumbyne, was claimed as an alkyne analogue 

compound regarded to have an electron sextet in the valence shell which exists in a trans-bent 

form.[19] However, a revision of this statement by using DFT calculations revealed that the 

sterically demanding group forces a trans-bent equilibrium structure as the lowest lying 

energy minimum.[20] It is worth emphasizing that the reactivity of heavier Group 14 alkyne 

analogues (Ge, Sn) was investigated with conjugated dienes or small molecules. It was 

postulated in the case of ArGeGeAr (Ar = 2,6-Trip2C6H3; Trip = 2,4,6-iPr3C6H2) which did 

not give the expected cycloadduct when reacted with 2,3-dimethyl-1,3-butadiene due to its 

biradical character, a feature which also accounts for the products obtained between 

digermyne and small molecules (e.g. H2, N2O, O2, N3SiMe3, PhCCPh, P4, S8 and others).[21,22] 
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However, it is notable that the digermyne BbtGeGeBbt (Bbt = 2,6-Me(SiMe3)2-4-

Me(SiMe3)3-C6H2) even in the presence of H20, 2,3-dimethyl-1,3-butadiene, and Et3SiH, the 

latter compound known to be very reactive toward radical, showed no biradical character, but 

rather addition product formation with the former reagents and no reaction at all with 

Et3SiH.[23] As for distannyne, formation of {Sn(Ar)(μ–OH)}2 is observed by reacting either 

N2O or TEMPO (tetramethylpiperidineoxide) with ArSnSnAr (Ar = 2,6-Dip2C6H3; Dip = 2,6-

iPr2C6H3).[24]  

Of direct relevance in the present context are the contribution of other bulky 

monodentate alkoxide, aryloxide, diorganoamide (−NR2) and alkyl (−CH(SiMe3)2) ligands in 

the stabilization of low-coordinate germanium, tin, and lead compounds. And of particular 

interest are the Lappert´s amides M{N(SiMe3)2}2 (M = Ge, Sn, Pb), which remain two 

coordinate in the solid and behave in solution as a two electron donor analogous to 

carbenes.[25–28]  

The chemistry of the β-diketiminato ligand since its initial recognition as an ancillary 

ligand and the effective stabilization of lower oxidation states and lower coordination 

numbers has experienced a burgeoning due to the steric and electronic properties and a variety 

of coordination modes.[29] The ligand can be regarded as a bidentate and monoanionic ligand 

and can be prepared by direct condensation of 2,4-pentanedion, 2,6-diisopropylaniline, and 

HCl in boiling ethanol and subsequent neutralization of the generated ligand hydrochloride 

with Na2CO3 to obtain free LH (Scheme 1).[30,31]

Remarkable progress in the stabilization of compounds supported by β-diketiminato 

ligands has been recently reviewed.[29] It encompasses main-group elements, early and late 

transition elements to lanthanide and actinide elements. Recently, a great deal of unique and 

fascinating results reflects the β-diketiminato ligand stabilizing properties. Thus the isolation 

and structural characterization of a monomeric aluminum(I) compound [{HC(CMeNAr)2}Al] 
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(Ar = 2,6-iPr2C6H3) was reported. It was obtained by the reduction of [{HC(CMeNAr)2}AlI2] 

with potassium.[32]
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Scheme 1: Synthesis of the β-diketiminate ligand [HC(CMeNAr)2] (LH). 

 

The β-diketiminatoaluminum(I) compound resembles carbenoid-type compounds and 

possesses according to DFT calculations dual Lewis acid and Lewis base character and 

stereochemically an active lone pair of electrons at the aluminum atom. Interesting is the 

reaction of the aluminum(I) compound in the presence of white phosphorous (P4) and 

elemental sulfur (S8) which results in the successful isolation of P4
4− and S6

4− containing 

aluminum phosphide [{HC(CMeNAr)2}Al]2P4
[33] and sulfide [{HC(CMeNAr)2}Al]2S6,[34] 

respectively. Furthermore, the reaction of [{HC(CMeNAr)2}Al] with B(C6F5)3 leads to 

[{HC(CMeNAr)2}AlB(C6F5)3], a compound where the aluminum atom exhibits Lewis acid 

and Lewis base behavior.[35] Recently, an excellent review covering the chemistry of 

aluminum(I) has been published, which highlights the preparation of aluminum containing 

heterocyclic compounds, main group-main group and transition metal-main group compounds 

having donor-acceptor bonds by carrying out reactions with unsaturated compounds and 

Lewis acids.[36] The synthesis and structure of a boronic acid analogue based on aluminum 
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[{HC(CMeNAr)2}Al(OH)2] was prepared by hydrolysis of [{HC(CMeNAr)2}AlI2] with 

KOH, H2O and KH in liquid ammonia/toluene two-phase system.[37] In a parallel development 

the use of N-heterocyclic carbene as HCl acceptor was successfully introduced for the 

ammonolysis and hydrolysis of β-diketiminatoaluminum and β-diketiminatogallium chlorides 

to render [{HC(CMeNAr)2}Al(NH2)2][38] [{HC(CMeNAr)2}Ga(OH)2] and 

[{HC(CMeNAr)2}Ga(NH2)2].[39] The use of unconventional synthetic protocols enabled the 

isolation and molecular characterization of aluminum dithiol [{HC(CMeNAr)2}Al(SH)2][40] 

and aluminium diselenols [{HC(CMeNAr)2}Al(SeH)2] and 

[{HC(CMeNAr)2Al(SeH)2}(μ−Se)].[41] In an elegant trapping reaction the first 

monoalumoxane exhibiting an Al−O double bond was synthesized. As shown in Scheme 2, 

the two pendant donor arms of the β-diketiminate ligand give enough steric protection and 

lead to the formation of [HC{(Et2NCH2CH2NCMe)2}AlO·B(C6F5)3] when 

[HC{(Et2NCH2CH2NCMe)2}AlMe2] reacts with H2O·B(C6F5)3.[42]

NN

NN

H

 

Scheme 2 

At this stage some representative examples have been outlined with different ligands 

whose steric and electronic properties have led to the isolation of striking compounds. Herein 

the utilization of two different types of β-diketiminate ligands (Schemes 1 and 2) are 

employed for the synthesis of novel compounds based on germanium, tin, lead and bismuth. 

In general the new compounds contain the following functionalities and linkages: hydroxides, 

carboxylic acids, heterobimetalic oxides, hydrides, transition metal-main group bonds and 
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halides. The sections 2.1.−2.7. will in detail point out the importance, the state of the 

experimental results and discussion, and conclusion and remark of the chemistry of heavier 

Group 14 and Group 15 elements. Based on these delineations, the objectives of the present 

work are: 

1. to develope a synthetic methodology for the preparation of a stable and 

terminal germanium(II) hydroxide by kinetic stabilization. 

2. to investigate the reactivity of the lone pair of electrons on the germanium(II) 

hydroxide compound for the generation of new functionalities. 

3. to explore the reactivity of the OH functionality on the germanium(II) 

hydroxide compound for the isolation of heterobimetallic oxides. 

4. to develop methodologies for the synthesis of germanium(II) and tin(II) 

hydrides. 

5. to explore the reactivity of β-diketiminate ligands for the preparation of lead 

and bismuth organohalides in low oxidation states. 

6. to investigate by DFT methods the electronic properties of some of the new 

compounds. 
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2. Results and Discussion 

2.1. Preparation and Structure of the First Germanium(II) Hydroxide: The 

Congener of an Unknown Low-Valent Carbon Analogue 

 

In 1984 it was noted that the picture of the structural chemistry of hydroxides is far from 

complete,[43–45] and since then this is still the case. Roesky et al. reported the preparation and 

structural characterization of unusual compounds such as [{HC(CMeNAr)2}Al(OH)2][37] (Ar 

= 2,6-iPr2C6H3), [(Me3Si)3CSnO(OH)]3,[46] [(Cp∗Zr)6(μ4–O)(μ–O)4(μ–OH)8],[47] and a series 

of experiments concerning the so-called water effect in organometallic chemistry.[48] 

Interestingly, only a few examples of well-characterized germanium(IV) hydroxides are 

known: Ph3GeOH, (C10H7)3GeOH, (C6H11)3GeOH,[49] 2tBu2Ge(OH)2·(tBu2GeOH)2O·H2O,[50] 

and [Fc(tBu)(OH)Ge]2O (Fc = CpFe(η5-C5H4),[51] and no such compounds based on 

germanium(II) have been reported. The most common route to organogermanium hydroxides 

is through the hydrolysis of organohalogermanes, but they can be only isolated when the 

supporting ligand is bulky enough.[52]

Here we describe the hydrolysis of the β-diketiminatogermanium(II) chloride 

[{HC(CMeNAr)2}GeCl] (1),[53] with a slight excess of water and one equivalent of 1,3-

dimesitylimidazol-2-ylidene[54] (2; Mes = 2,4,6-Me3C6H2) in toluene at room temperature, 

which led to the formation of [{HC(CMeNAr)2}GeOH] (3) in good yield (Scheme 3). In 

contrast, conventional hydrolysis of 1 in the presence of an amine or in liquid ammonia was 

unsuccessful due to the formation of several side products. Moreover, the separation of 3 from 

the amine·HCl was not possible. Addition of HCl to the N-heterocyclic carbene 2 is clearly a 

key step in this reaction. The easy formation of 4 and its low solubility allow the separation of 

3 from 4. 
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Scheme 3. Ar = 2,6-iPr2C6H3, Mes = 2,4,6-Me3C6H2. 

Compound 3 is a yellow solid that is soluble in pentane, THF, dichloromethane, 

benzene and diethyl ether, but insoluble in hexane. In the IR spectrum a sharp absorption was 

observed around 3571 cm-1, which can be attributed to the O–H stretching frequency. 

Theoretical calculations on Ge(OH)2 showed that two vibrational frequencies could be 

expected at 3675 cm-1 and 3735 cm-1.[55] These values are in good agreement with those of 3 

when it is taking into account that some symmetry constrains are involved. In addition, the 

monoanionic ligand in 3 might affect the vibrational frequency by means of its steric demand 

and bonding mode. The 1H NMR spectrum shows the expected pattern for the β-diketiminato 

ligand[53] and a resonance for the hydroxide proton at high field (δ 1.54 ppm), which is in 

accordance with the chemical shift observed for the OH group in tBu2Ge(OH)2 (δ 1.49 

ppm).[56] Surprisingly, the resonance for the corresponding group of (FcN)3GeOH [FcN = 

CpFe{η5-C5H3(CH2NMe2)-2}] was found at δ 8.98 ppm.[57] The most intense peak in the EI 

mass spectrum appeared at m/z 403 [M – Me–Ge–OH]+, and the signal at m/z 508 (25%) was 

assigned to the molecular ion [M]+. 

Single crystals of 3 suitable for X-ray structural analysis were grown by maintaining 

the reaction mixture in toluene/hexane (2.5:1) at –20 °C for three weeks. Complex 3 

crystallizes in the monoclinic space group C12/c with two half dimers in the asymmetric unit. 

In 3 a germanium atom is attached to two nitrogen atoms from the backbone of the chelating 
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ligand, one hydroxyl group and a lone pair presumably occupies the fourth coordination site, 

an assumption that is supported by the presence of an intermolecular interaction between the 

H atom of the OH group, which was located and refined, and another germanium atom (d(O–

H⋅⋅⋅Ge): 3.064(26) Å). The coordination geometry about germanium is derived from a 

distorted tetrahedron (Figure 1).  

Ge1

Ge1a

O1a

O1

H1a

H1

N1

N1a

N1'a
N1'

C1

 

Figure 1. Thermal-ellipsoid plot of 3 at the 50 % probability level. H atoms, except for the 

OH group, are omitted for clarity. Selected bond lengths [Å] and angles [°]: Ge(1)–O 

1.828(1), Ge(1)–N(1) 2.008(1), Ge(1)–N(1′) 2.008(1); O(1)–Ge(1)–N(1) 93.9(6), O(1)–

Ge(1)–N(1′) 94.8(6), N(1)–Ge(1)–N(1′) 89.5(1). 

 

The Ge–N bond lengths and N–Ge–N angle are 2.008(1) Å and 89.5(1)°, respectively. 

These data can be compared with the slightly shorter Ge–N bond distances in 1 (1.988(2) and 

1.997(3) Å) and [{HC(CMeNAr)2}GeF] (1.977(19) and 1.978(18) Å); Ar = 2,6-iPr2C6H3).[58–

60] Conversely, the Ge–N bond lengths are slightly longer in [HB(3,5-Me2pz)3Ge]I[61] (av 

2.03(2) Å); pz = pyrazole ring) and [{HC(CMeNAr)2}GeMe] (2.008(2) and 2.038(2) Å).[58] A 
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noteworthy feature of compound 3 is the GeOH moiety (Ge–O 1.828(1), O–H 0.795(7) Å); 

the Ge–O bond length is in good agreement with those predicted for Ge(OH)2 (av 1.804 Å).[55] 

Moreover, the O–H distance of 3 is somewhat shorter than that of water (0.96 Å). 

Interestingly, and as might be expected, shorter Ge–OH bond lengths are found in 

germanium(IV) compounds due to the smaller radius of Ge(IV) relative to Ge(II) (e.g. Ge–O 

1.781(4) and 1.779(2) Å in tBu2Ge(OH)2,[56] and 1.779(5) Å in (FcN)3GeOH).[57]

In summary, compound 3 is the first example of the hitherto unknown germanium(II) 

hydroxides. A low-coordinate carbon analogue of composition RC(OH) has so far not been 

reported. An RC(OH) species should be extremely unstable and rearrange to the 

corresponding aldehyde. 
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2.2. Germacarboxylic Acid: An Organic-Acid Analogue Based on a Heavier 

Group 14 Element 

 

Carbon multiple-bonded species, especially those containing carbonyl groups (aldehydes, 

amide esters, ketones) are widely known and useful systems in organic chemistry.[62] As far as 

the heavier congeners of Group 14 are concerned, a steady and remarkable development has 

been experienced, leading to unsaturated species. Additionally a myriad of mixed unsaturated 

compounds has been prepared containing elements of Groups 14–16.[15]  However, owing to 

the high reactivity and tendency to polymerize these species have to be thermodynamically 

and kinetically stabilized. 

In the case of germanium-chalcogen double-bonded species, a few thio-, seleno- and 

telluroketones were prepared.[1,63,64] Roesky and co-workers have already reported the 

synthesis and structure of [{HC(CMeNAr)2}Ge(S)X][59] (X = Cl, F) with Group 14 and 16 

elements bearing a halide. Furthermore, the synthesis and structures of the selenium analogue 

[{HC(CMeNAr)2}Ge(Se)X] (X = Cl, F), as well as the functionalized derivative 

[{HC(CMeNAr)2}Ge(E)R] (E = S, Se; R = Me, nBu) were reported.[65]  

As a stable precursor compound 3 is quite intriguing for the generation of new 

functional groups. To our knowledge the co-existence and fast tautomeric equilibrium for 

thiolocarboxylic acid 5 and thionocarboxylic acid 6 is known, but the latter group does not 

exist in the free state (Scheme 4).[66,67] Herein we describe the isolation and characterization 

of a germanium thionoacid [{HC(CMeNAr)2}Ge(S)OH] (7), which has no isolated precedent 

in the carbon system (Scheme 5). 
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Scheme 4. Tautomeric equilibrium for the thiolo- and thionocarboxylic acid. 

 

The reaction of 3 in the presence of equivalent amounts of elemental sulfur at room 

temperature in toluene leads after three days to white compound 7 in good yield (Scheme 5). 

+ 1/8 S8

toluene,
 3 d

RT

3 7

N

N
Ge

Ar

Ar

OH

N

N
Ge

Ar

Ar

OH

S

 

Scheme 5. Ar = 2,6-iPr2C6H3. 

