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Chapter 3 Zinc hydride 

clusters 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter describes the synthesis and characterization of a novel tetranuclear zinc 

hydride cluster. The decomposition of this zinc complex is investigated and compared to the 

properties of the magnesium hydride complexes that have been studied in Chapter 1. 

Subsequently, the electron density of the zinc hydride cluster is analyzed by means of a 

DFT study. The chapter closes with the design of new ligands for the development of further 

magnesium and zinc clusters. 

 

 

Parts of this chapter will be submitted for publication: 

Intemann, J. Sirsch, P., Harder,S., manuscript in preparation. 
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3.1. Introduction 

As one of the cornerstones of organometallic chemistry, organozinc complexes have been 

known since the 1840s from the work of Edward Frankland.[1] He already predicted that zinc 

hydride “may be obtained”, but it would take another 100 years until the first reports by 

Schlesinger were published.[2,3] By now, there are several reliable synthetic methods for the 

preparation of ZnH2 as a white crystalline solid,[4] for which an exact structure still remains 

unknown. Two main classes of compounds emerged from this early work: anionic 

hydridozincates and neutral zinc hydride species. Several hydridozincates (M2[ZnH4], M= Li, 

Na, K)[5] and hydridoalkylzincates like (Na2[Zn2Et4(µ-H)2] (1) and Na3[Zn2(i-Pr)6(µ-H)] (2)[6] 

have been isolated and partially characterized. Considering the current interest in 

tetrahydroborates and- aluminates for chemical hydrogen storage,[7] further research on the 

chemistry of tetrahydrozincates may be expected in the future. 

 

Zinc dihydride and hydridozincates are also useful as powerful reducing agents,[8] but the 

rather low thermal stability and insolubility in organic solvents limit widespread use.[3] This 

prompted the interest in more suitable neutral heteroleptic organozinc hydrides. Simple alkyl 

zinc hydrides also show a limited thermal stability, but can be stabilized by coordination of 

additional Lewis bases as has been reported for RZnH·(pyridine) (R = Et, Ph).[9] Moreover, 

sterically demanding ligands that prevent aggregation were found to stabilize zinc hydride 

species. Examples of structurally characterized compounds include monomeric species with 

tris-pyrazolylhydroborates (3, 4)[10-14] or very bulky ß-diketiminate ligands (DIPP-nacnac, 

DIPP) (5).[15] 

 

Dimeric compounds with terminal hydride functions like [Zn(µ-L)(H)]2 (6)[16] as well as 

hydride- bridged dimers like [Zn(L)(µ-H)]2 (7,8)[17-20] are known. 
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In addition, multinuclear zinc hydride clusters with terminal (9, 10)[21,22] and bridging (11)[23] 

hydride moieties could be identified as structural motives.  

 

Recently, a zinc hydride complex containing di(2-pyridylmethyl)amides and alkyl groups 

was reported. Depending on the alkyl group either a stable monomeric complex with a 

bridging hydride ligand (R = CH(SiMe3)2) (12) or a pentanuclear zinc complex containing a 

bridging tetrahydridozincate anion (13) could be isolated.[24] A very recent report by Okuda 

et al. revealed the structure of the first molecular zinc dihydrides as N-heterocyclic carbene 

adducts (14).[25] This structure shows terminal as well as bridging hydride ligands. 

 

Zinc(II) complexes are particularly interesting as catalysts, considering the low cost and 

high natural abundance of zinc as a metal and its favorable biocompatibility. Recently, it 

could be shown that the four-coordinate tris(oxazolinyl)borato zinc hydride complex (4) was 
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capable of catalyzing the selective alcoholysis of substituted silanes. The catalytic reaction 

of PhMeSiH2 and aliphatic alcohols resulted preferably in monodehydrocoupled product. 

Secondary organosilanes and diols provide cyclic bis(oxo)silacycloalkanes in high yield.[14] 

 

Bis(alkylzinc)hydride-di(2-pyridylmethyl)amide complexes (12), in turn, were found to 

effectively catalyze the hydrosilylation of ketones and aldehydes.  

In addition, the reactivity of several zinc hydride complexes towards carbon dioxide and 

heterocumulenes has been studied. In this connection, pyrazolylborate zinc hydrides (3) 

were found to react with CO2, CS2 and isothiocyanates RNCS with insertion into the Zn-H 

bond under formation of mononuclear Zn complexes,[10,26] whereas no reaction could be 

observed for cyclohexyl carbodiimide (Figure 3.1).[27]  

 

Figure 3.1 Reactivity of pyrazolylborate zinc hydride complexes (L = pyrazolylborate ligand). 

Later on, the Li-promoted hydrogenation of CO2 using heterobimetallic hydridozinc alkoxide 

clusters, (HZnOt-Bu)4-n(LiOt-Bu)n (n = 0-3), was reported. In this case, the lithium ions 

played a crucial role for the activity of the Zn hydride moiety, since (HZnOt-Bu)4 (9) alone 

showed a very low hydride transfer activity. Simple powdered ZnH2 completely failed to 

react with carbon dioxide.[28] Recently, Schulz et al. could show, that (MES-ZnH)2 (8b) 

reacted with CO2, i-PrN=C=Ni-Pr and t-BuN=C=O at ambient temperature with insertion into 

the Zn-H bond and subsequent formation of formato, formamido and formamidinato zinc 

complexes.[29] In a subsequent report, reactivity of the same complex towards Lewis bases, 

carbodiimides, thioisocyanates and cyclohexene oxide (CHO) was described (Figure 3.2).[30] 

Surprisingly, no such reactivity could be observed for the corresponding monomeric DIPP-

ZnH (5) so far. Finally, the extraordinary tetranuclear amidinato zinc hydride complex (10) 

was found to react with phenyl acetylene and acetylene under elimination of H2 resulting in 

formation of C[C(N(i-Pr))2ZnC≡CPh]4 and C[C(N(i-Pr))2ZnC≡CH]4, respectively .[22] 
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Figure 3.2 Reactivity of [MES-ZnH]2 (8b), (L = MES). 

As zinc hydrides proved to be promising catalysts as well as valuable starting materials for 

further substitution reactions, a variety of synthetic methods have been developed for the 

synthesis of zinc hydride complexes (Figure 3.3). Several complexes were obtained either 

by reaction of Et3SiH with the corresponding zinc fluoride complex (3, 8a)[12,18] or by 

halide/hydride exchange with NaH (7, 8b, 11).[17,19,23] DIPP-ZnH was first synthesized by the 

reaction of DIPP-ZnCl with KN(i-Pr)HBH3. The formation of the hydride most likely to 

proceeded via ß-hydride elimination and formation of various oligomeric “BN”-species.[15] 

This route was successfully applied as a convenient route for the synthesis of [MES-ZnH]2 

(8b).[17] ß-Hydride elimination could by facilitated by addition of LiCl and yielded 

tris(oxazolinyl)borato zinc hydride (4).[13] Eventually, Harder et al. could introduce an 

improved synthetic protocol for DIPP-ZnH (5) by the reaction of the zinc chloride with cheap 

CaH2.
[15] This method also allowed for the isolation of the tetranuclear amidinato zinc 

hydride complex (10).[22] 

 

Figure 3.3 Synthetic methods for the formation of zinc hydride complexes. 