 

Compound 7 is soluble in benzene, THF, and hexane, but insoluble in pentane and 

shows no decomposition on exposure to air. By comparison of the IR spectrum of 3, which 

exhibits a sharp OH stretching vibration at 3571 cm-1 with the corresponding frequency of 7 

(3238 cm-1) a significant shift to lower wave numbers is observed. Such behavior may be due 

to the formation of hydrogen bonds. Interestingly, the 1H NMR spectrum of 7 exhibits a 

resonance signal at δ 2.30 ppm for the hydroxy hydrogen, which by comparison with that of 3 

(δ 1.54 ppm) clearly shows a downfield shift. Again intermolecular hydrogen interaction and 

a change of the oxidation state of the germanium atom are plausible explanations for the 

observed shift. Thus, this resonance shift indicates a fairly acid nature of the terminal OH 

proton. Furthermore no evidence was found for any tautomeric equilibrium of 7. The most 
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abundant ion peak in the EI mass spectrum appeared at m/z 525 [M – Me]+, and the signal at 

m/z 540 (40 %) was assigned to the molecular ion [M]+ (correct isotopic pattern). 

 Maintaining a toluene solution of 7 for two weeks at –20 °C, resulted in colorless 

single crystals suitable for X-ray structural analysis. Compound 7 crystallizes in the 

monoclinic space group C2/c with one monomer and one molecule of toluene in the 

asymmetric unit. Intermolecular interaction of the hydroxyl group with the sulfur atom results 

in the formation of the hydrogen-bonding array (O–H···S) leading to dimers (Figure 2).  

 

 

Figure 2. Thermal ellipsoid plot of 7 (thermal ellipsoids set at the 50 % probability). H atoms, 

except for the OH group, and interstitial toluene molecules, are omitted for clarity. Selected 

bond lengths [Å] and angles [°]: Ge(1)–O(1) 1.751(2), Ge(1)–N(2) 1.911(2), Ge(1)–N(1) 

1.916(2), Ge(1)–S(1) 2.077(1); O(1)–Ge(1)–N(2) 99.6(1), O(1)–Ge(1)–N(1) 102.2(1), N(2)–

Ge(1)–N(1) 95.6(1) O(1)–Ge(1)–S(1) 121.4(1), N(2)–Ge(1)–S(1) 118.8(1), N(1)–Ge(1)–S(1) 

114.9(1). 

 

The hydrogen bonded donor-acceptor separations (d(H···S): 2.537 Å; d(O···S): 3.234 Å) 

follow the same trend as those reported in literature.[43,45] The coordination environment 
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around the germanium atom comprises two nitrogen atoms from the supporting ligand, one 

hydroxyl group, and one sulfur atom, and has distorted tetrahedral geometry. The Ge–O bond 

length (1.751(2) Å) in 7 is significantly shorter than that in 3 (1.828(1) Å), as a result of the 

smaller atomic radius of Ge(IV) compared with that of Ge(II). Indeed, similar Ge–O bond 

lengths of Ge(IV) species have been described, (tBu2Ge(OH)2 (1.781(4) and 1.779(2) Å)[56] 

and 1.779(5) Å in [(FcN)3GeOH] (Fc = CpFe(η5-C5H4)).[68] A shorter Ge–N bond length and 

wider N–Ge–N angle are expected (av 1.914(2) Å and 95.6(1)°) than in 3. A comparison of 

the Ge–S bond length in [{η3-[(μ-tBuN)2(SiMeNtBu)2]}]GeS][69–72] (2.063(3) Å), and in 

[{HC(CMeNAr)2}Ge(S)X][59] (X = Cl, F), (2.053(6) and 2.050(9) Å), with that in 7 (2.077(1) 

Å) shows a good agreement. Likewise, the Ge–O bond length in [(dppe)Pd(μ–S)(μ–

CH2O)Ge{N(SiMe3)2}2] (dppe = bis(diphenylphosphino)ethene)[73] (1.785(6) Å), a compound 

which has almost the same coordination environment and geometry at the germanium center 

as 7, correlates well with that in 7. 

 In summary, the reaction of 3 and elemental sulfur resulted in the formation of 

compound 7 which represents a new class of “carbon-free” carbonic acid analogues based on 

germanium. 
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2.3. Preparation of [{HC(CMeNAr)2}Ge(Se)OH]: A Germanium Analogue 

of a Selenocarboxylic Acid (Ar = 2,6-iPr2C6H3) 

 

The chemical reactivity of heavier congeners of carbenes either as dicoordinate species or 

with higher coordination numbers, is well documented.[1,63,74–87] Again, steric and electronic 

stabilization are fundamental factors in avoiding self-condensation and polymerization. For 

instance, the N-heterocyclic silylene 1,3-di-tert-butyl-2,3-dihydro-1H-1,2,3-diazasilol-2-

ylidene in the presence of water leads to a transient silanol, which further self-condenses to 

the disiloxane.[88]

The organic chemistry of selenium has received less attention than that of oxygen and 

sulfur.[89,90] However, studies of the chemistry of selenocarbonyl compounds are steadily 

increasing, leading to new synthetic approaches in a wide range of applications.[91–97] 

Although the existence of selenocarboxylic acids (RCSeOH) (R = alkyl, aryl) has been 

confirmed at low temperatures, structural evidence of such species has been elusive.[98,99] 

Furthermore, [{HC(CMeNAr)2}Ge(Se)Cl] (Ar = 2,6-iPr2C6H3) was used as a precursor to 

prepare [{HC(CMeNAr)2}Ge(Se)F] and [{HC(CMeNAr)2}Ge(Se)(X)] (X = Me, nBu ).[65] 

Herein, we describe the preparation of [{HC(CMeNAr)2}Ge(Se)OH] (8) by the reaction of 3 

with elemental selenium. 

Treatment of 3 in the presence of selenium in toluene at ambient temperature resulted 

in the oxidative addition of selenium to the germanium center affording a germanium 

analogue of a selenocarboxylic acid in good yield (Scheme 6). Compound 8 is thermally 

stable, decomposing above 200 oC. Its mass spectrum shows its molecular ion peak [M]+ with 

calculated isotopic pattern (m/z 586). The vibrational spectrum of 8 shows a broad absorption 

at 3299 cm–1 that is tentatively assigned to the OH group. [{HC(CMeNAr)2}Ge(S)OH] 

showed the OH stretching frequency at lower wave number in comparison to 8 (3238 cm–1). 
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Scheme 6. Ar = 2,6-iPr2C6H3. 

 

In the 1H NMR spectrum of 8 the OH proton resonance was observed at δ 2.19 ppm, which is 

downfield compared to that of 3 (δ 1.54 ppm). However, it is shifted to high field compared to 

that of [{HC(CMeNAr)2}Ge(S)OH] (δ 2.30 ppm). The 77Se NMR resonance of 8 (δ –439 

ppm) falls within the range of compounds exhibiting ylide-type and multiple bond character at 

the germanium-selenium bond: [{HC(CMeNAr)2}Ge(Se)Cl] (δ –287 ppm; Ar = 2,6-

iPr2C6H3); [{HC(CMeNAr)2}Ge(Se)F] (δ –465 ppm); [{HC(CMeNAr)2}Ge(Se)(X)] (δ –349 

ppm, δ –297 ppm; X = Me, nBu;).[65]

Light green crystals of 8 were grown from a toluene/hexane solution (10:2 mL) at –20 

oC for one week. Compound 8 crystallizes in the monoclinic space group C2/c with one 

monomer and one molecule of toluene in the asymmetric unit. In 8, a four coordinate 

germanium atom occupies the center position of a distorted tetrahedron, which derives from 

the nitrogen atoms of the β-diketiminato ligand, a hydroxyl group and a selenium atom. 

Compound 8 prefers a selenoxo tautomeric form of hydrogen bonded dimers, which derives 

from weak intermolecular hydrogen interactions (O–H···Se, d(O···Se): 3.336(2) Å; d(H···Se): 

2.61(2) Å; O–H–Se 163(2)°). The structure of 8 is shown in Figure 3. The Ge–Se bond length 

(2.206(1) Å) in 8 is comparable with that reported for [{HC(CMeNAr)2}Ge(Se)Cl][65,74] 

(2.197(6) Å, 2.210(1) Å), [{HC(CMeNAr)2}Ge(Se)F] (av 2.174(7) Å), 

[{HC(CMeNAr)2}Ge(Se)(nBu)] (2.219(6) Å) and [{HC(CMeNAr)2}Ge(Se)Me] (2.199(1) 

Å).[65] This is very much in line with resonance structure contributions between a Ge–Se 
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ylide-type bond and multiple bond character rather than a germanium-selenium single bond, 

whose bond distances range from 2.24 Å to 2.77 Å.[59,64,100–103] In 8 the Ge–O bond length 

(1.756(1) Å) remains nearly unchanged when compared with that of 

[{HC(CMeNAr)2}Ge(S)OH] (1.751(2) Å). A similar finding was also observed for 8 having a 

Ge–N bond length (av 1.914(1) Å), in good agreement with that of 

[{HC(CMeNAr)2}Ge(S)OH] (av 1.914(2) Å), as well as for that of 

[{HC(CMeNAr)2}Ge(Se)Cl] (av 1.901(2) Å) and [{HC(CMeNAr)2}Ge(Se)F] (av 1.887(3) 

Å).[65]

N(1)

Se(1)
N(2)

Ge(1)

O(1) H(1)

N(1A)

Se(1A)
N(2A)

Ge(1A)

O(1A)H(1A)

 

 

Figure 3. Thermal ellipsoid plot of 8 showing the 50% probability level. H atoms, except for 

the OH group and interstitial toluene molecule are omitted for clarity. Selected bond lengths 

[Å] and angles [deg]: Ge(1)–O(1) 1.756(1), Ge(1)–Se(1) 2.206(1), O(1)–H(1) 0.76(2), Ge(1)–

N(1) 1.915(1), Ge(1)–N(2) 1.912(1); N(2)–Ge(1)–N(1) 95.7(1), N(1)–Ge(1)–Se(1) 115.0(1), 

N(2)–Ge(1)–Se(1) 119.2(1), O(1)–Ge(1)–N(1) 102.0(1), O(1)–Ge(1)–N(2) 99.3(1), O(1)–

Ge(1)–Se(1) 121.4(1), H(1)–O(1)–Ge(1) 112.5(2). 
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The acid strength of compounds 8 and [{HC(CMeNAr)2}Ge(S)OH] were investigated 

by DFT and making use of the depicted thermodynamic cycle (Scheme 7).  

 

BH B H+

CA

(g) (g) (g)

BH B H+(aq) (aq) (aq)  

 

Scheme 7. Born-Haber thermodynamic cycle. 

 

For all calculations the well established DFT variant B3LYP method was used.[104,105] The 

computations were carried out with the Gaussian G03[106] program package employing a 

modified 6-31G basis set extended with additional double-diffuse functions.[107,108] In the first 

step all molecules were fully optimized to their equilibrium structures. The resulting 

structures were in good agreement with the crystallographic data. To avoid the recourse to 

experimental data as much as possible only, the values for the proton have been taken from 

references.[109,110] The ab initio values for the energy of solvation (A,C) have been calculated 

with a modification of the polarizable continuum model (PCM) termed IEFPCM.[111] The pKa 

value can be calculated by the following formula 

0 0 0 0 0 0( ) ( ) ( ) ( ) ( ) (aq gas solv gas solv gas solvG G B G B G H G H G BH G BH− − + +Δ = + Δ + + − − Δ )
 

and 

0

2.303
aq

a

G
pK

R T
Δ

=
∗ ∗  

The resulting acid strengths of 8 (pKa 38.3) and [{HC(CMeNAr)2}Ge(S)OH] (pKa 37.2) are 

weak. The pKa values are in the range of aromatic (pKa ~33) and aliphatic (pKa ~48) 
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compounds. However, when compared with oxygen containing organic Brønsted acids (pKa 

~15), they have weaker acid strength.[112] Likewise, these pKa values correlate well when 

compared with the 1H NMR resonances of the hydroxyl moiety of both compounds. Thus, 

compound [{HC(CMeNAr)2}Ge(S)OH] can be regarded to be more acidic by virtue of its 

chemical shift and acid strength (δ 2.30 ppm; pKa 37.2) when compared to those of 8 (δ 2.19 

ppm pKa 38.3). 

 

Table 1. Results of the bonding analysis for compounds 7 and 8. 

 Bond Occ.[a] MO 1 Contr.[b] [%] Type (contr. [%]) MO 2 Contr. [%] Type (contr. [%])  

7 

 S–Ge 1.912 S 61.4 s(16.0)p5.2(83.7) Ge 38.6 s(34.2)p1.9(65.3) 

 Ge–O  1.965 Ge 16.2 s(23.5)p3.2(76.1) O 83.8 s(26.5)p2.7(73.5) 

 Ge–N(5) 1.932 Ge 15.6 s(21.3)p3.7(78.5) N(5) 84.4 s(27.8)p2.6(72.2) 

 Ge–N(6)  1.932 Ge 15.6 s(21.3)p3.7(78.5) N(6) 84.4   s(27.8)p2.6(72.2) 

 O–H  1.985 O 75.6 s(22.8)p3.4(77.1) H 24.4 s(99.7) 

8 

 Se–Ge  1.903 Se 58.1 s(14.0)p6.2(86.0) Ge 42.0 s(34.0)p1.9(65.4) 

 Ge–O  1.966 Ge 16.2 s(23.4)p3.3(76.3) O 83.8 s(27.0)p2.7(73) 

 Ge–N(5) 1.933 Ge 15.8 s(21.4)p3.7(78.3) N(5) 84.2 s(28.2)p2.6(71.8) 

 Ge–N(6) 1.933 Ge 15.8 s(21.4)p3.7(78.3) N(6) 84.2 s(28.2)p2.6(71.8) 

 O–H  1.985 O 75.6 s(22.6)p3.4(77.4) H 24.4 s(99.7) 

 

[a] Occupancy. [b] Contribution. 
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To further investigate the bonding around the germanium atom in 8 and 

[{HC(CMeNAr)2}Ge(S)OH] compounds, an NBO[113–116] procedure was carried out. The 

results of this analysis were also interpreted in terms of the donor–acceptor interaction.[117] As 

can be seen from the values given in Table 1, the Ge–S bond can be described in terms of the 

overlap between a p rich sp hybrid at the sulfur atom with a sp2 hybrid of the germanium 

atom. The Ge–O bond also involves the overlap of two p rich hybrids, but in this case the 

contribution of the germanium atom is far smaller. The Ge–N bonds show the same 

distribution. In addition, the Ge–S bond is further stabilized by 26 kcal/mol through the 

interaction of antibonding orbitals of the Ge–O and Ge–N bonds. The Ge–N bond forms part 

of a delocalized system with the germanium acting as bridging atom. In the case of compound 

8 the analysis mostly differs at the Ge–Se bond which shows a higher contribution of the 

germanium atom to the molecular orbital. The direct consequence of this electron drain is 

visible in the hydroxyl group, which now shows a positive interaction with the Ge–O bond 

which was not visible in the sulfur system. 

In summary, oxidative addition of selenium at the germanium center led to 

[{HC(CMeNAr)2}Ge(Se)OH]. Also, the first assessment of the acid strength of this new class 

of “carbon-free” carbonic acids based on germanium was carried out by DFT calculations. 
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2.4. OH Functionality of Germanium(II) Compounds for the Formation of 

Heterobimetallic Oxides 

 

The interest in metal and organometallic oxides stems from the application of these 

compounds in industry as catalysts, cocatalysts and as a model for the fixation of catalysts on 

oxide surfaces.[118] Moreover, steady and increasingly attention has been focused on the 

synthesis and characterization of heterobimetallic oxides, which are used as polyfunctional 

catalysts and precursors for the preparation of bi- and polymetallic heterogeneous 

catalysts.[119−124] Regarding the chemistry of the germanium(II) compounds bearing a Ge–O 

linkages was limited to alkoxy- and arylalkoxygermylenes,[125−127] and the isolation of μ-oxo 

linkages with two different metals was elusive so far. Herein we describe the reactions of 3 

with methylated metallocene derivatives of Group 4 (M = Zr, Hf) that lead to the isolation and 

characterization of discrete new μ-oxo heterobimetallic oxide systems. 

By taking advantage of the oxophilicity of Group 4 elements, we accomplished the 

isolation of compounds 9 and 10 by treatment of equivalent amounts of 3 and Cp2MMe2 (M = 

Zr, Hf)[128] in diethyl ether at –4 oC under methane evolution (Scheme 8). 

+

3 9,   M = Zr
10, M = Hf

-4 oC

Cp2MMe2

- MeH

Et2O
N

N
Ge

Ar

Ar

OH

N

N
Ge

Ar

Ar

O
M(Me)Cp2

 

Scheme 8. Ar = 2,6-iPr2C6H3, Cp = C5H5. 

 

The low solubility of 9 in the ethereal solution facilitates its separation as air-sensitive 

yellow-orange microcrystalline solid. Conversely, 10 after removal of the solvent and 
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recrystallization from a toluene/hexane mixture resulted in air-sensitive yellow-orange 

microcrystalline product. The IR spectra of 9 and 10 are devoid of any OH absorption in the 

range 3000-3500 cm-1. 1H NMR spectra of 9 and 10 exhibit the characteristic Cp resonances 

as singlets (δ 5.39 ppm and δ 5.33 ppm, respectively). In addition, a set of resonances 

assignable to the isopropyl and methyl protons associated with the β-diketiminato ligand in 

the range between δ 1.54 and 1.12 ppm and the absence of the hydroxyl proton resonance 

features both 9 and 10. At higher field appears the resonance of the methyl protons 

coordinated to the metal (δ 0.14 ppm in 9 and δ 0.02 ppm in 10). Electron impact (EI) 

spectrometry shows the parent ion [M]+ with the isotopic pattern for 8 and 9 (m/z = 742 and 

m/z = 830). Particularly interesting is the same fragmentation pattern of both compounds 

featuring the cleavage of [M – OM(Me)Cp2]+ (m/z = 491). 

The composition of 9 and 10 was unambiguously assigned by X-ray analysis. Yellow-

orange crystals of 8 and 9 were obtained from a toluene/hexane mixture at –32 oC. 

Compounds 9 and 10 crystallize in the triclinic space group P1 with one molecule in the 

asymmetric unit. Compounds 9 and 10 exhibit a germanium atom bounded through a bridging 

oxygen atom to a zirconium and hafnium atom, respectively. The coordination environment 

about the germanium atom is completed by a β-diketiminato ligand. Two Cp ligands and one 

methyl group complete the coordination sphere at the zirconium and hafnium atom, 

respectively. The geometry around the zirconium, as well as at the hafnium, is tetrahedral.  

The same geometry can be assigned for the germanium assuming that a lone pair of electrons 

occupies the fourth vacant site. The structures of 9 and 10 are shown in Figures 4 and 5. For 9 

the Ge(1) and C(3) (γ-CH) deviate from the C2N2 ligand plane by 1.020 and 0.152 Å, 

respectively, resulting in a boat conformation. The Ge–N bond lengths (2.030 and 2.061 Å) 

and N–Ge–N angle (87.0o) are comparable to those reported in 3 and further 

examples.[57,58,129] A bent Ge–O–Zr (143.8o) linkage with Ge–O (1.797 Å) and a Zr–O bond 
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length (1.951 Å) show the characteristic features of compound 8. The Zr–O bond length in 

[(Cp)2ZrCl]2O (1.94 Å)[130] is in good agreement with 9; nevertheless, a slightly shorter Zr–O 

bond length is observed in Cp(CO)3WOZr(Cl)Cp2 (1.871 Å)[131] and a longer distance in 

[Cp2Zr(Me)OAl(Me)2]2 (2.044 Å).[122] The Zr–C(Cp) bond lengths range from 2.517 to 2.568 

Å. The XCp1–Zr–XCp2 centroid distances are 2.240 and 2.259 Å with an angle of 129.2o. Both 

Cp ligands are twisted to each other by 21o from the eclipsed conformation.  

 

 

 

Figure 4. Thermal ellipsoid plot of 9 (thermal ellipsoids set at the 50 % probability). H atoms 

are omitted for clarity. Selected bond lengths [Å] and angles [°]: Zr(1)–O(1) 1.951(2), Zr(1)–

C(30) 2.285(3), Ge(1)–O(1) 1.797(2), Ge(1)–N(1) 2.030(2), Ge(1)–N(2) 2.061(2); O(1)–

Ge(1)–N(1) 99.0(1), O(1)–Ge(1)–N(2) 99.3(1), N(1)–Ge(1)–N(2) 87.0(1), O(1)–Zr(1)–C(30) 

98.5(1), Ge(1)–O(1)–Zr(1) 143.8(1), XCp1–Zr(1) 2.240, XCp2–Zr(1) 2.259; XCp1–Zr(1)–XCp2 

129.2 ( ∗XCp = centroid distance of the Cp rings). 

 



Results and Discussion 24

Compound 10 shows similar structural parameters compared with that of 9 but with 

different orientation of the Cp and C(30) groups (torsion angle for C(30)–Zr(1)–O(1)–Ge(1) 

of –41.7°, and C(30)–Hf(1)–O(1)–Ge(1) of –12.3°). A boat-like conformation is also observed 

due to the nonplanar Ge(1) and C(3) (γ-CH) atoms (1.038 and 0.154 Å) within the C2N2 

framework.  

 

 

 

Figure 5. Thermal ellipsoid plot of 10 (thermal ellipsoids set at the 50 % probability). H 

atoms are omitted for clarity. Selected bond lengths [Å] and angles [°]: Hf(1)–O(1) 1.940(3), 

Hf(1)–C(30) 2.276(6), Ge(1)–O(1) 1.799(3), Ge(1)–N(1) 2.038(4), Ge(1)–N(2) 2.052(4); 

O(1)–Ge(1)–N(1) 97.5(2), O(1)–Ge(1)–N(2) 100.7(2), N(1)–Ge(1)–N(2) 86.8(1), O(1)–

Hf(1)–C(30) 96.3(2), Ge(1)–O(1)–Hf(1) 141.9(2), XCp1–Hf(1)  2.222, XCp2–Hf(1)  2.236; XCp1–

Hf(1)–XCp2 128.0 (∗XCp = centroid distance of the Cp rings). 
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The Ge–N bond length and N–Ge–N angle is 2.045(av) Å and 86.8o, respectively. Aside from 

the Ge–O bond distance (1.799 Å) and the Hf–O bond length (1.940 Å) a bent Ge–O–Hf 

angle (141.9o) features the structure of 10.The XCp1–Hf–XCp2 centroid distances are 2.222 and 

2.236 Å with an angle of 128.0o. A deviation (23o) from an ideally eclipsed Cp group is also 

observed in 10. A comparison with earlier examples, even though they are based on Ge(IV) as 

in Ph3SiOGePh3 and Ph3GeOSnPh3,[132] shows that M–O–M´ angles (142.5° and 134.9°, 

respectively) are quite similar to those in compounds 9 and 10. The slight shortening of the 

Ge–O bond length observed for both 9 and 10 compared with that in 3 (1.828 Å) is due to the 

tendency of both transition metals to form a strong bond toward hard donors with the 

consequence that the electron density shifts from the donor atom to the transition metal center 

and enhances the interaction between the germanium atom and the donor. 

In summary, it has been shown the synthesis and structural characterization of two 

novel heterobimetallic complexes based on germanium(II) and an oxygen bridge. Compounds 

9 and 10 contain two metal centers in high and low oxidation states. 
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2.5. Lewis Base Character of Hydroxygermylenes for the Preparation of 

Heterobimetallic [{HC(CMeNAr)2}Ge(OH)M] Systems (Ar = 2,6-iPr2C6H3; 

M = Fe, Mn) 

 

The preparation of compounds with bonds between a transition metal and either silicon, 

germanium, tin or lead has provided a rich chemistry including synthetic and structural 

aspects as well as catalytic applications.[133–147] Furthermore, the investigation of the reactivity 

of divalent heavier Group 14 elements has prompted a constant interest due to the wide range 

of reaction possibilities.[78,79,81,83,86,87] The presence of bulky ligands and the complexation 

with transition metals greatly increase the stability of otherwise unstable species. In this 

regard, a compound of composition ArGeOH·W(CO)5 was obtained by hydrolysis of 

ArGeNR2·W(CO)5 (Ar = 2,6-bis((diethylamino)methyl)phenyl; R = iPr).[148] In some cases 

such low-valent Group 14 compounds, by virtue of the electron lone pair, function as Lewis 

bases toward coordinatively unsaturated transition metals.[149–151] Compound 3 is therefore 

interesting because it may act either as a donor or react at the OH functionality with transition 

metals. The latter mode of reaction is reminiscent of a water gas shift reaction.[152] Herein, we 

describe the reaction of 3 with iron- and manganese-carbonyl complexes. 

Compounds 11 and 12 were obtained by reaction of 3 with the respective transition 

metal fragments. Compound 11 was isolated after separation of Fe(CO)5, also a product of the 

reaction of 3 and diiron nonacarbonyl, as a light brown powder (Scheme 9). 
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Scheme 9. Ar = 2,6-iPr2C6H3. 
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Compound 12 was prepared by the reaction of 3 with cyclopentadienylmanganese 

tricarbonyl with concomitant CO elimination during 3 h of UV-irradiation in THF at ambient 

temperature (Scheme 10). Compounds 11 and 12 are air- and moisture-sensitive. Compound 

11 is soluble in THF, sparingly soluble in toluene and insoluble in common organic solvents, 

whereas compound 12 is insoluble in the aforementioned solvents and in DMSO as well. 

Compounds 11 and 12 are thermally quite stable and their mass spectra show the molecular 

ion peaks [M]+ with proper isotopic patterns (m/z 676 and m/z 684, respectively), followed by 

stepwise elimination of CO. Compound 12 displays a very sharp OH band in the IR spectrum 

(ν~ 3642 cm–1). The corresponding absorption for 11 was found at lower wave number 

(ν~ 3599 (OH) cm–1). These values are in agreement with the OH frequency reported for 

ArGeOH·W(CO)5 (ν~ 3645 cm–1).[148] Moreover carbonyl absorptions for 11 and 12 were 

found at ν~  2039, 1956, 1942 cm–1 and 1864, 1846 cm–1, respectively, in the expected range 

for terminal carbonyl groups.[153]
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Scheme 10. Ar = 2,6-iPr2C6H3, Cp = C5H5. 

 

The 1H NMR spectrum of 11 in D8-THF revealed a downfield (δ 4.24 ppm) resonance 

of the hydroxyl proton. The CO resonance in the 13C NMR spectrum was found at δ 214.8 

ppm, a value comparable to that of [{HC(CMeNAr)2}Ge(Cl)Fe(CO)4] (δ 213.1 ppm; Ar = 

Ph).[154] Due to the poor solubility of 12 analogous measurements could not be carried out.  

The molecular structures of 11 and 12 were determined by single-crystal X-ray 

analyses. Compounds 11 and 12, respectively, were dissolved in hot toluene and after cooling 
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the solution to ambient temperature single crystals were obtained. 11 formed light brown, 12 

light orange-yellow crystals.  

 

 

 

Figure 6. Thermal ellipsoid plot of 11 showing the 50% probability level. H atoms, except for 

the OH group, are omitted for clarity. Selected bond lengths [Å] and angles [°]: Ge(1)–O(1) 

1.840(2), Ge(1)–N(1) 1.945(2), Ge(1)–N(2) 1.948(2), Fe(1)–Ge(1) 2.330(1), Fe(1)–C(30) 

1.772(3), Fe(1)–C(31) 1.796(3), Fe(1)–C(32) 1.795(4), Fe(1)–C(33) 1.782(3); O(1)–Ge(1)–

N(1) 98.3(1), O(1)–Ge(1)–N(2) 98.8(1), N(1)–Ge(1)–N(2) 93.2(1), O(1)–Ge(1)–Fe(1) 

113.5(1), N(2)–Ge(1)–Fe(1) 123.3(1), N(1)–Ge(1)–Fe(1) 124.3(1), C(30)–Fe(1)–C(33) 

91.6(1), C(30)–Fe(1)–C(32) 88.6(1), C(33)–Fe(1)–C(32) 116.9(2), C(30)–Fe(1)–C(31) 

86.8(1), C(33)–Fe(1)–C(31) 124.7(2), C(32)–Fe(1)–C(31) 118.3(1), C(30)–Fe(1)–Ge(1) 

175.8(1), C(33)–Fe(1)–Ge(1) 85.1(1), C(32)–Fe(1)–Ge(1) 95.2(1), C(31)–Fe(1)–Ge(1) 

93.0(1). 

 

Both compounds crystallize in the monoclinic space group P21/n. In 11, a germanium 

atom binds to a monoanionic β-diketiminato ligand, a hydroxyl group and to an iron-carbonyl 
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fragment generating a four coordinate germanium center, which adopts a distorted tetrahedral 

geometry.  

 

 

 

Figure 7. Thermal ellipsoid plot of 12 showing the 50% probability level. H atoms, except for 

the OH group, are omitted for clarity. Selected bond lengths [Å] and angles [°]: Ge(1)–O(1) 

1.816(2), Ge(1)–N(2) 1.970(2), Ge(1)–N(1) 1.963(2), Mn(1)–Ge(1) 2.345(1), O(2)–C(30) 

1.187(3), O(3)–C(31) 1.165(4), Mn(1)–C(30) 1.744(3), Mn(1)–C(31) 1.772(3); O(1)–Ge(1)–

N(2) 93.7(1), O(1)–Ge(1)–N(1) 93.4(1), N(1)–Ge(1)–N(2) 91.1(1), O(1)–Ge(1)–Mn(1) 

119.0(1), N(1)–Ge(1)–Mn(1) 123.5(1), N(2)–Ge(1)–Mn(1) 127.4(1), C(30)–Mn(1)–Ge(1) 

87.6(1), C(31)–Mn(1)–Ge(1) 95.0(1), X(1A)–Mn(1)∗ 1.779(3), X(1A)–Mn(1)–Ge(1) 128.9(3), 

X(1A)–Mn(1)–C(30) 123.8(3), X(1A)–Mn(1)–C(31) 120.7(3) (∗X(1A) = centroid of the Cp ring). 