3.2. Goal 

ß-Diketiminate ligands have demonstrated to be valuable ligands for the stabilization of 

magnesium hydride (DIPP-MgH)2 as well as zinc hydride complexes DIPP-ZnH and [MES-

ZnH]2 which were comparable in structural motives.[15,17,18] As Harder et al. have recently 

introduced a set of bridged bis(ß-diketiminate) ligands[31,32] that could already be employed 
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for the stabilization of magnesium hydride clusters,[33,34] we were aiming for the synthesis of 

analogous zinc hydride clusters.  

Well-defined multinuclear zinc hydride complexes are still scarce and characterization of 

these new complexes would yield additional information on structural properties and 

characteristics of zinc hydrides. Isolation of bis(ß-diketiminate) zinc hydrides would also 

allow for a direct comparison of the properties of zinc and magnesium hydride complexes.  

ZnH2 decomposes to the constituent elements at 90 °C[35] which is at a significantly lower 

temperature than MgH2 (300 °C).[36] It would therefore be of interest to study the 

decomposition of zinc hydride clusters and compare them to the magnesium analogues. As 

these clusters are small molecular entities, they could be model systems for bulk zinc 

hydride and may allow for a detailed investigation of the H2 elimination process. This could 

be additional support for the use of metal hydride clusters as models systems for hydrogen 

storage materials. 

3.3. Results and Discussion 

3.3.1. Synthesis of zinc hydride clusters 

From the available set of bridged bis(ß-diketiminate) ligands that were used successfully for 

the synthesis of magnesium hydride clusters (see Chapter 2), we chose the directly coupled 

bis(ß-diketiminate) ligand, NN-H2. From a reaction mixture in THF a new polymorph of this 

ligand with one molecule of cocrystallized THF could be obtained and was characterized by 

single-crystal X-ray determination. 

 

Figure 3.4 Crystal structure of NN-H2; i-Pr groups and THF have been omitted for clarity. 

The crystal structure of NN-H2·THF shows a centrosymmetric molecule (Figure 3.4). The 

acidic hydrogen atoms are connected to the outer nitrogen atoms and form a N−H−N bridge 

to the inner imine nitrogen, which results in an extended conjugation (RHN-C=C-C=N-N=C-

NHR). This is in turn responsible for the coplanarity of the two ß-diketiminate units and the 

NN-H2 
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short N−N bond of 1.397(4) Å. In comparison to the previously reported structure for NN-

H2
[32], the bond lengths and angles (Table 3.1) are very similar and comparable to the 

unlinked DIPP-H.[37] 

Table 3.1 Selected bond lengths, distances (Å) and bond angles (°) in NN-H2 (symmetry operation: 

X’ = 1 − x,1 − y, − z). 

NN-H2 

N1−H1 0.88 C13−C15 1.368(5) N2−N2’ 1.397(4) 

N2···H1 1.92 C15−C16 1.442(5) N1−H1···N2 135 

N1−C13 1.364(4) C16−N2 1.318(4)   

Appropriate precursors for the synthesis of zinc hydride complexes with this ligand have 

been characterized previously.[32] For the synthesis of zinc hydride clusters a similar 

procedure to the synthesis of magnesium hydride clusters was tested first. A solution of the 

zinc alkyl precursor NN-(ZnEt)2 in toluene was reacted with phenylsilane. After two days 

and subsequent heating to 60 °C, no reaction was observed. The same experiment 

conducted in THF led after 2 hours at 60 °C to the precipitation of metallic zinc and thus 

decomposition of the complex. Other attempts to obtain a hydride complex from a zinc alkyl 

precursor, using potassium hydride, a combination of potassium hydride and zinc chloride 

or a substituted ammonia borane, (i-Pr)NH2BH3, did not result in any conversion of the 

starting material (Figure 3.5). 

 

Figure 3.5 Attempted synthesis of a zinc hydride cluster from a zinc ethyl precursor. 

Synthesis of halide precursors 

The majority of the previously reported zinc hydride complexes had been synthesized 

starting from zinc halide precursors. As starting material, the known potassium complex 

[NN-K2]2, which could be subjected to a subsequent salt metathesis reaction with zinc 

halides, was chosen. This complex was obtained quantitatively by deprotonation of the 

ligand NN-H2 with potassium bis(trimethylsilyl) amide K[N(SiMe3)2].
[32] In an alternative 
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synthetic route, heating of a solution of the ligand over a potassium mirror for 20 hours, led 

to the isolation of a very pure sample of [NN-K2]2 and crystals suitable for X-ray diffraction 

could be isolated.  

  

 

Figure 3.6 a) Crystal structure of [NN-K2]2 b); crystal structure of [NN-K2]2 rotated by 70° around the 

vertical axis; i-Pr groups have been omitted for clarity. 

The dimeric structure of [NN-K2]2 has crystallographic C2 symmetry. The cluster contains 

two ligands and four potassium atoms; the disordered molecule of benzene is not shown. 

Two of the potassium atoms (K1, K1’) are surrounded by four nitrogen atoms (N1-N4) of 

one of the ß-diketiminate units of each ligand molecule (Figure 3.6a). The remaining two 

potassium atoms are sandwiched between the delocalized systems of the ß-diketiminate 

backbones. They show interactions with the N atoms as well as the carbon atoms of the 

ligand (Figure 3.6b). The K-N bonds to the outer N atoms (2.816-3.021 Å) are longer than 

those to the inner N atoms (2.713-2.857 Å). The ß-diketiminate units within a ligand are 

close to perpendicular to each other (angle between least square planes: 89.89(8)°) and the 

shortest K···K contact equals 3.6305(5) Å (Table 3.2). In contrast to NN-H2, the N−C and 

C−C bonds do not show alternating single/ double bond character but are of similar length. 

This points to a largely delocalized system. 

 

 

 

 

 

[NN-K2]2 [NN-K2]2 
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Table 3.2 Selected bond lengths (Å) and angles (°) in [NN-K2]2 (symmetry operation: X’ = 2 − x, y, 

1/2 − z). 

[NN-K2]2 

K1−N1’ 2.816(1) K2−C3 2.987(1) K3−C21 3.041(1) 

K1−N2’ 2.713(1) K2−C4 3.016(1) N1’−K1−N2’ 63.11(4) 

K1−N3 2.756(1) K3−N3 2.857(1) N3−K1−N4 62.96(3) 

K1−N4 2.820(1) K3−N4 2.851(1) N1−K2−N2 59.07(5) 

K2−N1 3.021(1) K3−C19 2.982(1) N3−K3−N4 61.37(5) 

K2−N2 2.843(1) K3−C20 2.913(1)  

The syntheses of the corresponding potassium complexes of the other available bridged ß-

diketiminate ligands have also been attempted (Figure 3.7).  

Figure 3.7 Synthetic approach towards potassium complexes of selected bridged ß-diketiminate 

ligands. 

Under various reaction conditions, the pyridylene-bridged ligand (PYR-H2) could not be 

deprotonated by KN(SiMe3)2 and the reaction with a potassium mirror resulted in 

decomposition of the ligand. In contrast, the meta-phenylene bridged ligand (META-H2) was 

fully deprotonated by KN(SiMe3)2, visible by the disappearance of the N−H resonance of the 

ligand in the 1H NMR spectrum. Still the reaction was not clean and a mixture of at least two 

products resulted. These compounds could not be further identified. An analogous reaction 

using the para-phenylene bridged ligand (PARA-H2) with KN(SiMe3)2, led to a clean 

deprotonation of both ß-diketiminate units.  

To obtain the desired zinc halide precursors, the potassium complexes [NN-K2]2 and PARA-

K2 were subsequently reacted with ZnCl2 and ZnI2 (Figure 3.8).  
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Figure 3.8 Synthesis of zinc halide compounds from potassium salts of the ligands. 