 

Also one can argue that germanium takes up the axial position of a distorted trigonal 

bipyramidal geometry at the Fe(CO)4 fragment (Figure 6). The Ge–Fe bond length in 11 

(2.330(1) Å) is comparable to that (2.348(1) Å) in [{η3-[(μ-

tBuN)2(SiMeNtBu)2]}GeFe(CO)4],[155] but slightly longer when compared with that in 
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[{HC(CMeNAr)2}Ge(Cl)Fe(CO)4] (2.298(2) Å),[154] (Ar = Ph) and is clearly shortened 

(2.240(2) Å) in [Fe(CO)4{Ge(OC6H2tBu2-2,6-Me-4)2}].[156] Moreover, a longer Ge–O bond 

length in 11 (1.840(2) Å) is observed compared with that in [{HC(CMeNAr)2}GeOH] 

(1.828(1) Å). This is in contrast with the shortened Ge–O bond length found in 

[{HC(CMeNAr)2}Ge(S)OH] (1.751(2) Å). In 12 both the germanium and the manganese 

atom reside in the center of a distorted tetrahedral environment, where germanium is bonded 

to a β-diketiminato ligand, a hydroxyl group and to a manganese atom, while the coordination 

sphere around the manganese atom comprises two carbonyl groups and a cyclopentadienyl 

ligand (Figure 7). Previously reported germanium-manganese complexes such as [(η5-

MeC5H4)Mn(CO)2]3Ge and [(η5-MeC5H4)Mn(CO)2]3Ge, have Ge–Mn bond lengths between 

2.236(1) Å and 2.573(1) Å, and are in the range with that found in 12 (2.345(1) Å).[157–160] 

Further structural analysis of 12 shows that the Ge–O bond length (1.816(2) Å) is unchanged 

with respect to that in 11 and displays an OH orientation pointing to the transition-metal 

center, by contrast to 11 where it is pointing to the C3N2Ge backbone. 

In summary, the reactivity of the [{HC(CMeNAr)2}GeOH] compound with an 

electron lone pair and an OH moiety was demonstrated by the reaction with transition metal 

fragments of manganese and iron, respectively. 
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2.6. Stable Monomeric Germanium(II) and Tin(II) Compounds with 

Terminal Hydrides 

 

Metal hydrides and their complexes are considered valuable synthons in chemistry. It was 

demonstrated that main-group and transition-metal hydrides are important intermediates in 

some industrial processes and also function as catalysts.[161−169] Furthermore, in the quest for 

alternative energy sources metal hydrides have been considered as potential feedstock for 

hydrogen storage.[170−173] Group 14 hydrides such as R3SiH, R3GeH, and R3SnH are important 

reagents for some key reactions in organic synthesis. The preparation of these species is 

commonly carried out by reduction of the corresponding chloride compounds with lithium 

aluminum hydride.[49,52,174−180] However, the isolation and structural characterization of 

monomeric, terminal low valent Group 14 hydrides seem to be difficult as a result of the 

potential reactivity and instability of these species. So far, only [{2,6-Trip2C6H3Sn(μ–H)}2] 

(Trip = 2,4,6-iPr3C6H2) has been structurally characterized and exhibits a dimeric structure 

with tin(II) atoms connected by bridging hydrides ligands,[181] although the existence of MH2 

(M = Si to Pb) has been anticipated by theoretical calculations.[182] Previously, Roesky and co-

workers reported the preparation of the germanium(II) [{HC(CMeNAr)2}GeCl] (1; Ar = 2,6-

iPr2C6H3) and tin(II) [{HC(CMeNAr)2}SnCl] (13).[53,58] Treatment of 1 with LiAlH4 or 

NaBH4 did not afford the terminal germanium(II) hydride, but rather, the four-coordinate 

adduct [{HC(CMeNAr)2}Ge(H)BH3] was formed. Moreover, attempts to prepare terminal 

tin(II) hydride from 13 in reactions with reducing reagents such as NaBH4, KBH4, and KH 

were unsuccessful. In contrast, the reaction of 1 and 13 with AlH3·NMe3
[183–185] in toluene at –

4 oC yield the first monomeric and terminal germanium(II) and tin(II) hydrides 

[{HC(CMeNAr)2}GeH] (14, Scheme 11)[186] and [{HC(CMeNAr)2}SnH] (15). Elimination of 
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trimethylamine as a volatile by-product was observed during the course of the reaction of 14 

and 15 with AlH3·NMe3. The color of the reaction mixture changed from yellow to orange-red 

in the synthesis of 14, and from pale yellow to green in the synthesis of 15. No further color 

change was observed for either reaction mixture upon warming to ambient temperature. 

N

N
M

Ar

Ar

Cl

N

N
M

Ar

Ar

H

toluene,

Ar = 2,6-iPr2C6H3

+ AlH3 NMe3
.

M = Ge (1)
        Sn (13)

M = Ge (14)
        Sn (15)

4oC

NMe3

 

Scheme 11. Ar = 2,6-iPr2C6H3. 

Compound 14 is thermally stable over a long period of time when stored in an inert 

atmosphere in a glove box, whereas 15 decomposes slowly under the same conditions to form 

an insoluble gray solid within 4 days. However, 15 is stable at –32 oC over a longer period of 

time. Both 14 and 15 are air- and moisture-sensitive. In the IR spectrum of 14, a strong 

absorption was observed 1733 cm–1, which can be attributed to the Ge–H stretching mode and 

compares well with that reported for Ar(H)GeGe(H)Ar[187] (1785 cm–1; Ar = 2,6-Dipp2C6H3; 

Dipp = 2,6-iPr2C6H3), but is found at a lower frequency than that for 

[{HC(CMeNAr)2}Ge(H)BH3] (1928 cm–1).[53] Hydrides complexes of germanium(IV) show 

Ge–H absorptions in the range from 1953 to 2175 cm–1.[174,188–190] The Sn–H stretching mode 

of 15 (1849 cm–1) is comparable to those in the hydrogen-bridged tin compound [{2,6-

Trip2C6H3Sn(μ–H)}2] (1828 and 1771 cm–1).[181] In the 1H NMR spectrum of 14, the Ge–H 

hydrogen atom resonates at  lower field (δ 8.08 ppm) than those in Ar(H)GeGe(H)Ar (δ 3.48 

ppm) and Ar(H)2GeGeAr·PMe3 (δ 3.81 ppm; Ar = 2,6-Dipp2C6H3; Dipp = 2,6-iPr2C6H3).[187] 

Interestingly, the Ge–H proton resonance of 14 is in the range of germanium(IV) hydrides.[191] 
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The Sn–H proton resonance of 15 is found at a surprisingly lowfield shift (δ 13.83 ppm) 

relative to that in [{2,6-Trip2C6H3Sn(μ–H)}2] (δ 7.87 ppm),[181] and is flanked by Sn satellites 

(1J(119Sn, 1H) = 64 Hz) (Figure 8). The Sn–H resonance of 15 is the lowest-field chemical 

shift observed for tin hydride.[174,192–194] The 119Sn NMR resonance of 15 (δ –224.7 ppm) is in 

accordance with a three-coordinate tin(II) enviroment ([{HC(CMeNAr)2}SnCl]: δ –224 

ppm;[53] [H2B(pz)2]SnCl: δ –305 ppm; [(Ph)2B(pz)2]SnCl: δ –353 ppm; [H2B(pz´)2]SnCl: δ –

271 ppm; pz = pyrazole; pz´ = 3-methylpyrazole).[195]

Orange-red single crystals of 14 and green crystals of 15 suitable for X-ray structural 

analysis were grown from saturated hexane solutions at –32 °C within two days (14) or after 

one week (15). Compound 14 crystallizes in the monoclinic space group P21/n with two 

independent isostructural monomers in the asymmetric unit. Although the Ge–H hydrogen 

atom in 14 could not be localized in the difference-electron density map, the Ge–H linkage 

was unequivocally confirmed by IR and 1H NMR spectroscopy (see above). 

 

Figure 8. Section of the 1H NMR spectrum (500 MHz, C6D6) of 15 showing the Sn–H proton 

resonance flanked by tin satellites. 
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In 14, the germanium atom is tetrahedrally coordinated by the β-diketiminato ligand, a 

hydrogen atom, and, we assume, a lone pair of electrons at the fourth coordination site (Figure 

9). Compound 14 exhibits Ge–N bond lengths of 1.989(2) Å (molecule 1) as well as 1.994(2) 

and 1.988(2) Å (molecule 2), and these lengths are very similar to those of 1 (1.988(2), 

1.997(2) Å).[58]  

 

 

Figure 9. Thermal ellipsoids plot of one molecule of 14 showing the atoms at the 50 % 

probability level. Hydrogen atoms are omitted for clarity. The Ge–H hydrogen atom could not 

be localized. Only the numbering scheme of molecule 1 is depicted. Selected bond lengths [Å] 

and angles [o]: molecule 1: Ge(1)–N(1) 1.989(2), Ge(1)–N(2) 1.989(2); N(1)–Ge(1)–N(2) 

90.3(1); molecule 2: Ge(2)–N(1A) 1.994(2), Ge(2)–N(2A) 1.988(2); N(1A)–Ge(2)–N(2A) 

90.5(1). 

 

Further structural analysis of 14 reveals a weak intermolecular interaction between the lone 

pair of electrons at the germanium atom in one molecule and the γ-C–H hydrogen atom from 

the C3N2Ge backbone of another molecule (d(Ge(1)···H(3AA): 2.98 Å; d(Ge(2)···H(3A): 3.19 

Å) (Figure 10). Complex 15 crystallizes in the monoclinic space group C2/c with one 

monomer in the asymmetric unit. Weak intermolecular contacts between the lone pair of 
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electrons on the tin and the Sn–H the hydrogen atom from another molecule generate 

hydrogen bridges formation of a dimer (d(Sn(1)···H(1A): 4.01(3) Å; d(Sn···Sn): 3.71 Å). 

Compound 15 comprises a distorted tetrahedral geometry at the tin atom, which 

coordinates to a monoanionic β-diketiminato ligand, a hydrogen atom, and, we assume, a lone 

pair of electrons at the fourth coordination site (Figure 11). The Sn–H hydrogen atom was 

localized from the residual electron density. The most prominent structural feature of 15 is the 

Sn–H bond length of 1.74(3) Å, which is in good agreement with Sn–H bond lengths 

predicted by theoretical calculations (1.77 Å).[182,196] However, this length is shorter than 

those of [{2,6-Trip2C6H3Sn(μ–H)}2], which exhibits two different μ-hydrogen bonds (d(Sn–

H): 1.89(3), 1.95(3) Å).[181]

 

Figure 10. Packing diagram of 14 in the solid state showing the formation of chains through 

intermolecular contacts between a lone pair of electrons at the germanium atom to the γ-C–H 

hydrogen atom of another molecule. 

To investigate the electronic properties in 14 and 15, ab initio calculations were carried 

out by using the Gaussian program package[106] with the well-established DFT-variant 

B3LYP.[104,105,197] Two different basis sets were employed to achieve a suitable description of 

the electronic structure. The LANL2DZ[198–200] basis set (for Ge and Sn) and the 6-31G[107,108] 
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basis set (for the remaining atoms) with additional double-diffuse functions were used. The 

structures of both complexes were determined by full geometry optimization. The obtained 

equilibrium geometries were in good agreement with the X-ray data. Since the structural 

parameters are the result of the calculated molecular orbitals, an analysis of the electronic 

structure was perfomed with the NBO[113–116] procedure, which makes it possible to describe 

and quantify the contribution of the atomic orbitals to the molecular orbitals. The calculations 

showed that the electronic density the lone pair on the central atom in each of 14 and 15 

contributes to the bonding in the complex. The NBO analysis of the M–H bond shows that the 

contribution of the lone pair of electrons on germanium can best be described as an sp0.32 

hybrid, while the hybrid for tin is of type sp0.25 (Figures S1–S3; Supporting Materials). The 

larger p character at the Ge center in compound 14 (20 % greater than that at the Sn center in 

15) leads to an enhanced delocalization of π electrons over the neighboring p orbitals of the 

nitrogen atoms. Remarkably, in the case of 15 there is no participation of the hydrogen s 

orbital in the lone pair of electrons. Analysis of the metal–hydrogen bond by using the natural 

localized molecular orbitals (NLMO) reveals significant differences between 14 and 15. For 

the Ge–H bond in 14, the hydrogen atom contributes 65 %, and the corresponding hydrogen 

atom in the Sn–H bond contributes 70 %. Analysis of the molecular orbitals of 15 also shows 

that there is no participation of the hydrogen s orbital to the wave function describing the lone 

pair of electrons. Another factor that influences the electron density at the hydrogen atom is 

the amount of donor-acceptor interaction with the nitrogen atoms of the ring system. This 

interaction occurs mainly through two-electron stabilization in a donor-acceptor situation[117] 

involving the bonding Ge–H orbital and nonbonding orbitals of the ring system, which 

transfers electron density from the nitrogen atoms into the Ge–H bond. This effect is 50% 

larger for 14 than for 15. Taking these findings into account, the low-field chemical shift of 

the hydrogen atom in 15 might be deduced. The lack of further stabilization from 
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delocalization causes the tin atom to pull out electron density strongly from the hydride to 

compensate for its electron-deficient character. Hence the “naked” nature of the hydrogen 

atom in the Sn–H bond is a reflection of extreme deshielding and leads to such a low-field 

chemical shift. 

 

Figure 11. Thermal ellipsoids plot of 15 showing the atoms at the 50 % probability level. H 

atoms, except for Sn–H are omitted for clarity. Selected bond lengths [Å] and angles [o]: 

Sn(1)–H(1) 1.74(3), Sn(1)–N(1) 2.194(2), Sn(1)–N(2) 2.198(2), Sn(1)···H(1A) 4.01(3); H(1)–

Sn(1)–N(1) 93.4(8), H(1)–Sn(1)–N(2) 92.6(8), N(1)–Sn(1)–N(2) 85.1(1). 

 

In summary, we were able to isolate and structurally characterize compounds of 

composition [{HC(CMeNAr)2}GeH] and [{HC(CMeNAr)2}SnH] by the reaction of 

AlH3·NMe3 with appropiate chloride precursor. These compounds represent the first examples 

of terminal, monomeric hydrides of germanium(II) and tin(II). 
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2.7. Low-Valent Lead and Bismuth Organohalides Bearing a β-

Diketiminato Ligand 

 

Of the heavier Group 14 and Group 15 elements lead and bismuth can exhibit 

nonhybridization effect which derives from relativistic considerations and therefore favors 

lower oxidation states for both elements.[201–204] 

 Although the organochemistry of low-valent lead(II) is known, its access is rather 

limited due to the poor stability and facile disproportionation of lead(II) to elemental 

lead.[205,206] In this context the use of a bulky ligand has facilitated the isolation and structural 

characterization of several low-valent species. The compounds [Pb(μ–Cl){C(SiMe2Ph)3}]2
[207] 

and [Pb(μ–Cl){C(SiMe3)3}]3
[208] were reported and structurally investigated. The diffraction 

studies of both compounds show that they are bridged by chlorine atoms, and the latter 

compound exhibits a six-membered ring. Moreover, the preparation of [Pb(μ–

Cl){C(SiMe3)2(SiMe2OMe)}]2, stabilized by intramolecular coordination between a methoxy 

group and the metal center, shows the importance of electronic stabilization.[208] 

Organolead(II) compounds can display four- and three-coordination at the metal center (e.g. 

[Pb{N(SiMe3)C(Ph)C(SiMe3)(C5H4-2)}2] and [Pb{N(SiMe3)C(Ph)C(SiMe3)(C5H4-2)}Cl]). In 

each case, it was shown that additional donor sites of the nitrogen atom of a pyridyl enamino 

ligand greatly stabilized the structures.[209] Again, the use of an encumbering ligand precludes 

the lead atom from decomposition, and led to the isolation of [ArPb⋅η2-PhMe][MeB(C6F5)3], 

which further reacts with pyridine to give [ArPb(py)2][MeB(C6F5)3] (Ar = 2,6-Trip2C6H3; Trip 

= 2,4,6-iPr3C6H2).[210]  

 In addition, the formation of homonuclear lead multiple bonds and heteronuclear lead 

transition metal multiple bonds has also gained attention due to the multiple bonding 

formation such as: diplumbyne ArPbPbAr (Ar = 2,6-Trip2C6H3; Trip = 2,4,6-iPr3C6H2)[19] 
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lead triple bonds to molybdenum [Br(PMe3)4MoPbAr],[137] and lead triple bonds to tungsten 

[BX(PMe3)4WPbAr] (Ar = 2,6-Trip2C6H3; Trip = 2,4,6-iPr3C6H2; X = Br, I).[211] 

  Low-valent organobismuth chemistry is structurally diverse and has been widely 

explored. Ligands with nitrogen-base pendant arms give additional intramolecular 

coordination in [{2-(Me2NCH2)C6H4}3Bi],[212] and in addition show bismuth compounds with 

high coordination numbers at the metal center [Ar2BiCl; (Ar = 2-(Me2NCH2)C6H4(C9H12N); 

Ar = 8-(Me2N)C10H6(C12H12N))].[213] An interesting recent development results from the 

reaction of an organobismuth halide and a reducing agent to generate a terminal bismuth 

hydride Ar2BiH (Ar = 2,6-C6H3Mes2; Mes = 2,4,6-Me3C6H2).[214] Several structural motifs 

and fashion bonding, among them dibismuthane, dibismuthene, and monocyclo, bismuthines 

and polycyclic bismuthines compounds show the versatility of bismuth to the formation of 

unsaturated species.[215,216] 

Essential for the access of novel low-valent lead and bismuth compounds are 

appropriate ligands. Here we describe the synthesis and characterization of low-valent 

organolead and organobismuth halides [{HC(CMeNAr)2}PbBr] (17; Ar = 2,6-iPr2C6H3) and 

[{HC(Et2NCH2CH2NCMe)2}BiCl2] (19). Compounds 17 and 19 were prepared by salt 

elimination reaction of the corresponding lithium salt [{HC(CMeNAr)2}Li(Et2O)][217] (16; 

Scheme 12) and [{HC(Et2NCH2CH2NCMe)2}Li][218] (18; Scheme 13) with lead and bismuth 

halides, respectively. 

N

N
Li (Et2O)

Ar

Ar
N

N
Pb

Ar

Ar

Br

ether,
+ PbBr2

78oC

LiBr

16 17  

Scheme 12. Ar = 2,6-iPr2C6H3. 
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Compounds 17 and 19 were recrystallized from saturated toluene and a toluene/pentane 

solution at –32 °C. Compound 17 as pale green crystals and yellow crystals of compound 19. 

NN
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Scheme 13. Preparation of 19. 

 

In the 1H NMR spectrum of 17 the γ-C–H proton resonates at δ 4.89 ppm, while the 

corresponding resonance for 19 resonates at δ 4.47 ppm. However, no 207Pb resonance could 

be observed for 17. It has been noted that difficulties in detecting this signal might be due to 

the large anisotropy effects expected for the three components of the chemical shift tensor 

since large chemical shift anisotropies result in short T1 and T2 relaxation times, very broad 

and difficult to detect isotopic signals are often the outcome.[219] Furthermore, the presence of 

large 2,6-iPr2C6H3 substituents could slow the molecular tumbling rates required to average 

the three anisotropic shift components. Another factor that might account for the lack of a 

resonance is the presence of the quadrupolar moment of 79Br or 81Br bound to the lead atom 

which leads to the broadening of the 207Pb NMR signal.[220] Similar behavior was also found 

in other organolead halide compounds (e.g. [Pb(μ–Cl){C(SiMe2Ph)3}]2,[207] [Pb(μ–

Cl){C(SiMe3)3}]3,[208] [ArPb(py)2][MeB(C6F5)3],[210] and [Pb(μ–Br)Ar´iPr2]2 and [Pb(μ–

Br)Ar*iPr2tBu]2 (Ar´ = 2,6-iPr2(C6H3)2-2,6-C6H3; Ar* = 2,6-iPr-4-tBu(C6H2)2-2,6-C6H3).[221] 

Compounds 17 and 19 show molecular ion peaks [M]+ with correct isotopic patterns at m/z 

704 and m/z 574, respectively. In 17, ion peaks at m/z 625 and m/z 417 were assigned to [M − 
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Br]+ and to [M − PbBr]+, respectively; whereas 19 exhibits an ion at m/z 539 ascribed to [M − 

Cl]+. 

Pale green and yellow single crystals of compounds 17 and 19, respectively, were 

subjected to X-ray diffraction studies to determine their molecular composition in the solid 

state. Compound 17 crystallizes in the triclinic space group P1 with two molecules per unit 

cell. In 17, the lead atom is tetrahedrally coordinated by two nitrogen atoms of the 

monoanionic β-diketiminato ligand, a terminal bromine atom, and, we assume, a lone pair of 

electrons at the fourth coordination site (Figure 12). The Pb−Br bond length (2.716(6) (Å) in 

17 is comparable with that of [py⋅Pb(Br)Ar] (Ar = 2,6-Trip2C6H3; Trip = 2,4,6-iPr3C6H2; 

2.706(6) (Å)),[222] but significantly shorter than that those observed in [Pb(μ−Br)Ar]2 (Ar = 

2,6-Trip2C6H3; Trip = 2,4,6-iPr3C6H2; 2.789(16) and 2.784(16) (Å)),[222] [Pb(μ–Br)Ar´iPr2]2 

(2.813(5) and (3.035(5) (Å)), and [Pb(μ–Br)Ar*iPr2tBu]2 (2.920(7) and (2.919(7) (Å)),[221] and 

in [ArPbBr(NH3)] ( Ar = 2,6-Trip2C6H3; Trip = 2,4,6-iPr3C6H2; 2.804(5) (Å)).[223] The Pb−N 

bond length observed for [Pb{N(SiMe3)C(Ph)C(SiMe3)(C5H4-2)}2] (2.274(7) to 2.626(8) 

(Å)), [Pb{N(SiMe3)C(Ph)C(SiMe3)(C5H4-2)}Cl] (2.279(7) (Å) and 2.320(6) (Å)) and in 

[Pb{Ph2PC(H)Py}{N(SiMe3)2}][224] (2.233(18) and 2.362(19) (Å)) are within the range of 

those found for 17 (2.283(2) and 2.293(2) (Å)). 

Compound 19 crystallizes in the monoclinic space group P21/c with four molecules 

per unit cell. In 19, the bismuth atom occupies the center of a distorted octahedron and 

coordinates to two nitrogen atoms from the β-diketiminato ligand, to two nitrogen atoms from 

the pendant arms of the same ligand, and to two chlorine atoms in trans position (Figure 13). 

By comparing the Bi−Cl bond lengths (2.675(8) and 2.736(9) Å) in 19 they were found 

shorter than similar Bi−Cl linkages observed in Ar2BiCl (2.483(9) Å),[214] 

[{(Me3Si)2CH}2]2BiCl (2.530(2) Å),[225] and in ArBiCl2 (2.539(1) and 2.501(1) Å) and 

[ArBiCl2]2 (2.496(6) to 2.544(5) Å) (Ar = 2,6-Mes2C6H3; Mes = 2,4,6-Me3C6H2),[226] 
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however, they show good agreement with that found for Ar2BiCl (Ar = 2-

(Me2NCH2)C6H4(C9H12N) (2.667(2) Å).[213]

 

 

Figure 12. Thermal ellipsoids plot of 17 showing the atoms at the 50 % probability level. H 

atoms are omitted for clarity. Selected bond lengths [Å] and angles [o]: Pb(1)−Br(1) 2.716(6), 

Pb(1)−N(1) 2.293(2), Pb(1)−N(2) 2.283(2); N(2)−Pb(1)−N(1) 82.9(9), N(2)−Pb(1)−Br(1) 

93.2(6), N(1)−Pb(1)−Br(1) 90.7(6). 

 

Compound 19, displays shorter and longer Bi−N bond lengths in the range from 2.232(2) to 

2.736(9) Å. Although the bismuth−nitrogen distance (av 2.736(9) Å) is shorter than the sum 

of the van der Waals radii for bismuth and nitrogen (4.0 Å), it is longer than a typical Bi−N 

covalent bond length (2.25 Å).[43,227] In fact, the weak amine nitrogen interactions in 19 are 

even shorter than that of compounds with intermolecular interaction as was observed for [{2-

(Me2NCH2)C6H4}3Bi] (av 3.07(3) Å).[212] The Bi−N bond lengths of [(RNH)Bi(μ−NR)]2 (R = 

2,6-iPr2C6H3; range from 2.158(4) to 2.174(5) Å),[228] or those reported for [Bi(NMe2)3] 

(2.189(18) and  2.180(21) Å),[229] can be compared with that of 19. Nonetheless, the Bi−N 
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bond lengths in 19 differ significantly when compared with Ar2BiCl (Ar = 2-

(Me2NCH2)C6H4(C9H12N) (2.570(5) Å).[213]

N(1)

N(2)

Bi(1)

Cl(2)

Cl(1)

N(3)

N(4)

 

 

Figure 13. Thermal ellipsoids plot of 19 showing the atoms at the 50 % probability level. H 

atoms are omitted for clarity. Selected bond lengths [Å] and angles [o]: Bi(1)−Cl(1) 2.736(9), 

Bi(1)−Cl(2) 2.675(8), Bi(1)−N(1) 2.232(2), Bi(1)−N(2) 2.246(2), Bi(1)−N(3) 2.747(2); 

N(1)−Bi(1)−N(2) 82.9(9), N(1)−Bi(1)−Cl(2) 89.0(7), N(2)−Bi(1)−Cl(2) 88.6(7), 

N(1)−Bi(1)−Cl(1) 89.8(7), N(2)−Bi(1)−Cl(1) 89.5(7), Cl(2)−Bi(1)−Cl(1) 177.8(2), 

N(1)−Bi(1)−N(3) 153.9(8), N(2)−Bi(1)−N(3) 71.2(8), Cl(2)−Bi(1)−N(3) 87.8(6), 

Cl(1)−Bi(1)−N(3) 92.6(6). 

 

 In summary we prepared and structurally characterized compounds of composition 

[{HC(CMeNAr)2}PbBr] (17) and [{HC(Et2NCH2CH2NCMe)2}BiCl2] (19). To our knowledge 

compound 17 represents the first report of a lead(II) bearing a β-diketiminato ligand of the 

type (HC(CMeNAr)2), furthermore the isolation of 19 is also intriguing because of the high 

coordination number at the bismuth atom. 
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3. Summary 

A germanium(II) hydroxide [{HC(CMeNAr)2}GeOH] (3) was trapped by using an Arduengo-

type carbene as HCl acceptor prior to hydrolysis of the corresponding β-

diketiminatogermanium(II) chloride. The crystal structure of compound 3 has been 

determined by X-ray diffraction analysis and showed a monomer, which exhibits a terminal 

hydroxyl group attached to the germanium atom, and displays weak intermolecular 

interactions to another molecule that leads to a weakly coordinated dimer. 

Ge1

Ge1a

O1a

O1

H1a

H1

N1

N1a

N1'a
N1'

C1

 

Molecular Structure of 3 

 

The chemical feature of 3 was first tested by using the lone pair of electrons at 

germanium as reaction site with chalcogens (Ch = S, Se) and resulted in the oxidative adducts 

[{HC(CMeNAr)2}Ge(S)OH] (7) and [{HC(CMeNAr)2}Ge(Se)OH] (8). Single crystal X-ray 

structural determinations were carried out for compounds 7 and 8. The molecular structures of 

7 and 8 in the crystal show that there is preference for the thiono- and selenoxo-form, 

respectively, and formation of hydrogen bond arrays. Likewise, compounds 7 and 8 were 

subjected to DFT calculations to shed light on their acid strengths. The preparation of 7 and 8 

shows how heavier congeners of Group 14 can mimic well know organic functional groups. 

Second, hydrogen abstraction of the OH functionality led to the synthesis of transition metal-

main group heterobimetallic oxides of composition [{HC(CMeNAr)2}GeZr(Me)Cp2] (9) and 

[{HC(CMeNAr)2}GeHf(Me)Cp2] (10) by reaction of 3 in the presence of Cp2MMe2 (M = Zr, 
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Hf), respectevily. The crystal structures of compounds 9 and 10 were determined by X-ray 

single-crystal structure analysis. From the metrical parameters it was shown that both 

compounds exhibit boatlike conformations. 

                

N(1)

Se(1)

N(2)Ge(1)

O(1)H(1)

 

Molecular Structure of 7     Molecular Structure of 8 

 

                                 

Molecular Structure of 9     Molecular Structure of 10 

 

 A third type of reaction of 3 involves Lewis acid behavior (two electron donor) toward 

transition metal fragments to afford compounds [{HC(CMeNAr)2}Ge(OH)Fe(CO)4] (11) and 

[{HC(CMeNAr)2}Ge(OH)Mn(Cp)(CO)2] (12). The molecular composition of compounds 11 

and 12 was investigated by X-ray crystallography. 

 The preparation of low-valent stable germanium(II) [{HC(CMeNAr)2}GeH] (14) and 

tin(II) [{HC(CMeNAr)2}SnH] (15) terminal hydrides was accomplished when the 
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corresponding β-diketiminatogermanium(II) and β-diketiminatotin(II) chlorides were reacted 

with AlH3·NMe3. The electronic properties of compounds 14 and 15 as well as their crystal 

structures were studied by DFT calculations and X-ray diffraction analysis. 

           

Molecular Structure of 11    Molecular Structure of 12 

 

              

Molecular Structure of 14    Molecular Structure of 15 

 

 Metathetical exchange reactions of the β-diketiminatolithium salt and the 

corresponding lead and bismuth halides led to the isolation of two novel compounds with 

low-valent lead [{HC(CMeNAr)2}PbBr] (17) and bismuth 

[{HC(Et2NCH2CH2NCMe)2}BiCl2] (19). 
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N(1)

Br(1)

N(2)Pb(1)

          

Molecular Structure of 17    Molecular Structure of 19  
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4. Experimental Section 

 

4.1. General Procedures 

All reactions and handling of reagents were performed under an atmosphere of dry 

nitrogen or argon using Schlenk techniques[230] or a glovebox where the O2 and H2O levels 

were usually kept bellow 1 ppm. All glassware was oven-dried at 140 °C for at least 24 h, 

assembled hot and cooled under high vacuum prior to use. Toluene (Na/benzophenone ketyl 

and diphenylether), benzene (K/benzophenone ketyl and diphenylether), hexane 

(Na/K/benzophenone ketyl and diphenylether), pentane (Na/K/benzophenone ketyl and 

diphenylether), tetrahydrofuran (K/benzophenone ketyl), diethylether (Na/benzophenone 

ketyl), dichloromethane (CaH2) were dried and distilled prior to use. Ethanol free 

trichloromethane stabilized with amylene was stirred for three min. with P4O10 and after 

filtration stored over molecular sieves in a sealed vessel.  

 

4.2. Physical Measurements 

Melting points were measured in sealed glass tubes on a Büchi B-540 melting point 

apparatus. 

NMR spectra were recorded on Bruker Avance 200, Bruker Avance 300, and Bruker 

Avance 500 NMR spectrometers. Chemical shifts are reported in ppm with reference to SiMe4 

(external) for 1H and 13C isotopes, SeMe2 (external) for 77Se nuclei, SnMe4 (external) for 

119Sn nuclei. Downfield shifts from the reference are quoted positive; upfield shifts are 

assigned negative values. The NMR grade deuterated solvents were dried as follows:  C6D6 − 

overnight stirring with Na/K alloy followed by vacuum distillation, CDCl3 − 3 min. stirring 

with P4O10 followed by filtration, THF − storing over freshly activated molecular sieves for 

one week. Heteroatom NMR spectra were recorded 1H decoupled. 
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IR spectra were recorded on a Bio-Rad Digilab FTS7 spectrometer in the range 

4000−350 cm−1 as KBr pellets. Only the absorption of significant moieties (O–H, CO, Ge–H, 

Sn–H) are listed except for compounds 17 and 19, where all the absorptions (weak to very 

strong) are reported as the only method for their identification.  