The reaction of zinc chloride with [NN-K2]2 and PARA-K2 led to formation of contaminated 

products that were difficult to purify resulting in very poor yields. The reaction with zinc 

iodide, in turn, allowed for the crystallization of NN-(ZnI)2·(THF)2. The crystals were suitable 

for X-ray diffraction and a crystal structure could be obtained ( ).  

 

Figure 3.9 Crystal structure of NN-(ZnI)2·(THF)2, i-Pr groups have been omitted for clarity. 

In this monomeric zinc iodide the metal centers are tetrahedrally surrounded by the two 

nitrogen atoms of a ß-diketiminate unit, one iodide ligand and one molecule of THF. The 

complex shows C2-symmetry and the ß-diketiminate units are twisted away from each other 

(angle between NCCCN-least-square planes: 110.4(1)°) more than in the monomeric NN-

(ZnEt)2 complex (87.1(1)°). The Zn···Zn distance in the iodide complex (4.3193(7)Å) is 

longer than in the alkyl analogue (3.9676(5)Å), however, the N-N bond lengths are 

comparable.[32] The Zn-N bond lengths are in the same range as NN-(ZnEt)2 and DIPP-

ZnI·LiI(Et2O)2 and the Zn-I bond is slightly shorter than in the latter complex (average Zn-I 

bond length: 2.6395(8) Å) (Table 3.3).[38] 
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Table 3.3 Selected bond lengths (Å), angles (°) and distances in NN-(ZnI)2·(THF)2 (symmetry 

operation: X’ = − x, y, 1/2 − z). 

NN-(ZnI)2·(THF)2 

Zn1−N1 1.973(3) Zn1−O1 2.090(3) N1−Zn1−N2 97.01(2) 

Zn−N2 1.974(3) N1−N2 1.433(6) I1−Zn1−O1 102.43(8) 

Zn1−I1 2.518(5) Zn1···Zn1’ 4.3193(7)  

In an analogous reaction of PARA-K2 with ZnI2, the iodide complex precipitated as a clean 

product. As no crystals suitable for X-ray diffraction could be obtained, the complex was 

characterized by NMR spectroscopy. The complex contains only one THF molecule per 

ligand according to 1H NMR.  

In general, use of ZnI2 in the transmetallation with potassium salts of the ligands, 

successfully led to the corresponding zinc iodide complexes, however, the reproducibilities 

are poor and yields vary from very low (5%) to reasonably good (70%). 

For this reason, an alternative route was desired. Starting from the NN-(ZnEt)2 complex, a 

range of reagents to convert the alkyl zinc precursor into the halide complex have been 

tested. Triethyl ammonium chloride and anilinium chloride gave no observed reaction with 

the starting material. In contrast, aluminium chloride, aluminium iodide and trimethylsilyl 

iodide reacted with NN-(ZnEt)2 but gave an unidentifiable mixture of products. The reaction 

of the zinc alkyl complex with trimethylsilyl chloride allowed for the isolation and 

characterization of NN-(ZnCl)2 but again the yields and the reproducibility were poor. 

Finally, it was found that conversion of NN-(ZnEt)2 to the iodide NN-(ZnI)2 (13) was easily 

achieved by the reaction with elemental iodine (Figure 3.10). This resulted in fast 

precipitation of the desired product from toluene in reasonable yields. As these results were 

promising, the same procedure was applied to the PARA ligand as well, which also resulted 

in formation of the desired product, PARA-(ZnI)2. 

 

Figure 3.10 Alternative route for the formation of zinc iodide complexes. 

To test the general applicability of this route, it was used for the synthesis of DIPP-ZnI as 

well. This allowed for the isolation of the iodide complex without adherent THF or diethyl 

ether in almost quantitative yield. The obtained complex could in turn be used as a 
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precursor for the synthesis of the previously reported monomeric DIPP-ZnH (5) using the 

substituted potassium amidoborane KN(i-Pr)HBH3.
[15] This synthesis is, in comparison to the 

former route via the zinc chloride, more simple and less time-consuming. The overall yield 

after three steps was improved significantly from 44% to 70%. 

Synthesis of zinc hydride clusters 

As a zinc iodide complex has been proven to be a good precursor for synthesis of a ß-

diketiminate zinc hydride complex, the bimetallic zinc iodide complexes NN-(ZnI)2 and 

PARA-(ZnI)2 were reacted with KN(i-Pr)HBH3 in toluene (Figure 3.11). 

 

Figure 3.11 Synthesis of bimetallic zinc hydride complexes. 

Upon addition of the substituted potassium amidoborane to a suspension of NN-(ZnI)2, the 

mixture turned fluorescently yellow within seconds. From this reaction mixture bright yellow 

diamond-shaped crystals of [NN-(ZnH)2]2, suitable for X-ray diffraction, could be isolated. 

The obtained crystal structure shows a dimeric C2-symmetric complex with a very similar 

structural motive as the corresponding tetranuclear magnesium hydride complex [NN-

(MgH)2]2. They both contain a central M4 tetrahedron, in which four of the six edges are 

spanned by the four hydride ligands, the remaining two edges are occupied by one NN-

ligand each (Figure 3.12). However, Zn and Mg hydride complexes do not crystallize 

isomorphous. 

Both dimeric clusters have a tetragonal 

structure, but different space groups (Mg: P  4n2, 

Zn: P43212). In contrast to the magnesium 

hydride cluster, in which the asymmetric unit 

contains half a NN ligand and one Mg-H moiety, 

the asymmetric unit of the zinc analogue 

consists of one ligand and two Zn-H moieties. 

The Zn-H bond lengths range from 1.58(6)-

1.69(4) Å (Table 3.4), which is shorter than the 

bond length reported for hydride-bridged dimers 

[Ar’-Zn(µ-H)]2 (7) 1.67(2)/1.79(3 Å),[19][MES-
Figure 3.12 Crystal structure of [NN-(ZnH)2]2.    

i-Pr-groups have been omitted for clarity. 
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ZnH]2 (8a) 1.699(33)/1.798(24)Å[17] and [MES’-ZnH]2 (8b) 1.766 Å[18] but significantly longer 

than those found in the monomeric DIPP-ZnH (5) 1.46(2)Å[15]. The interatomic Zn···Zn 

distances vary significantly and range from 2.855(7) Å to 3.384(7) Å. Additionally, they are 

considerably elongated compared to hydride-bridged dimeric zinc hydrides [RZn(µ-H)]2 in 

which Zn···Zn distances range from 2.4084(3) Å for [Ar’-ZnH]2 (7) to 2.4513(9) Å for  

[MES’-ZnH]2 (8b). 

Table 3.4 Selected bond lengths (Å) and angles (°) in [NN-(ZnH)2]2 (symmetry operation: X’ =  

y, x, -z). 

[NN-(ZnH)2]2 

Zn1−N1 1.973(4) Zn1−H3 1.64(3) Zn1···Zn2’ 2.855(7) 

Zn1−N2 1.955(3) Zn2−H1 1.69(4) Zn2···Zn2’ 3.053(9) 

Zn2−N3 1.995(4) Zn2−H2’ 1.58(6) N1−Zn1−N2 95.42(15) 

Zn2−N4 1.975(3) Zn1···Zn1’ 3.072(1) N3−Zn2−N4 94.29(15) 

Zn1−H2 1.61(6) Zn1···Zn2 3.384(7)   

In comparison to the corresponding magnesium hydride cluster [NN-(MgH)2]2, all bond 

lengths in [NN-(ZnH)2]2 to the metal center are shortened (Table 3.5). As the radius for 4-

coordinate Mg2+ (0.57 Å) is somewhat smaller than that for Zn2+ (0.60 Å), this is remarkable. 