Mass spectra were obtained with a Finnigan MAT 8230 or a Varian MAT CH5 

instrument (70 eV) by EI-MS methods.  

Elemental analyses were performed by the Analytisches Labor des Instituts für 

Anorganische Chemie der Universität Göttingen.  

Crystal structure determination: Intensity data for compounds 11 and 12 were 

collected on an IPDS II Stoe image-plate diffractometer using graphite monochromated Mo-

Kα radiation (λ = 0.71073 Å). The diffraction data for the compounds 3, 7−10, 14, 15, 17, 

and 19 were measured on a Bruker three-circle diffractometer equipped with a SMART 6000 

CCD detector using mirror monochromated Cu-Kα radiation (λ = 1.54178 Å).  The data for 

all compounds were collected at low temperature (for exact values see Tables in Section 6). 

The structures were solved by direct methods (SHELXS-97)[231] and refined with all data by 

full-matrix least-squares methods on F2 using SHELXL-97.[232] The non-hydrogen atoms 

were refined anisotropically; the hydrogen atoms of C−H bonds except the ones on γ-CH of 

the ligand were placed in idealized positions, and refined with a riding model, whereas the 

hydrogen atoms of the O–H, Sn–H and γ-C–H moieties, except the hydrogen atom in the Ge–

H moiety, were localized from the difference electron-density maps and refined isotropically. 

The hydrogen atoms of C–H bonds in 14, except H(3A) and H(3AA) were included in 

geometrically idealized positions and refined with the riding model. Localization of H(3A) 

and H(3AA) hydrogen atoms from the electron-density map proved to be more accurate than 

fixing the atoms in the idealized positions and led to lower R1 and wR2 values. The crystal 
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data for all compounds along with the final residuals and other pertaining details are tabulated 

in Section 6. 

4.3. Starting Materials 

 Cp2MCl2 (M = Zr, Hf) (Aldrich), sulfur (Aldrich), Fe2(CO)9 (Aldrich), CpMn(CO)3 

(Strem Chemicals) were used as received. [{HC(CMeNAr)2}GeCl],[53] 

[{HC(CMeNAr)2}SnCl],[58] Cp2MMe2 (M = Zr, Hf),[128] N,N’-bis-mesitylimidazolyl 

carbene,[54] elemental red selenium,[233] AlH3·NMe3,[183] [{HC(CMeNAr)2}Li(Et2O)],[217] 

[{HC(Et2NCH2CH2NCMe)2}Li][218] were prepared by literature procedures. 

 

4.4. Syntheses of Compounds 3, 7−12, 14, 15, 17 and 19 

 

4.4.1. Synthesis of [{HC(CMeNAr)2}GeOH] (3) 

Compound 1 (1.28 g, 2.43 mmol) and 2 (0.74 g, 2.43 mmol) were dissolved in toluene 

(20 mL) at ambient temperature, then water (87.5 μL, 2.0 mmol) was slowly added, and the 

mixture was stirred. A white precipitate was immediately formed. The reaction mixture was 

stirred for about 15 min, and then the white precipitate was separated by filtration in vacuo. 

The remaining colorless solution was evaporated, and the resulting yellow solid of 3 was 

rinsed with hexane (2 x 10 mL) and dried in vacuo. Yield: 1.04 g (84%); m.p. 140 °C; IR 

(KBr pellet): ν~ = 3571 s (OH) cm-1; 1H NMR (200 MHz, C6D6, 25 °C, TMS): δ 7.09−7.15 

(m, 6H; m-, p- Ar−H), 4.91 (s, 1H; γ-CH), 3.60−3.80 (sept, 2H, 3JH−H = 6.8 Hz; CH(CH3)2), 

3.20−3.40 (sept, 2H, 3JH−H = 6.8 Hz; CH(CH3)2), 1.60 (s, 6H; CH3), 1.54 (s, 1H; OH), 1.33 (d, 

6H, 3JH−H = 6.8 Hz; CH(CH3)2), 1.29 (d, 6H, 3JH−H = 6.8 Hz; CH(CH3)2), 1.21 (d, 6H, 3JH−H = 

6.8 Hz; CH(CH3)2), 1.12 ppm (d, 6H, 3JH−H = 6.8 Hz; CH(CH3)2); 13C NMR (50.327 MHz, 

D8-THF, 25 °C, TMS): δ 163.3 (CN), 146.4 (CN), 143.6, 141.0, 124.8, 124.1 (i-, o-, m-, p- 

Ar), 97.0 γ-CH), 29.2 (CH3) 28.0 (CH(CH3)2), 26.7 (CH(CH3)2), 24.7 (CH(CH3)2), 24.6 ppm 
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(CH(CH3)2), 24.1 (CH(CH3)2), 23.3 (CH(CH3)); EI-MS (70 eV): m/z (%): 508 (25) [M]+, 403 

(100) [M – Me–Ge–OH]+. Elemental analysis (%) calcd for C29H42GeN2O (507.24): C, 68.67; 

H, 8.35; N, 5.52. Found: C, 69.20; H, 8.48; N, 5.52. 

 

4.4.2. Synthesis of [{HC(CMeNAr)2}Ge(S)OH] (7) 

A solution of 3 (1.56 g, 3.07 mmol) in toluene (30 mL) was slowly added to a 

suspension of elemental sulfur (0.09 g, 3.07 mmol) in toluene (15 mL) by cannula at ambient 

temperature.  After 3 days under constant stirring at ambient temperature the yellow solution 

turned slightly green.  After removal of all volatiles the remaining crude product was rinsed 

with pentane (3 x 10 mL) and dried under reduced pressure to yield pure 7. Yield: 1.10 g (66 

%); m.p. 300 °C dec; IR (KBr): ν~ = 3238 br (OH) cm-1; 1H NMR (500.13 MHz, C6D6, 25 °C, 

TMS): δ 7.09−7.16 (m, 6H; m-, p- Ar−H), 4.83 (s, 1H; γ-CH), 3.62 (sept, 2H, 3JH−H = 6.8 Hz; 

CH(CH3)2), 3.35 (sept, 2H, 3JH−H = 6.8 Hz; CH(CH3)2), 2.30 (s, 1H; OH), 1.57 (d, 6H, 3JH−H = 

6.8 Hz; CH(CH3)2), 1.47 (s, 6H; CH3), 1.26 (d, 6H, 3JH−H = 6.8 Hz; CH(CH3)2), 1.16 (d, 6H, 

3JH−H = 6.8 Hz; CH(CH3)2), 1.05 ppm (d, 6H, 3JH−H = 6.8 Hz; CH(CH3)2); 13C NMR (125.8 

MHz, C6D6, 25 °C, TMS): δ 169.9 (CN), 145.9, 144.9, 137.2, 128.9, 124.8, 124,6 (i-, o-, m-, 

p-, Ar), 98.5 (γ-CH), 29.5 (CH3), 27.9 (CH(CH3)2), 26.3 (CH(CH3)2), 24.7 (CH(CH3)2), 24.6 

(CH(CH3)2), 23.8 (CH(CH3)2), 23.7 ppm (CH(CH3)2); EI-MS (70 eV): m/z (%): 540 (40) 

[M]+, 525 (100) [M – CH3]+. Elemental analysis (%) calcd for C29H42GeN2OS (539.32): C, 

64.70; H, 7.85; N, 5.20. Found: C, 64.20; H, 7.60; N, 5.12. 

 

4.4.3. Synthesis of [{HC(CMeNAr)2}Ge(Se)OH] (8) 

To a suspension of elemental red selenium (0.29 g, 3. 67 mmol) in toluene (20 mL) was added 

via cannula a solution of 3 (1.86 g, 3.67 mmol) in toluene (30 mL). A pale green solution 

appeared after 30 min, that finally remained unchanged after 18 h of stirring. Subsequent 
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filtration and solvent removal gave a pale green solid, which was washed twice with cold 

pentane (2 x 10 mL). Yield: 1.66 g (77%); m.p. 220 oC dec; IR (KBr pellet): ν~ = 3292 br 

(OH) cm–1; 1H NMR (500.13 MHz, C6D6, 25 oC, TMS) δ 7.09–7.16 (m, 6H; m-, p- Ar−H), 

4.85 (s, 1H; γ-CH), 3.65 (sept, 2H, 3JH−H = 6.8 Hz; CH(CH3)2), 3.29 (sept, 2H, 3JH−H = 6.8 Hz; 

CH(CH3)2), 2.19 (s, 1H; OH), 1.56 (d, 6H, 3JH−H = 6.8 Hz; CH(CH3)2), 1.48 (s, 6H; CH3), 

1.30 (d, 6H, 3JH−H = 6.8 Hz; CH(CH3)2), 1.17 (d, 6H, 3JH−H = 6.8 Hz; CH(CH3)2), 1.04 ppm 

(d, 6H, 3JH−H = 6.8 Hz; CH(CH3)2);  13C NMR (125.75 MHz, C6D6, 25 oC, TMS) δ  169.6 

(CN), 146.0, 144.7, 137.4, 129.0, 124.9, 124.7 (i-, o-, m-, p- Ar), 99.0 (γ-CH), 29.7 (CH3), 

28.0 (CH(CH3)2), 26.4 (CH(CH3)2), 24.7 (CH(CH3)2), 24.6 (CH(CH3)2), 24.0 (CH(CH3)2), 

23.8 ppm (CH(CH3)2); 77Se NMR (95.38 MHz, C6D6, 25 oC, Me2Se) δ – 439.8 ppm; EI-MS 

(70 eV): m/z (%): 586 (35) [M]+, 571 (15) [M – Me]+, 553 (15) [M – MeOH]+, 507 (15) [M – 

Se]+. Elemental analysis (%) calcd for C29H42GeN2OSe (586.22): C, 59.42; H, 7.22; N, 4.78. 

Found: C, 59.20; H, 7.24; N, 4.70. 

 

4.4.4. Synthesis of [{HC(CMeNAr)2}Ge(μ−O)Zr(Me)Cp2] (9) 

A solution of freshly sublimed Cp2ZrMe2 (0.44 g, 1.77 mmol) in ether (10 mL) was 

added by cannula to a solution of 3 (0.90 g, 1.77 mmol) in diethyl ether (25 mL) at –4oC. The 

reaction mixture was kept stirring at this temperature for 15 min and then was allowed to 

warm to ambient temperature under formation of a precipitate. Once the gas evolution ceased, 

the yellow-orange precipitate was filtered off and dried in vacuo. Yield: 0.65 g (50%); m.p. 

292 oC dec; 1H NMR (500.13 MHz, C6D6, 25 oC, TMS) δ 7.13−7.24 (m, 6H; m-, p- Ar−H), 

5.39 (s, 10H; C5H5), 4.65 (s, 1H; γ-CH), 3.54 (sept, 2H, 3JH−H = 6.8 Hz; CH(CH3)2), 3.35 

(sept, 2H, 3JH−H = 6.8 Hz; CH(CH3)2), 1.53 (d, 6H, 3JH−H = 6.8 Hz; CH(CH3)2), 1.48 (d, 6H, 

3JH−H = 6.8 Hz; CH(CH3)2), 1.44 (s, 6H; CH3), 1.16 (d, 6H, 3JH−H = 6.8 Hz; CH(CH3)2), 1.13 

ppm (d, 6H, 3JH−H = 6.8 Hz; CH(CH3)2), 0.14 (s, 3H; CH3); 13C NMR (125.75 MHz, C6D6, 25 
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oC, TMS) δ 163.5 (CN), 144.5, 144.3, 141.0, 126.8, 124.5, 124.2 (i-, o-, m-, p- Ar), 110.2 

(C5H5), 95.5 (γ-CH), 28.5 (CH3), 28.5 (CH(CH3)2), 26.4 (CH(CH3)2), 24.6 (CH(CH3)2), 24.3 

(CH(CH3)2), 24.1 (CH(CH3)2), 22.6 (CH(CH3)2), 20.8 ppm (CH3); EI-MS (70 eV): m/z (%): 

742 (15) [M]+, 491 (100) [M – OZr(Me)Cp2]+. Elemental analysis (%) calcd for 

C40H54GeN2OZr (742.69): C, 64.69; H, 7.33; N, 3.77. Found: C, 64.51; H, 7.30; N, 3.90. 

 

4.4.5. Synthesis of [{HC(CMeNAr)2}Ge(μ−O)Hf(Me)Cp2] (10) 

Freshly sublimed Cp2HfMe2 (0.59 g, 1.77 mmol) dissolved in ether (15 mL) was 

transferred using a cannula to a flask charged with 3 (0.90 g, 1.77 mmol) in diethyl ether (25 

mL) at –4oC. After 25 min the cooling bath was removed and stirring was continued until the 

methane evolution ceased. Finally, after removal of the solvent the remaining crude product 

was recrystallized from a toluene/hexane mixture resulting in a yellow-orange 

microcrystalline solid at –32 oC that was filtered off and dried in vacuo. Yield: 0.75 g (51%); 

m.p. 317 oC dec; 1H NMR (500.13 MHz, C6D6, 25 oC, TMS): δ 7.14-7.23 (m, 6H; m-, p- Ar-

H), 5.33 (s, 10H; C5H5), 4.65 (s, 1H; γ-CH), 3.56 (sept, 2H, 3JH−H = 6.8 Hz; CH(CH3)2), 3.35 

(sept, 2H, 3JH−H = 6.8 Hz; CH(CH3)2), 1.54 (d, 6H, 3JH−H = 6.8 Hz; CH(CH3)2), 1.48 (d, 6H, 

3JH−H = 6.8 Hz; CH(CH3)2), 1.44 (s, 6H; CH3), 1.17 (d, 6H, 3JH−H = 6.8 Hz; CH(CH3)2), 1.13 

(d, 6H, 3JH−H = 6.8 Hz; CH(CH3)2), 0.02 ppm (s, 3H; CH3). 13C NMR (125.75 MHz, C6D6, 25 

oC, TMS): δ 164.0 (CN), 145.0, 144.5, 141.5, 127.1, 125.0, 124.4 (i-, o-, m-, p- Ar), 110.0 

(C5H5), 95.8 (γ-CH), 29. (CH3), 28.8 (CH(CH3)2), 26.7 (CH(CH3)2), 25.0 (CH(CH3)2), 24.6 

(CH(CH3)2), 24.4 (CH(CH3)2), 24.0 (CH(CH3)2), 23.0 ppm (CH3).  EI-MS (70 eV): m/z (%): 

830 (15) [M]+, 491 (100) [M – OHf(Me)Cp2]+. Elemental analysis (%) calcd for 

C40H54GeHfN2O (829.95): C, 57.89; H, 6.56; N, 3.38. Found: C, 57.71; H, 6.80; N, 3.24. 
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4.4.6. Synthesis of [{HC(CMeNAr)2}Ge(OH)Fe(CO)4] (11) 

A flask was charged with 3 (1.99 g, 3.93 mmol) and Fe2(CO)9 (1.42 g, 3.93 mmol) in 

THF (40 mL). The solution was stirred overnight at ambient temperature. The byproduct was 

removed by filtration over Celite resulting in a clear pale brown filtrate. From the resulting 

solution the volatiles were removed giving a pale brown solid. Recrystallization of the crude 

product was attained by gently heating a solution of toluene and 3 (20 mL) and keeping it at 

ambient temperature. 11 separates as pale brown crystals. Yield: 2.17 g (72%); m.p. 231 oC 

dec; IR (KBr pellet): ν~ = 3599 s (OH), 2039 s, 1956 s, 1942 s (CO) cm–1; 1H NMR (500.13 

MHz, D8-THF, 25 oC, TMS) δ 7.19–7.29 (m, 6H; m-, p- Ar−H), 5.69 (s, 1H; γ-CH), 4.24 (s, 

1H; OH), 3.67 (sept, 2H, 3JH−H = 6.8 Hz; CH(CH3)2), 3.07 (sept, 2H, 3JH−H = 6.8 Hz; 

CH(CH3)2), 1.93 (s, 6H; CH3), 1.34 (d, 6H, 3JH−H = 6.8 Hz; CH(CH3)2), 1.31 (d, 6H, 3JH−H = 

6.8 Hz; CH(CH3)2), 1.24 (d, 6H, 3JH−H = 6.8 Hz; CH(CH3)2), 1.16 ppm (d, 6H, 3JH−H = 6.8 Hz; 

CH(CH3)2); 13C NMR (125.75 MHz, D8-THF, 25 oC, TMS) δ  214.8 (CO), 169.0 (CN), 147.1, 

145.0, 140.0, 129.5, 125.8, 125.4 (i-, o-, m-, p- Ar), 101.6 (γ-CH), 30.0 (CH3), 28.8 

(CH(CH3)2), 25.6 (CH(CH3)2), 25.0 (CH(CH3)2), 24.8 (CH(CH3)2), 24.8 (CH(CH3)2), 24.4 

ppm (CH(CH3)2); EI-MS (70 eV): m/z (%): 676 (5) [M]+, 592 (20) [M – 3CO]+, 564 (70) [M – 

4CO]+, 491 (100) [M – 4CO – Fe – OH]+. Elemental analysis (%) calcd for C33H42FeGeN2O5 

(675.13): C, 58.71; H, 6.27; N, 4.15. Found: C, 59.0; H, 6.20; N, 4.12. 