The origin of this inconsistency is likely due to the fact that zinc hydride bonds are more 

covalent than magnesium hydride bonds.  

Table 3.5 Comparison of average bond lengths, distances (Å) and bond angles (°) for tetrameric zinc 

and magnesium hydride clusters. 

 [NN-(ZnH)2]2 [NN-(MgH)2]2 

M−N 1.974(4) 2.018(1) 

M−H 1.63(3) 1.81(1) 

M···M 3.087(6) 3.369(1) 

H···Hneighbors 2.66(9) 2.758(2) 

H···Hnon-neighbors 3.56(9), 3.95(9) 2.93(4), 4.65(2) 

H−M−H 109(3) 99.0(7) 

M−H−M 132(4) 135(1) 
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The NN ligands in [NN-(ZnH)2]2 show an axial chirality that has been observed in the 

analogue magnesium hydride cluster as well. The ß-diketiminate units are twisted in respect 

to each other (angle between NCCCN-least-square planes: 72.4(2)°). Free rotation around 

the N-N axis is hindered by the methyl groups on the ligand backbone. As both ligands 

within the complex show the same chirality (Sa), the overall complex is chiral as well. 

Due to the arrangement of the ligands, two distinct hydride positions could be observed in 

the complex. One hydride position (black) lies almost within the plane of the ß-diketiminate 

units, whereas the other (white) was situated more in between the planes (Figure 3.13). In 

the case that both NN ligands show opposite axial chirality, one is Sa and the other Ra, a 

non-chiral meso-complex would form.  

 

Figure 3.13 Schematic representation of the chiral [NN-(ZnH)2]2 cluster, showing the different 

hydride positions. 

The two different hydride positions could be observed by means of 1H NMR spectroscopy 

as well. For a solution of [NN-(ZnH)2]2 in benzene at room temperature two triplet 

resonances were visible at 3.24 and 4.26 ppm. The observed triplet splitting is due to the 

magnetic coupling of the different hydride ligands as could be shown by two-dimensional 

NMR studies (Figure 3.14).  
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Figure 3.14 Section of the 
1
H-

1
H COSY spectrum of [NN-(ZnH)2]2 (500 MHz, C6D6, 25 °C). 

The observation of two non-equivalent hydride resonances indicates that the solid-state 

structure is maintained in solution. Up to 80 °C no coalescence or broadening of the hydride 

signals could be observed. Therefore, the Zn4H4-skeleton in [NN-(ZnH)2]2 seems to be very 

rigid in comparison to the Mg4H4-core in [NN-(MgH)2]2. The latter showed H,H,-exchange 

already at room temperature (ΔG‡ = 56(1) kJ·mol−1).[34] This difference likely originates from 

the much stronger, more covalent Zn−H bond Also NOESY NMR studies indicated that the 

complex does not show hydride-hydride exchange on the NMR timescale. 

The magnetic coupling constant of the hydride ligands in [NN-(ZnH)2]2 could be determined 

to 2JH,H = 16.0 Hz. The H,H-coupling of two hydrides bound to a metal center is a known 

phenomenon in transition metal chemistry.[39] Still, to our best knowledge, this is to date the 

first reported 2JH,H-coupling constant in a zinc hydride compound.  

Table 3.6 lists the known H,H-coupling constants and the M−H as well as H···H distances in 

various magnesium and zinc complexes. It is clearly visible that there is no correlation 

between the metal-hydride bond-length and the coupling constant 2JH,H. However, the 

hydride-hydride distance seems to be inversely proportional to 2JH,H. This could be an 

indication for H,H-coupling through space instead of through bonds. 
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Table 3.6 Correlation between the M-H bond lengths, H···H distances and magnetic coupling 

constants. 

Complex M-H 

bond length [Å] 

(average) 

H···H 

distance [Å] 

(average) 

2JH,H [Hz] 

[DIPP-MgH]2 1.92(2) 2.44(4) 28.6 

[NN-(ZnH)2]2 1.63(5) 2.66(4) 16.0 

[NN-(MgH)2]2 1.81(1) 2.76(4) 8.5 

(PARA)3Mg8H10 1.81(3) 2.86(4) 4.5, 5.2 

Following the success on the isolation of [NN-(ZnH)2]2, we also used a similar approach for 

the PARA ligand and reacted PARA-(ZnI)2 with KN(i-Pr)HBH3 in toluene (Figure 3.15).  

Figure 3.15 Attempted synthesis of PARA-(ZnH)2. 

The pale yellow suspension of PARA-(ZnI)2 visibly changed to a clear yellow solution 

showing slight fluorescence. At the same time, evolution of small amounts of gas could be 

observed and after few minutes, a grey solid that was assumed to be metallic zinc and a 

white powder (KI) precipitated from the solution. Therefore the reaction product, which could 

potentially be the desired zinc hydride complex, appeared not to be stable at room 

temperature and could not be isolated from the reaction mixture.  

Changing the reaction conditions to lower temperatures led to very low solubility of PARA-

(ZnI)2 and potassium amidoborane in toluene and therefore no reaction was observed. 

Addition of THF to dissolve the starting materials resulted in an even faster decomposition 

of the product. This could be due to the formation of unstable monomeric complexes by 

coordination of solvent molecules. For this reason we were not able to isolate a PARA-

(ZnH)2 complex. 

3.3.2. Decomposition studies 

As the previously studied magnesium hydride clusters were shown to be potentially 

valuable as soluble model systems for solid-state hydrogen storage materials, we decided 

to study the influence of the metal on the hydrogen elimination process. A comparison of 
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the behavior of the molecular hydride complexes with the bulk material could further 

validate their use as model systems. Zinc dihydride, in contrast to magnesium dihydride, is 

not stable and starts to decompose very slowly already at 20 °C. Generally a decomposition 

temperature of 90−110 °C is presumed as the decomposition process of ZnH2 is fast at this 

temperature,[35] which is more than 200 °C lower than MgH2 (300 °C). Thus a zinc hydride 

cluster should show hydrogen release at significantly lower temperatures than the 

magnesium hydride clusters. A comparison of the tetranuclear zinc hydride cluster [NN-

(ZnH)2]2 with the corresponding magnesium hydride cluster [NN-(MgH)2]2 cluster could give 

direct information on the influence of the metal.  

Stability in solution 

First, the behavior of [NN-(ZnH)2]2 in solution was investigated. Decomposition was 

determined by the precipitation of elemental zinc as a grey powder or deposition of a zinc 

metal mirror. A solution of [NN-(ZnH)2]2 in toluene showed signs of slow decomposition 

when heated to 50 °C for several hours. Increasing the temperature significantly 

accelerated this process. Addition of THF facilitated the decomposition as well, the 

dissolved zinc hydride cluster was not stable at room temperature with THF present and 

started to decompose within half an hour. 

In contrast, the addition of pyridine did not accelerate the decomposition of the complex 

itself but led to the formation of a new compound which was recognized by the appearance 

of a new set of resonances in the 1H NMR. The NMR signals did not indicate a reaction with 

pyridine, but point to the formation of a second zinc hydride complex complex. Increasing 

the amount of pyridine in solution led to further growth of this new set of signals. In pure 

pyridine, or with a significant excess of pyridine, the resonances of the starting complex 

[NN-(ZnH)2]2 had fully disappeared. The new set of signals did not contain any resonances 

for coupled hydride moieties, instead one singlet at 3.95 ppm was observed that could be 

assigned to the hydride ligands (Figure 3.16). 
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Figure 3.16 
1
H NMR spectra of [NN-(ZnH)2]2 in C6D6, with four equivalents and with an excess of 

pyridine-d5 (500 MHz, 25 °C). Hydride, methyl and i-Pr resonances are highlighted in red, green and 

blue, respectively. 