 

4.4.7. Synthesis of [{HC(CMeNAr)2}Ge(OH)MnCp(CO)2] (12) 

Compound 3 (0.50 g, 0.98 mmol) and CpMn(CO)3 (0.20 g, 0.98 mmol) were dissolved 

in THF (30 mL) and irradiated for 3 h by UV light, during which the initial yellow solution 

became orange. Stirring was continued for 2 h and the solvent was removed in vacuo and the 

resulting orange-yellow residue was rinsed with pentane (2 x 20 mL). Recrystallization of 12 

was accomplished by gently heating a toluene solution. From the solution at ambient 
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temperature resulted orange-yellow crystals overnight. Yield: 0.51 g (76%); m.p. 265 oC dec; 

IR (KBr pellet): ν~ = 3642 s (OH), 1921 s, 1864 w, 1846 s (CO) cm–1; EI-MS (70 eV): m/z 

(%): 684 (5) [M+], 610 (10) [M – 2CO – OH]+, 491 (100) [M – 2CO – Cp – Mn – OH]+. 

Elemental analysis (%) calcd for C36H47GeMnN2O3 (684.22): C, 63.14; H, 6.92; N, 4.10. 

Found: C, 63.30; H, 7.00; N, 4.20. 

 

4.4.8. Synthesis of [{HC(CMeNAr)2}GeH] (14) 

To a solution of 1 (0.62 g, 1.18 mmol) in toluene (25 mL) at –4 oC a solution of 

AlH3·NMe3 (1.18 mL, 1.0 M solution in toluene) was slowly added and immediately the 

yellow solution turned to orange-red. The cooling bath was removed after 20 min and stirring 

was continued until the elimination of NMe3 had ceased. All volatiles were removed in 

vacuum and the remaining orange-red residue was extracted with n-hexane (15 mL), the 

solvent was removed in vacuum to yield 14 as an orange-red powder. Yield: 0.32 g (60 %); 

m.p. 170 °C dec; IR (KBr pellet): ν~ = 1733 s (Ge–H) cm–1; 1H NMR (300 MHz, C6D6, 25 °C, 

TMS): δ 8.08 (s, 1H; Ge–H), 7.07–7.15 (m, 6H; m-, p- Ar–H), 4.92 (s, 1H; γ-CH), 3.58 (sept, 

2H, 3JH−H = 6.8 Hz; CH(CH3)2), 3.41 (sept, 2H, 3JH−H = 6.8 Hz; CH(CH3)2), 1.55 (s, 6H; CH3), 

1.37 (d, 6H, 3JH−H = 6.8 Hz; CH(CH3)2), 1.29 (d, 6H, 3JH−H = 6.8 Hz; CH(CH3)2), 1.19 (d, 6H, 

3JH−H = 6.8 Hz; CH(CH3)2), 1.17 ppm (d, 6H, 3JH−H = 6.8 Hz; CH(CH3)2); 13C NMR (125.8 

MHz, C6D6, 25 °C, TMS): δ 167.5 (CN), 146.5, 143.5, 141.6, 127.3, 124.6, 124.3 (i-, o-, m-, 

p-, Ar), 97.8 (γ-CH), 29.0 (CH3), 28.2 (CH(CH3)2), 27.0 (CH(CH3)2), 24.8 (CH(CH3)2), 24.4 

(CH(CH3)2), 23.7 (CH(CH3)2), 22.8 ppm (CH(CH3)2); EI-MS (70 eV): m/z (%): 491 (100) [M 

– H]+, 449 (40) [M – iPr]+. Elemental analysis (%) calcd for C29H42GeN2 (491.26): C, 70.69; 

H, 8.60; N, 5.70. Found: C, 70.20; H, 8.53; N, 5.40. 
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4.4.9. Synthesis of [{HC(CMeNAr)2}SnH] (15) 

Compound 13 (1.85 g, 3.24 mmol) was dissolved in toluene (30 mL) and cooled at –4 

oC and was slowly added to a solution of AlH3·NMe3 (3.24 mL, 1.0 M solution in toluene). 

The cooling bath was removed after 15 min and the solution further stirred until NMe3 

elimination ceased. During the course of the reaction a color change of the solution was 

observed from pale yellow to green. The solvent was removed in vacuum and the green 

residue was extracted with n-hexane followed by removal of the solvent to afford 15 as a 

green powder. Yield: 1.58 g (91 %); m.p. 125 °C dec; IR (KBr pellet): ν~ = 1849 m (Sn–H) 

cm–1; 1H NMR (500 MHz, C6D6, 25 °C, TMS): δ 13.83 (s, 1H, 1J119
Sn,

1
H = 64 Hz; Sn–H), δ 

7.06–7.15 (m, 6H; m-, p- Ar–H), 4.89 (s, 1H; γ-CH), 3.52 (sept, 2H, 3JH−H = 6.8 Hz; 

CH(CH3)2), 3.46 (sept, 2H, 3JH−H = 6.8 Hz; CH(CH3)2), 1.62 (s, 6H; CH3), 1.34 (d, 6H, 3JH−H 

= 6.8 Hz; CH(CH3)2), 1.27 (d, 6H, 3JH−H = 6.8 Hz; CH(CH3)2), 1.19 (d, 6H, 3JH−H = 6.8 Hz; 

CH(CH3)2), 1.17 ppm (d, 6H, 3JH−H = 6.8 Hz; CH(CH3)2); 13C NMR (125.8 MHz, C6D6, 25 

°C, TMS): δ 167.7 (CN), 145.5, 143, 142.8, 126.8, 124.7, 124.3 (i-, o-, m-, p-, Ar), 98.3 (γ-

CH), 29 (CH3), 27.8 (CH(CH3)2), 26.8 (CH(CH3)2), 24.8 (CH(CH3)2), 24.4 (CH(CH3)2), 24.0 

(CH(CH3)2), 23.4 ppm (CH(CH3)2); 119Sn NMR (186.5 MHz, C6D6, 25 °C, SnMe4): δ –224.7 

ppm; EI-MS (70 eV): m/z (%): 537 (5) [M – H]+. Elemental analysis (%) calcd for 

C29H42N2Sn (537.36): C, 64.82; H, 7.88; N, 5.21. Found: C, 64.20; H, 7.45; N, 5.33. 

 

4.4.10. Synthesis of [{HC(CMeNAr)2}PbBr] (17) 

 To a suspension of PbBr2 (3.0 g, 8.17 mmol) in ether (25 mL) was added by cannula a 

solution of 16 (4.08 g, 8.17 mmol) in ether (35 mL) at −78 °C. The cooling bath was removed 

after 2 h and the green solution further stirred overnight. Removal of all volatiles and 

subsequent extraction with toluene (30 mL) resulted in a pale green filtrate which was kept at 

−32 °C for 2 days to give 17 as pale green crystals. Yield: 3.53 g (61.4 %); m.p. 200 °C dec; 
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IR (KBr pellet): ν~ = 2960 s, 2925 m, 2867 m, 1625 m, 1553 s, 1515 m, 1462 m, 1433 m, 

1384 m, 1363 m, 1316 m, 1263 m, 1169 m, 1098 m, 1019 m, 935 m, 840 w, 800 s, 790 s, 758 

m cm–1; 1H NMR (500 MHz, C6D6, 25 °C, TMS): δ 7.04–7.19 (m, 6H; m-, p- Ar–H), 4.89 (s, 

1H; γ-CH), 3.97 (sept, 2H, 3JH−H = 6.8 Hz; CH(CH3)2), 3.04 (sept, 2H, 3JH−H = 6.8 Hz; 

CH(CH3)2), 1.65 (s, 6H; CH3), 1.48 (d, 6H, 3JH−H = 6.8 Hz; CH(CH3)2), 1.24 (d, 6H, 3JH−H = 

6.8 Hz; CH(CH3)2), 1.16 (d, 6H, 3JH−H = 6.8 Hz; CH(CH3)2), 1.06 ppm (d, 6H, 3JH−H = 6.8 Hz; 

CH(CH3)2); 13C NMR (125.8 MHz, C6D6, 25 °C, TMS): δ 164.4 (CN), 145.8, 142.6, 128.5, 

126.9, 125.5, 123.6 (i-, o-, m-, p-, Ar), 105.0 (γ-CH), 28.7 (CH3), 28.4 (CH(CH3)2), 27.7 

(CH(CH3)2), 25.1 (CH(CH3)2), 24.7 (CH(CH3)2), 24.0 (CH(CH3)2), 24.2 ppm (CH(CH3)2); EI-

MS (70 eV): m/z (%): 704 (35) [M]+, 625 (95) [M – Br]+, 417 (100) [M – PbBr]+. Elemental 

analysis (%) calcd for C29H41BrPbN2 (704.22): C, 49.42; H, 5.82; N, 3.97. Found: C, 49.20; 

H, 5.53; N, 3.73. 

 

4.4.11. Synthesis of [{HC(Et2NCH2CH2NCMe)2}BiCl2] (19) 

 To a suspension of BiCl3 (1.04 g, 3.3 mmol) in toluene (15 mL) was slowly added by 

cannula a solution of 18 (1.04 g, 3.3 mmol) in toluene (25 mL) at −78 °C. The stirring was 

continued for 3 h at this temperature. After 12 h of stirring at ambient temperature the yellow 

solution was filtered to remove the LiCl precipitate. Solvent removal of the filtrate resulted in 

an oily yellow residue that was dissolved in warm toluene (10 mL) and pentane (10 mL). 

Overnight storage of this solution at −32 °C resulted in yellow crystals of 19. Yield: 1.20 g 

(63.5 %); m.p. 215 °C; 1H NMR (300 MHz, C6D6, 25 °C, TMS): δ 4.47 (s, 1H; γ-CH), 3.91 (t, 

4H, 3JH−H = 6.8 Hz; CH2CH2N), 2.98−3.05 (q, 8H, 3JH−H = 6.8 Hz; CH3CH2N), 2.61 (t, 4H, 

3JH−H = 6.8 Hz; CH2CH2N), 1.52 (s, 6H; CH3), 0.85 ppm (t, 12H, 3JH−H = 6.8 Hz; CH3CH2N); 

13C NMR (75.46 MHz, C6D6, 25 °C, TMS): δ 163.7 (CN), 107.2 (γ-CH), 55 (CH2CH2N), 49.7 

(CH2CH2N), 44 (CH3CH2N), 23.5 (CH3CH2N), 9 (CH3); EI-MS (70 eV): m/z (%): 574 (5) 
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[M]+, 539 (15) [M – Cl]+, 86 (100) [C5H12N]+. Elemental analysis (%) calcd for 

C17H35BiCl2N4 (575.38): C, 49.42; H, 5.82; N, 3.97. Found: C, 49.20; H, 5.53; N, 3.73. 
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5. Handling and Disposal of Solvents and Residual Waste 
 

1. The recovered solvents were distilled or condensed into a cold-trap under vacuum and 

collected in halogen-free or halogen-containing solvent containers, and stored for 

disposal. 

2. Used NMR solvents were classified into halogen-free and halogen-containing solvents 

and were disposed as selenium and tellurium containing wastes and halogen-

containing wastes, respectively. 

3. The selenium and tellurium residues were dissolved in nitric acid and after 

neutralization stored in containers for heavy element wastes. 

4. Drying agents such as KOH, CaCl2 and P4O10 were hydrolyzed and disposed as acid or 

base wastes. 

5. Whenever possible, sodium metal used for drying solvents was collected for 

recycling.[234] The non-reusable sodium metal was carefully hydrolyzed in cold 

ethanol and poured into the base-bath used for cleaning glassware. 

6. Ethanol and acetone used for cold-baths (with solid CO2 or liquid N2) were 

subsequently used for cleaning glassware. 

7. The acid-bath used for cleaning glassware was neutralized with Na2CO3 and the 

resulting NaCl solution was washed-off in the water drainage. 

8. The residue of the base-bath used for glassware cleaning was poured into container for 

base wastes.  

 

 

Amounts of various types of disposable wastes generated during the work: 

 

 

Heavy elements containing wastes 2 L 

Halogen-containing solvent wastes 7 L 

Halogen-free solvent wastes 40 L 

Acid wastes 10 L 

Base wastes 20 L 
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6. Crystal Data and Refinement Details 
 

Table CD1. Crystal Data and Structure Refinement Details for [{HC(CMeNAr)2}GeOH] 

(3). 

  

Empirical formula  C29H42GeN2O 

Formula weight  507.24 

Temperature  100(2) K 

Wavelength  1.54178 Å 

Crystal system  Monoclinic 

Space group  C12/c 

Unit cell dimensions a = 24.765(3) Å  

 b = 15.155(2) Å β = 94.56(2)° 

 c = 14.700(2) Å  

Volume 5499.6(1) Å3

Z 8 

Density (calculated) 1.225 Mg/m3

Absorption coefficient 1.669 mm−1

F(000) 2160 

Crystal size 0.20 x 0.10 x 0.10 mm3

θ range for data collection 3.42 to 59.60°. 

Index ranges −27 ≤ h ≤ 27, 0 ≤ k ≤ 16, 0 ≤ l ≤ 16 

Reflections collected 3752 

Independent reflections 3635 (Rint = 0.0162) 

Completeness to θ = 59.60° 98.8%  

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 3635 / 0 / 313 

Goodness-of-fit on F2 1.071 

Final R indices (I > 2σ(I)) R1 = 0.0254, wR2 = 0.0247 

R indices (all data) R1 = 0.0650, wR2 = 0.0644 

Largest difference peak and hole 0.318 and −0.338 e·Å−3
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Table CD2. Crystal Data and Structure Refinement Details for 

[{HC(CMeNAr)2}Ge(S)OH]·toluene (7). 

  

Empirical formula  C36H50GeN2OS 

Formula weight  631.43 

Temperature  100(2) K 

Wavelength  1.54178 Å 

Crystal system  Monoclinic 

Space group  C2/c 

Unit cell dimensions a = 26.021(1) Å  

 b = 16.045(1) Å β = 114.79(1)° 

 c = 18.006(1) Å  

Volume 6825(1) Å3

Z 8 

Density (calculated) 1.229 Mg/m3

Absorption coefficient 2.002 mm−1

F(000) 2688 

Crystal size 0.20 x 0.10 x 0.10 mm3

θ range for data collection 3.33 to 59.04°. 