Additionally, the iso-propyl groups of the DIPP-substituent were strongly influenced by the 

addition of pyridine. The septets representing the iso-propyl methane protons were found 

about one ppm apart from each other, suggesting a significantly different environment for 

both of them. The same effect could be seen for the methyl groups on the backbone of the 

ß-diketiminate ligand. Similar observations were made for the analogous magnesium 

hydride cluster [NN-(MgH)2]2 upon addition of THF (see Chapter 2).  

H    i-Pr 
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Figure 3.17 a) Solvent-dependent monomer-dimer equilibrium; b) transformation between chiral and 

achiral complexes. 

Therefore the nature of a new compound could be explained in a similar fashion as 

previously presented for [NN-(MgH)2]2. One reason for the observation of a single hydride 

resonance in the 1H NMR spectrum could be a solvent- dependent monomer-dimer 

equilibrium. Alternatively, a fully symmetrical cluster with S4-symmetry that was stabilized by 

the coordination of pyridine could be formed (Figure 3.17).  

The low stability of [NN-(ZnH)2]2 in THF might substantiate the formation of a symmetrical 

cluster. In this case it was assumed that monomeric complexes formed, which were not 

stable against decomposition. 

Stability in the solid state 

Additional studies on the stability were conducted on the complex [NN-(ZnH)2]2 as a solid. 

At atmospheric pressure the solid compound was stable up to 70 °C. Further heating to 80 

°C led to a slow decomposition that was visible within 20 hours by the slow change of color 

from bright yellow to grey. Immediate increase in temperature to 100 °C resulted in a clearly 

visible decomposition after half an hour. Reduction of the pressure could facilitate the 

release of hydrogen and therefore accelerated the decomposition. Under high vacuum at 80 

°C, decomposition of the solid [NN-(ZnH)2]2 was visible within only one hour. This was 

considerably faster than at atmospheric pressure.  

As mentioned before, the thermal decomposition of the zinc hydride cluster could result in 

the release of H2 and formation of a low-valence Zn(I) complex (Figure 3.18).  
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Figure 3.18 Proposed formation of a low-valent [NN-Zn(I)]2 cluster. 

Low-valent zinc compounds are known since the work of Carmona et al. who introduced a 

low-valence decamethyldizincocene (Cp*2Zn2) (15).[40] Recently, it was shown that bulky ß-

diketiminate ligands are also capable of stabilizing a Zn-Zn bonded low-valence complex 

(16).[41] 

 

In order to validate the potential reduction of [NN-(ZnH)2]2 upon heating, the decomposition 

process was first investigated by characterizing and quantifying the gasses that are 

released. For this purpose, solid [NN-(ZnH)2]2 was heated under vacuum to 80 °C for an 

hour. The release of gasses was quantified by use of a Töpler-pump setup (for a detailed 

description see Chapter 2). As only small amounts of gas (20 mol%) could be observed 

after one hour, the sample was further heated to 100 °C for three hours to obtain full 

decomposition. As a result, 1.8 ± 0.2 equivalents of gas were released from the cluster. This 

gas was determined to be hydrogen by subsequent oxidation to condensable water in a 

CuO oven. Additionally, H2 could be detected by means of 1H NMR spectroscopy. The solid 

sample was decomposed in the closed system of a J-Young NMR tube and the gas 

dissolved in THF-d8 could be characterized as H2 (δ = 4.56 ppm). Therefore, it can be 

concluded that a majority of the incorporated hydrogen of the complex was released during 

the thermal decomposition. 

After thermal decomposition, a grey, barely soluble powder remained, this might indicate 

the presence of elemental zinc. The 1H NMR spectrum of the small soluble fraction of the 

decomposition product revealed a mixture of several compounds which could not be 

identified further. 
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For comparison to the obtained spectral data of the decomposition product, an independent 

synthesis of a low-valent Zn(I) cluster was attempted in cooperation with the group of 

Schulz at the University of Duisburg-Essen. In a comparable fashion to the synthesis of 

(MES-Zn)2 (16a), the NN-ligand and the corresponding potassium and lithium complexes 

were reacted with decamethyldizincocene (15) (Figure 3.19).  

 

Figure 3.19 Proposed synthetic route towards a possible low-valent NN-Zn(I) cluster. 

Reaction of NN-H2 with Cp*2Zn2 was conducted at the University of Duisburg-Essen by 

Schulz et al. and did not lead to the isolation of the desired Zn(I) product.  

Addition of Cp*2Zn2 to cooled solutions of NN-K2 and NN-Li2 in toluene or THF led to 

formation of a single main product according to 1H NMR. Additionally, the side-products 

Cp*K and Cp*Li, respectively, were identified in the reaction mixture. This suggests that the 

formed product could potentially be the desired [NN-Zn(I)2]2 cluster, but isolation and 

characterization were so far unsuccessful. In aromatic solvents, the reaction mixture 

immediately formed a viscous gel that could not be separated into its components. In THF, 

the product as well as the side-products Cp*K/Cp*Li are soluble. As a number of 

crystallization attempts failed to give a well-defined product, the final characterization of a 

low-valence [NN-Zn(I)2]2 cluster remains a future challenge.  

In addition, it has to be mentioned that the obtained product showed only limited stability at 

room temperature. Within one day, precipitation of elemental zinc was observed. 

Decomposition of smaller metal hydride complexes 

To generate more detailed information on the influence of the metal in main group hydrides 

and on the hydrogen elimination temperature, the monomeric DIPP-ZnH and the dimeric 

[DIPP-CaH·THF]2 were subjected to the same thermal decomposition procedure. 

When the monomeric DIPP-ZnH was heated to 100 °C, the white solid changed its color to 

yellow already after five minutes. After one hour at this temperature only minor amounts of 

hydrogen were eliminated (10 mol%). Increasing the temperature to 150 °C in turn led to 
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elimination of the expected 0.5 ± 0.05 equivalents of gas, that were proven to be hydrogen 

in the same manner as described before. 

Applying the same procedure, [DIPP-CaH·THF]2 started melting around 100 °C 

accompanied by a color change from yellow to orange. After heating to 130 °C for an hour, 

only a fraction of the expected gas was released (20 mol%). Increasing the temperature to 

150 °C for an additional hour did not yield notable additional amounts of gas. Therefore the 

temperature was further increased to 200 °C for another hour, which resulted in a total 

release of 1.0 ± 0.05 equivalent of hydrogen gas. At the same time sublimation of a bright 

yellow-orange solid was observed, which was characterized as the homoleptic DIPP2-Ca 

complex by means of 1H NMR.[42] A potentially formed low-valent Ca(I) complex appeared 

not to be stable under the conditions of the thermal decomposition and disproportionated to 

DIPP2-Ca(II) and Ca0 metal (Figure 3.20). It is unlikely that the Schlenk equilibrium, forming 

homoleptic DIPP2-Ca and CaH2, was the first step in this process as CaH2 does not release 

H2 at only 200 °C (decomposition temperature of CaH2: 1000 °C).[43] 

 

Figure 3.20 Proposed sequence of the thermal decomposition of [DIPP-CaH·THF]2, THF molecules 

have been omitted for clarity. 