Index ranges −17 ≤ h ≤ 28, −17 ≤ k ≤ 17, −20 ≤ l ≤ 18 

Reflections collected 21505 

Independent reflections 4748 (Rint = 0.0363) 

Completeness to θ = 59.61° 96.6%  

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 4748 / 0 / 389 

Goodness-of-fit on F2 1.040 

Final R indices (I > 2σ(I)) R1 = 0.0283, wR2 = 0.0694 

R indices (all data) R1 = 0.0356, wR2 = 0.0730 

Largest difference peak and hole 0.355 and −0.279 e·Å−3
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Table CD3. Crystal Data and Structure Refinement Details for 

[{HC(CMeNAr)2}Ge(Se)OH]·toluene (8). 

 

Empirical formula  C36H50GeN2OSe 

Formula weight  678.33 

Temperature  100(2) K 

Wavelength  1.54178 Å 

Crystal system  Monoclinic 

Space group  C2/c 

Unit cell dimensions a = 25.974(4) Å  

 b = 16.195(3) Å β = 115.82(3)° 

 c = 18.151(3) Å  

Volume 6873(2) Å3

Z 8 

Density (calculated) 1.311 Mg/m3

Absorption coefficient 2.632 mm−1

F(000) 2832 

Crystal size 0.15 x 0.10 x 0.08 mm3

θ range for data collection 3.32 to 58.70°. 

Index ranges −28 ≤ h ≤ 28, −17 ≤ k ≤ 17, −18 ≤ l ≤ 20 

Reflections collected 14278 

Independent reflections 4734 (Rint = 0.0210) 

Completeness to θ = 59.61° 96.9%  

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 4734 / 0 / 388 

Goodness-of-fit on F2 1.052 

Final R indices (I > 2σ(I)) R1 = 0.0225, wR2 = 0.0608 

R indices (all data) R1 = 0.0238, wR2 = 0.0620 

Largest difference peak and hole 0.391 and −0.300 e·Å−3

 



Crystal Data  63

Table CD4. Crystal Data and Structure Refinement Details for 

[{HC(CMeNAr)2}Ge(μ−O)Zr(Me)Cp2] (9). 

  

Empirical formula  C40H54GeN2OZr 

Formula weight  742.66 

Temperature  100(2) K 

Wavelength  1.54178 Å 

Crystal system  Triclinic 

Space group  P1 

Unit cell dimensions a = 9.444(1) Å α = 88.64(1)° 

 b = 10.522(1) Å β = 89.60(1)° 

 c = 19.750(1) Å γ  = 67.44(1)° 

Volume 1812(1) Å3

Z 2 

Density (calculated) 1.361 Mg/m3

Absorption coefficient 3.617 mm−1

F(000) 776 

Crystal size 0.10 x 0.08 x 0.03 mm3

θ range for data collection 2.24 to 58.96°. 

Index ranges −10 ≤ h ≤ 10, −11 ≤ k ≤ 11, −21 ≤ l ≤ 21 

Reflections collected 14140 

Independent reflections 5044 (Rint = 0.0265) 

Completeness to θ = 59.61° 96.6%  

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 5044 / 0 / 421 

Goodness-of-fit on F2 1.063 

Final R indices (I > 2σ(I)) R1 = 0.0288, wR2 = 0.0728 

R indices (all data) R1 = 0.0297, wR2 = 0.0735 

Largest difference peak and hole 1.232 and −0.553 e·Å−3
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Table CD5. Crystal Data and Structure Refinement Details for 

[{HC(CMeNAr)2}Ge(μ−O)Hf(Me)Cp2] (10). 

 

Empirical formula  C40H54GeHfN2O 

Formula weight  829.93 

Temperature  100(2) K 

Wavelength  1.54178 Å 

Crystal system  Triclinic 

Space group  P1 

Unit cell dimensions a = 9.323(1) Å α = 89.13(1)° 

 b = 10.474(1) Å β = 89.87(1)° 

 c = 20.200(1) Å γ  = 67.04(1)° 

Volume 1816(1) Å3

Z 2 

Density (calculated) 1.518 Mg/m3

Absorption coefficient 6.440 mm−1

F(000) 840 

Crystal size 0.10 x 0.08 x 0.04 mm3

θ range for data collection 2.19 to 58.94°. 

Index ranges −10 ≤ h ≤ 9, −11 ≤ k ≤ 11, −21 ≤ l ≤ 22 

Reflections collected 13915 

Independent reflections 5077 (Rint = 0.0221) 

Completeness to θ = 59.61° 96.8%  

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 5077 / 0 / 422 

Goodness-of-fit on F2 1.265 

Final R indices (I > 2σ(I)) R1 = 0.0287, wR2 = 0.0782 

R indices (all data) R1 = 0.0296, wR2 = 0.0785 

Largest difference peak and hole 1.551 and −0.801 e·Å−3
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Table CD6. Crystal Data and Structure Refinement Details for 

[{HC(CMeNAr)2}Ge(OH)Fe(CO)4] (11). 

 

Empirical formula  C33H42FeGeN2O 

Formula weight  675.13 

Temperature  133(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/n 

Unit cell dimensions a = 16.004(9) Å  

 b = 9.874(7) Å β = 96.42(4)° 

 c = 20.379(11) Å  

Volume 3200.1(3) Å3

Z 4 

Density (calculated) 1.401 Mg/m3

Absorption coefficient 1.435 mm−1

F(000) 1 

Crystal size 0.31 x 0.12 x 0.10 mm3

θ range for data collection 1.71 to 24.81°. 

Index ranges −18 ≤ h ≤ 18, −11 ≤ k ≤ 11, −23 ≤ l ≤ 22 

Reflections collected 19288 

Independent reflections 5445 (Rint = 0.0614) 

Completeness to θ = 59.61° 98.7%  

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 5445 / 0 / 391 

Goodness-of-fit on F2 0.999 

Final R indices (I > 2σ(I)) R1 = 0.0320, wR2 = 0.0614 

R indices (all data) R1 = 0.0501, wR2 = 0.0643 

Largest difference peak and hole 0.348 and −0.254 e·Å−3

 

 



Crystal Data  66

Table CD7. Crystal Data and Structure Refinement Details for 

[{HC(CMeNAr)2}Ge(OH)MnCp(CO)2] (12). 

 

Empirical formula  C36H47GeMnN2O3

Formula weight  683.29 

Temperature  133(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/n 

Unit cell dimensions a = 10.705(7) Å  

 b = 20.487(10) Å β = 98.02(5)° 

 c = 15.160(10) Å  

Volume 3292.4(3) Å3

Z 4 

Density (calculated) 1.378 Mg/m3

Absorption coefficient 1.334 mm−1

F(000) 1104 

Crystal size 0.31 x 0.12 x 0.15 mm3

θ range for data collection 1.68 to 24.84°. 

Index ranges −12 ≤ h ≤ 12, −24 ≤ k ≤ 23, −17 ≤ l ≤ 17 

Reflections collected 31533 

Independent reflections 5672 (Rint = 0.0791) 

Completeness to θ = 59.61° 99.6%  

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 5672 / 0 / 400 

Goodness-of-fit on F2 0.806 

Final R indices (I > 2σ(I)) R1 = 0.0304, wR2 = 0.0587 

R indices (all data) R1 = 0.0610, wR2 = 0.0632 

Largest difference peak and hole 0.406 and −0.413 e·Å−3
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Table CD8. Crystal Data and Structure Refinement Details for [{HC(CMeNAr)2}GeH] 

(14). 

 

Empirical formula  C29H42GeN2

Formula weight  491.24 

Temperature  100(2) K 

Wavelength  1.54178 Å 

Crystal system  Monoclinic 

Space group  P21/n 

Unit cell dimensions a = 15.238(3) Å  

 b = 18.201(4) Å β = 99.11(3)° 

 c = 20.485(4) Å  

Volume 5610(2) Å3

Z 8 

Density (calculated) 1.163 Mg/m3

Absorption coefficient 1.593 mm−1

F(000) 2096 

Crystal size 0.10 x 0.05 x 0.02 mm3

θ range for data collection 3.27 to 58.97°. 

Index ranges −16 ≤ h ≤ 16, −20 ≤ k ≤ 19, −21 ≤ l ≤ 22 

Reflections collected 35990 

Independent reflections 7983 (Rint = 0.0418) 

Completeness to θ = 59.61° 99.0%  

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 7983 / 111 / 629 

Goodness-of-fit on F2 1.085 

Final R indices (I > 2σ(I)) R1 = 0.0388, wR2 = 0.1021 

R indices (all data) R1 = 0.0406, wR2 = 0.1035 

Largest difference peak and hole 1.474 and −0.476 e·Å−3
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Table CD9. Crystal Data and Structure Refinement Details for [{HC(CMeNAr)2}SnH] 

(15). 

 

Empirical formula  C29H42N2Sn 

Formula weight  537.34 

Temperature  100(2) K 

Wavelength  1.54178 Å 

Crystal system  Monoclinic 

Space group  C2/c 

Unit cell dimensions a = 25.209(5) Å  

 b = 15.139(3) Å β = 94.92(3)° 

 c = 14.682(3) Å  

Volume 5583(2) Å3

Z 8 

Density (calculated) 1.279 Mg/m3

Absorption coefficient 7.392 mm−1

F(000) 2240 

Crystal size 0.10 x 0.05 x 0.05 mm3

θ range for data collection 3.41 to 58.90°. 

Index ranges −28 ≤ h ≤ 27, −16 ≤ k ≤ 16, −16 ≤ l ≤ 16 

Reflections collected 22645 

Independent reflections 4000 (Rint = 0.0315) 

Completeness to θ = 59.61° 99.6%  

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 4000 / 0 / 310 

Goodness-of-fit on F2 1.047 

Final R indices (I > 2σ(I)) R1 = 0.0216, wR2 = 0.0548 

R indices (all data) R1 = 0.0218, wR2 = 0.0547 

Largest difference peak and hole 0.761 and −0.749 e·Å−3
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Table CD10. Crystal Data and Structure Refinement Details for [{HC(CMeNAr)2}PbBr] 

(17). 

 

Empirical formula  C29H41BrPbN2

Formula weight  704.74 

Temperature  100(2) K 

Wavelength  1.54178 Å 

Crystal system  Triclinic 

Space group  P1 

Unit cell dimensions a = 10.361(2) Å α = 89.33(2)° 

 b = 12.033(2) Å β = 72.91(2)° 

 c = 12.431(2) Å γ  = 70.56(2)° 

Volume 1391(1) Å3

Z 2 

Density (calculated) 1.683 Mg/m3

Absorption coefficient 13.603 mm−1

F(000) 692 

Crystal size 0.05 x 0.05 x 0.03 mm3

θ range for data collection 3.74 to 58.75°. 

Index ranges −11 ≤ h ≤ 11, −12 ≤ k ≤ 13, −13 ≤ l ≤ 13 

Reflections collected 13333 

Independent reflections 3852 (Rint = 0.0331) 

Completeness to θ = 59.61° 97.0%  

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 3852 / 0 / 311 

Goodness-of-fit on F2 1.063 

Final R indices (I > 2σ(I)) R1 = 0.0173, wR2 = 0.0424 

R indices (all data) R1 = 0.0175, wR2 = 0.0425 

Largest difference peak and hole 0.430 and −0.786 e·Å−3
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Table CD11. Crystal Data and Structure Refinement Details for 

[{HC(Et2NCH2CH2NCMe)2}BiCl2] (19). 

 

Empirical formula  C17H35BiCl2N4

Formula weight  575.37 

Temperature  100(2) K 

Wavelength  1.54178 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 12.825(2) Å  

 b = 11.585(2) Å β = 104.47(3)° 

 c = 14.771(3) Å  

Volume 2125(1) Å3

Z 4 

Density (calculated) 1.798 Mg/m3

Absorption coefficient 18.639 mm−1

F(000) 1128 

Crystal size 0.10 x 0.10 x 0.05 mm3

θ range for data collection 3.56 to 58.96°. 

Index ranges −14 ≤ h ≤ 14, −12 ≤ k ≤ 11, −16 ≤ l ≤ 16 

Reflections collected 14026 

Independent reflections 3015 (Rint = 0.0383) 

Completeness to θ = 59.61° 98.8%  

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 3015 / 0 / 226 

Goodness-of-fit on F2 1.073 

Final R indices (I > 2σ(I)) R1 = 0.0183, wR2 = 0.0422 

R indices (all data) R1 = 0.0188, wR2 = 0.0425 

Largest difference peak and hole 0.541 and −0.929 e·Å−3
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7. Supporting Materials 

 

 
 
Figure S1. A 2D cross section in the metal hydrogen plane (bottom) and 3D representation 

(top) of the electron density (ED) in [{HC(CMeNAr)2}GeH] (14) (left picture) and 

[{HC(CMeNAr)2}SnH] (15; right picture). The colors at each point of the 2D images 

correspond to the density values given in the color bar on the left side of both pictures and 

range from dark blue (ED = 0.051) to dark red (ED = 0.049). 

 

 
 
Figure S2. A 2D cross section of the lone pair in the metal hydrogen plane (bottom) and 3D 

representation (top) of the electron density (ED) in [{HC(CMeNAr)2}GeH] (14) (left picture) 

and [{HC(CMeNAr)2}SnH] (15; right picture). The colors at each point of the 2D images 

correspond to the density values given in the color bar on the left side of both pictures and 

range from dark blue (ED = 0.051) to dark red (ED = 0.044). 
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Figure S3. A 2D cross section of the lone pair delocalization in the metal nitrogen plane 

(bottom) and 3D representation (top) of the electron density (ED) in [{HC(CMeNAr)2}GeH] 

(14) (left picture) and [{HC(CMeNAr)2}SnH] (15; right picture). The colors at each point of 

the 2D images correspond to the density values given in the color bar on the left side of both 

pictures and range from dark blue (ED = 0.052) to dark red (ED = 0.040). 
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9. Abbreviations 

δ       chemical shift 

η       hapticity 

λ       wavelength 

μ       bridging 

ν       frequency 

ν~       wave number 

aq       aqueous 

Ar       aryl 

av       average 

br       broad 

tBu       tert-butyl 

°C       Celsius degree 

calcd       calculated 

Cp       cyclopentadienyl 

Cp*       pentamethylcyclopentadienyl 

d       doublet, day(s) 

dec       decomposition 

DFT       density functional theory 

EI       electron impact ionization 

ELF       electron localization function 

Et       ethyl 

eV       electron volt 

G       free energy 

G°       standard free energy 
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ΔG°       standard free energy change 

g       grams, gaseous 

h       hour(s) 

Hz       Hertz 

iPr       iso-propyl 

IR       infrared 

J       coupling constant 

K       Kelvin 

L       ligand 

Ln       lanthanide 

MAO       methylaluminoxane, “(MeAlO)n” 

M       metal 

m       multiplet, medium 

m/z       mass/charge 

M.p.       melting point 

M+       molecular ion 

Me       methyl 

mes       mesityl 

min       minute(s) 

MS       mass spectrometry, mass spectra 

NBO       natural bond orbital 

NLMO       natural localized molecular orbitals 

NMR       nuclear magnetic resonance 

Ph       phenyl 

ppm       parts per million 

q       quartet 



Abbreviations 90

R       organic substituent, gas constant 

RT       room temperature 

s       singlet, strong 

sept       septet 

solv       solvation 

t       triplet 

T       absolute temperature in Kelvin 

THF       tetrahydrofuran 

TMS       tetramethylsilane 

UV       ultraviolet 

V       volume 

w       weak 

Z       nu 
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