In comparison with the bulk metal hydrides, Zn hydrides were expected to release hydrogen 

at lower temperatures (ZnH2: 100 °C) than Mg hydrides (MgH2: 300 °C) which should in turn 

eliminate hydrogen at significantly lower temperatures than Ca hydrides (CaH2: 1000 °C). 

Our observations showed that DIPP-ZnH was more stable than expected and released the 

incorporated hydrogen at higher temperatures than the corresponding (DIPP-MgH)2. This 

was most likely due to the monomeric nature of the zinc complex. In this compound the 

eliminated hydrogen molecule was not predetermined by the structure and the distances 

between the hydrides are significantly longer (shortest H···H distance: 7.00(2) Å). This 

could be a reason for the retarded hydrogen elimination. The hydrogen release from the 

calcium complex [DIPP-CaH·THF]2 again required higher temperatures which is according 

to our expectations (Table 3.7). 
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Table 3.7 Thermal decomposition of Mg, Zn and Ca hydride complexes of DIPP. 

 

 

3.3.3. Theoretical studies 

To gain further insights into the bonding situation in the tetranuclear zinc hydride cluster 

[NN-(ZnH)2]2, DFT calculations were conducted on a simplified model system [NN’-(ZnH)2]2. 

These data are compared with the analogue magnesium hydride cluster [NN’-(MgH)2]2 

(Chapter 2). 

For this purpose, a topological analysis of the electron density, ρ(r), using the AIM approach 

has been carried out by Dr. Peter Sirsch at the University of Tübingen in Germany. The 

electron density for these studies was derived from DFT calculations with a high-quality 

split-valence basis set expanded with additional polarization and diffuse functions: B3-

LYP/6-311G(d,p). This study was performed on a simplified model system [NN’-(ZnH)2]2 in 

which the bulky DIPP substituents are replaced by methyl groups in order to reduce the 

computational effort (for a more detailed description see Chapter 2.3.3). 

 

Complex H2 release temperature 

(approx.) [°C] 

Equivalents of H2 

released per complex 

(DIPP-MgH)2 130 1.0 ± 0.05 

DIPP-ZnH 150 0.5 ± 0.05 

(DIPP-CaH·THF)2 200 1.0 ± 0.05 
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Figure 3.21 Optimized geometry for [NN’-(ZnH)2]2 at the B3-LYP/6-311G(d,p) level. 

In the optimized geometry shown in Figure 3.21, the geometrical parameters are in good 

agreement with the experimental counterpart (Figure 3.12), taking account of the fact that 

hydrogen atom positions in X-ray diffraction structures are always approximate positions 

(Table 3.8). 

Table 3.8 Selected distances [Å] for the crystal structure of [NN-(ZnH)2]2 (average) and theoretical 

DFT values for [NN’-(ZnH)2]2 in squared brackets. 

Zn-N 1.975(3) 

[1.961] 

Zn···Zn 

(shortest) 

2.855(7) 

[2.986] 

Zn-H1 1.60(6) 

[1.707] 

Zn···Zn 

(longest) 

3.384(7) 

[3.377] 

Zn-H2 1.66(8) 

[1.706] 

H···H 2.66(4) 

[2.693] 

Within the scope of a topological analysis of the electron density, specific features of the 

studied compound can be identified. A molecule is therefore divided into atomic basins. The 

line of maximum electron density between two atoms is represents a bond path. In the 

majority of cases, a bond path corresponds to an actual bond between two atoms. The point 

of the minimum electron density along the bond path between two atoms is defined as a 
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bond critical point (BCP). It is situated on the boundary surfaces of the atomic basins. 

Additional information is provided by the analysis of the Laplacian of the electron density 

2ρ(r). It describes the shell structure of the atoms and yields information on open-shell or 

closed shell interactions (Figure 3.22). 

 

Figure 3.22 Contour plot of the electron density (left) and the Laplacian of the electron density (right) 

of [NN’-(ZnH)2]2 (top) and [NN’-(MgH)2]2 (bottom). 

The Mg-H bond in [NN’-(MgH)2]2 shows a strongly ionic character indicated by a relatively 

small electron density and a clearly positive Laplacian at the BCP. In contrast, the electron 

density at the metal-hydride BCP in [NN’-(ZnH)2]2 is twice as high as that in the analogous 

magnesium complex. The Laplacian at the BCP is still positive and therefore the Zn-H bond 

can be described as polar covalent. This is also reflected in the atomic charges of the metal 

and hydrogen atoms that have been derived from the integration of the electron density 

over the corresponding atomic basins (Table 3.9). 

 

 

 

[NN‘-(ZnH)2]2 [NN‘-(ZnH)2]2 

[NN‘-(MgH)2]2 [NN‘-(MgH)2]2 
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Table 3.9 Comparison of selected atomic properties derived from theoretical electron densities of 

[NN’-(ZnH)2]2 and [NN’-(MgH)2]2. 

 Atomic charge q(Ω) [E] Atomic volume v(Ω) [Å3] 

[NN’-(ZnH)2]2 [NN’-(MgH)2]2 [NN’-(ZnH)2]2 [NN’-(MgH)2]2 

M (Zn, Mg) +1.19 +1.67 12.0 6.7 

N1 −1.20 −1.23 12.9 16.6 

N2 −0.88 −0.93 11.8 14.4 

H1 −0.53 −0.81 10.6 18.9 

H2 −0.56 −0.81 9.9 17.0 

The Zn atoms have transferred 0.544 electrons (average) to the hydride ligands which 

leaves the Zn with a charge of +1.194. The additional charge of −0.544 electrons on the 

hydride atoms significantly increases their atomic volumes. The hydrides show almost the 

same size as the nitrogen atoms on the ligand and are therefore double the size as the 

hydrogen atoms attached of the ligand (5.5−5.6 Å3). 

As in the case of [NN’-(MgH)2]2, the large size and polarizability of the hydride ligands in 

[NN’-(ZnH)2]2 enables them to take part in mutual interactions that range over a relative long 

distance. In the contour plot shown in Figure 3.22, an accumulation of electron density can 

be observed between the two hydride ions that are 2.693 Å apart. This results in a bond 

path that is clearly visible in a representation of the gradient vector filed of the Laplacian 

2ρ(r) shown in Figure 3.23.  
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Figure 3.23 Gradient vector field plot of the Laplacian 
2
ρ(r), BCPs and bond paths are represented 

by black circles and blue lines, respectively. 

As expected for long-range contacts, a weak closed-shell interaction is observed and the 

value of the electron density at the BCP is low. However, in comparison to the analogue 

interaction that has been observed for [NN’-(MgH)2]2, the H···H interaction in [NN’-(ZnH)2]2 

is about 30% stronger. This is another example of hydrogen-hydrogen bonding in metal 

hydride complexes. Although it appears to be counterintuitive that equally charged atoms 

participate in a stabilizing interaction, a comparison of the atomic energies confirms the 

stabilization of the interacting hydrides, H2 and H2’, by 75 kJ/mol compared to H1 and H1’. 

Recently, similar stabilizing interactions between considerably hydridic hydrogen atoms 

could be shown by DFT study on a range of binary and complex hydrides.[44] Anion-anion 

interactions might seem contradictory, but they have been known already for some time (for 

examples see Chapter 2.3.3). 

The intramolecular hydride···hydride interaction described for [NN’-(ZnH)2]2 is only the 

second identification of this kind of interaction for a molecular species after the same 

observation for [NN’-(MgH)2]2. This highlights that hydride···hydride interactions could be a 

more universal bonding feature in compounds containing hydridic H atoms and also 

emphasizes their potential role on the thermal dehydrogenation of these species. The 

identification of hydride···hydride interactions could therefore be a valuable tool for the 

design of hydrogen storage materials. 

It has to be noted that the presented calculated values are preliminary results and that 

extended calculations were ongoing upon completion of this thesis.  
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3.3.4. Ligand screening and design of new ß-diketiminate ligands  

In order to expand the scope of multimetallic zinc hydride complexes, ß-oxo-δ-diimine 

ligands (BODDI-H2) were selected for the synthesis of potential Zn hydride clusters. In 

addition, new ligands based on the ß-diketiminate framework have been designed. 

BODDI zinc hydride complexes 

The characteristic feature for BODDI-H2 ligand systems is the close proximity of two 

chelating coordination sites within one ligand. These are connected by a rigid central keto 

group. This class of ligands, that has been known for some time, can be obtained by 

condensation of various alkyl-[45] or aryl-[46]amines with a triketone. This reaction results 

exclusively in conversion of both terminal ketones and leaves the central functionality 

unaffected. 

 

Although these ligands were mainly used as building blocks for macrocyclic dimers,[47] also 

monomeric, bimetallic BODDI zinc complexes have been reported by Coates et al. in 

2003.[48] The zinc complexes were obtained in an analogous route to the ß-diketiminate 

complexes (Figure 3.24). 

 

Figure 3.24 Synthesis of a bimetallic, monomeric BODDI-Zn complex.
[48]

 

For the synthesis of BODDI-(ZnH)2 complexes a set of four different aryl-substituted 

BODDI-H2 ligands was selected (17−20). They vary mainly in the bulkiness of the phenyl 

substituent, but the methoxy-substituted phenyl ring (20) possesses an additional Lewis-

base site. 
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The zinc ethyl precursors were synthesized according to the literature procedure shown in 

Figure 3.24. Deprotonation of BODDI(Et)-H2 with ZnEt2 resulted in a clean reaction and 

isolation of BODDI(Et)-(ZnEt)2 in quantitative yield. The very similar BODDI(Me)-(ZnEt)2 in 

turn gave a mixture of two products under the same conditions. Even prolonged reaction 

times and elevated temperatures resulted in the formation of the same mixture (the ratio of 

the two compounds is 1:2). One set of signals could be assigned to the desired product 

BODDI(Me)-(ZnEt)2. The second set showed two inequivalent backbone units and only one 

ethyl group per ligand molecule. This could point to a singly deprotonated ligand, but the 

remaining amine resonance could not be detected (Figure 3.25a). The observations could 

also be explained by a partial Schlenk equilibrium (Figure 3.25b).  

 

Figure 3.25 Potential explanations for the formation of unsymmetrical zinc ethyl complexes; a) partial 

deprotonation of the ligand, b) partial Schlenk equilibrium of BODDI-(ZnEt)2 

However, in case of a Schlenk equilibrium, prolonged heating and elevated temperatures 

should have influenced the ratio of the two compounds. As the product could not be 

unambiguously identified, it was not further considered as a precursor in the synthesis of 

BODDI-(ZnH)2 complexes. 

This applied accordingly for the reaction of BODDI(OMe)-H2 with ZnEt2. In this case no 

desired product could be obtained and the reaction resulted in a mixture of an analogous 

unsymmetrical compound (75%) and a fully homoleptic complex [BODDI(OMe)-Zn2]2 (25%). 

The obtained zinc ethyl complexes BODDI(i-Pr)-(ZnEt)2 and BODDI(Et)-(ZnEt)2 were 

subsequently converted to the iodide using elemental iodine in an analogous reaction to the 

synthesis of ß-diketiminate zinc iodides. This resulted in a clean conversion of the Zn−Et 



 Chapter 3 

 

 

98 

functionalities into Zn−I. The complete conversion of I2 could be monitored by the 

discoloration of the solution. 

The addition of KN(i-Pr)HBH3 to suspensions of BODDI(R)-(ZnI)2 (R = i-Pr, Et) in toluene 

led to an immediate change in color from yellow to fluorescently yellow. 1H NMR 

spectroscopy confirmed the conversion of the zinc iodide precursors. In the case of 

BODDI(i-Pr)-(ZnH)2 a new resonance at 4.11 ppm that possibly could be assigned to a 

hydride was identified, but the sample was contaminated with multiple side products. 

Addition of THF led to precipitation of metallic zinc and therefore decomposition of the 

complex within one hour.  

The reaction of BODDI(Et)-(ZnI)2 with the potassium amidoborane proceeded significantly 

cleaner and also here a potential hydride resonance at 4.39 ppm was identified. The sample 

was, however, contaminated with NH(i-Pr)BH2-oligomers, resulting from the reaction. In 

solution, the obtained product was not stable and started to decompose at room 

temperature within a day. Addition of THF again accelerated the decomposition process 

and led to precipitation of elemental zinc within 5 minutes. 

Despite the instability of the zinc hydride complexes, crystals could be obtained in some 

cases. However, the quality of the crystals of BODDI(i-Pr)-(ZnH)2 from several 

crystallization attempts was not suitable for X-ray diffraction. Similarly, crystals of 

BODDI(Et)-(ZnH)2 crystals were obtained as well. These were not stable under addition of 

oil or silicon grease and started to decompose within minutes, visible by a color change 

from yellow to black. Therefore, a final characterization of BODDI-(ZnH)2 complexes is still 

in progress and remains a challenge for future work. 

Design of new ß-diketiminate ligands 

For the purpose of expanding the scope of zinc and magnesium hydride complexes, new 

ligands that are mainly based on the ß-diketiminate motive were designed. Earlier studies 

showed that the bridging unit can have a large effect on structure and MgH2 incorporation. 

Therefore ligands with larger bridges and/or more coordination sites could lead to larger, 

more extended, metal hydride clusters. Three different approaches were followed: (1) the 

synthesis of new bis(ß-diketiminate) ligands with bulkier or longer bridging molecules, (2) 

tris(ß-diketiminate) ligands with three chelating ligand units and (3) ligands incorporating 

additional coordination sites either in the bridging group or in the side arm substituents. 

 

 



 

 

 Zinc hydride clusters 

 

99 

Bis(ß-diketiminate)ligands 

New bridging moieties were introduced into bis(ß-diketiminate) systems according to the 

synthetic route that has been applied for the recently reported bis(ß-diketiminate) ligands 

(Figure 3.26).[31]  

 

Figure 3.26 General route towards unsymmetrical ß-diketiminate ligands and bridged bis(ß-

diketiminate) ligands 

A range of differently substituted aromatic diamines was evaluated and unfortunately 

several were proven to be either unreactive (α,α´-diamino-p-xylene, 3,3-diaminoacridine) or 

sterically too encumbered (3,5,3,5’-tetramethylbenzidine) for the synthesis of bis(ß-

diketiminate) ligands. Finally, three new ligands with DIPP groups on the sides of the 

ligands were synthesized and characterized by NMR spectroscopy. The mesitylene-bridged 

bis(ß-diketiminate) ligand m-MES-H2 offers additional steric bulk in the bridging molecule. 

This should force the ß-diketiminate units out of the plane of the bridging aryl ring and 

therefore prevent the formation of layers, which would be unfavorable for the assembly of 

cluster-like molecular compounds. A meta-xylylene-bridged ligand m-XYL-H2 combined an 

elongated bridging molecule with extra flexibility due to the methylene arms to which the ß-

diketiminate rings are connected. This allows for a more flexible arrangement of the 

coordination sites and thus might facilitate the formation of cluster structures. The 

incorporation of a naphthalene molecule as a bridge in NAPH-H2 results in an elongated 

distance of the coordination sites, but in contrast to m-XYL-H2 the bridging unit is rigid in 

this case.[49] 

The novel bis(ß-diketiminate) ligands were applied in the synthesis of magnesium and zinc 

complexes. From reactions of m-MES-H2 with Mg(n-Bu)2, ZnEt2 and KN(SiMe3)2 no pure 

products could be isolated. This is probably due to a deprotonation of the methyl groups on 

the mesitylene ring. This side reaction could also explain the strongly colored reaction 
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mixtures as benzylic anions, which are known to be intensely colored, are formed in the 

process.[49] 

In the case of m-XYL-H2, the reaction with ZnEt2 as well as the subsequent conversion to 

the iodide with elemental iodine was successful and the complexes m-XYL-(ZnEt)2 and m-

XYL-(ZnI)2 could be characterized by means of 1H NMR. However, subsequent reaction 

with KN(i-Pr)HBH3 did not result in the isolation of the desired zinc hydride complex m-XYL-

(ZnH)2 but led to degradation of the product readily identifiable by the precipitation of zinc 

metal.[49]  

Reactions of m-XYL-H2 with Mg(n-Bu)2 only yielded insoluble products that could not be 

further identified. Addition of KN(SiMe3)2 to a solution of m-XYL-H2 led to intensely colored, 

dark-red solutions and 1H NMR spectroscopy validated the deprotonation of the methylene 

groups instead of the amine functionality.[49] 

Finally, the naphthalene-bridged ligand NAPH-H2 was evaluated for the stabilization of 

metal complexes. The amine moieties could not be deprotonated by KN(SiMe3)2. Addition of 

ZnEt2 in turn led to a clean deprotonation of the ligand and formation of NAPH-(ZnEt)2 

which was isolated as colorless, rectangular crystals. 1H NMR of these crystals revealed the 

presence of two very similar compounds in solution (ratio 2:3) which is likely due to the ß-

diketiminate units being oriented on the same or the opposite site of the naphthalene plane 

(Figure 3.27). 

 

Figure 3.27 Both possible orientations of the ß-diketiminate units in relation to the naphthalene 

plane. 

The ethyl functionalities could be converted by a reaction with iodine and a clean compound 

was characterized by NMR spectroscopy. Further reaction with KN(i-Pr)HBH3 to obtain the 

desired NAPH-(ZnH)2 complex was unsuccessful as only unidentifiable product mixtures 

could be observed. 

Preliminary results on new bis(ß-diketiminate) ligands were promising at least in the last 

case and future elaborate research in this field could lead to the isolation of new metal 

hydride clusters. 
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Tris(ß-diketiminate) ligands 

For the isolation of multinuclear metal hydride complexes, the design of ligands with 

numerous coordination sites could be crucial. Therefore, we extended the idea of bridged 

bis(ß-diketiminate) ligands to tris(ß-diketiminate) ligands by adding an extra ß-diketiminate 

unit on a phenyl ring.  

Starting from 1,3,5-triaminobenzene[50] three ß-diketiminate units could be added in an 

analogous procedure to the bis(ß-diketiminate) ligands[31] to give the tris(ß-diketiminate) 

ligand TAB-H3 (Figure 3.28).[49] 

 

Figure 3.28 Synthesis of a tris(ß-diketiminate) ligand. 

This ligand was first tested in the synthesis of a magnesium hydride cluster. For this 

purpose, TAB-H3 was reacted with three equivalents of Mg(n-Bu)2 and subsequently 

converted to the hydride by addition of PhSiH3. The resulting product was a waxy white 

solid which was barely soluble in conventional solvents. It is therefore assumed that the 

product did not form the desired clusters but two dimensional sheets interconnected by π-π-

stacking of the aryl rings. 

This is likely due to the limited steric bulk of the central ring, which allows for free rotation of 

the arms around the N−C bonds. To avoid the formation of flat sheets, a ligand based on 

mesityl-2,4,6-triamine could be developed. This would force the three ß-diketiminate units 

out of the plane of the bridging phenyl ring. 

The TAB-H3 ligand could also be deprotonated by ZnEt2, however, the TAB-(ZnEt)3-

complex could not be fully characterized. 

Ligands incorporating additional coordination sites 

As another approach towards auspicious ligands for metal hydride complexes, additional 

coordination sites were included in different parts of the ligand framework. The bulky DIPP 

groups on the sides of the ß-diketiminate unit have been replaced by morpholine molecules 
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to incorporate additional coordination sites in MORPH-H. This ligand could be synthesized 

by an acid catalyzed condensation reaction of N-morpholine amine and 2,6-pentadione.[31] 

Based on the pyridylene-bridged ligand PYR-H2, a new ligand with different electronic and 

steric properties has been designed by replacing the pyridylene ring by substituted triazine 

molecules. The TAZ-H2 ligands offered three potential coordinating nitrogen atoms in the 

bridging molecule and the steric bulk could be varied by substitution in the meta-position to 

the ß-diketiminate units. However, this ligand could not be completely purified as impurities 

of triethylamine and corresponding ammonium salts could not be separated from the 

desired product. For this reason it was not further considered in the synthesis of metal 

complexes. 

In the N,O-PYR ligand, the ß-diketiminate units have been replaced by ß-oxyimino units that 

are coupled to a bridging pyridylene ring by carbon atoms of the backbone. Apart from a 

modified electronic situation in the coordination sites of N,O-PYR-H2, due to the 

replacement of a nitrogen atom by an oxygen atom, the distance between the coordination 

sites and the nitrogen in the pyridine ring is elongated. 

 

Two tautomers of the MORPH-H ligand were observed in the 1H NMR (Figure 3.29). 

Deprotonation with Mg(n-Bu)2 or ZnEt2 led to full conversion of the ligand and formation of a 

single compound. However, conversion of the MORPH-Mg(n-Bu) precursor to a hydride 

could not be accomplished using phenylsilane. Reaction of the MORPH-ZnEt complex with 

iodine led to the conversion of the ethyl functionality and the isolation of a single compound 

that was assumed to be the desired MORPH-ZnI complex. However, a subsequent reaction 

with KN(i-Pr)HBH3 did not yield the aspired MORPH-ZnH complex, probably due to the low 

solubility of both components in aromatic solvents. The addition of THF gave an improved 

solubility but led to immediate decomposition of the product. 

 

Figure 3.29 Tautomerism of the MORPH-H ligand 
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N,O-PYR-H2 could be deprotonated by the use of KN(SiMe3)2 and N,O-PYR-K2 could be 

isolated and characterized by NMR spectroscopy. Deprotonation of the ligand with two 

equivalents of ZnEt2 should give N,O-PYR-(ZnEt)2. NMR analysis shows the presence of 

two inequivalent ligand backbones and only one equivalent of an ethyl functionality. 

Analogue to the observations for BODDI(Me)-(ZnEt)2 and BODDI(OMe)-(ZnEt)2, the 

formation of a partly homoleptic complex (Figure 3.30) was assumed. 

 

Figure 3.30 Proposed structure of [N,O-PYR-(ZnEt)]2Zn 

3.4. Conclusions and future perspective 

Several synthetic approaches, with varying precursors and reagents, have been followed for 

the synthesis of multinuclear zinc hydride complexes. Use of the directly coupled bis(ß-

diketiminate) ligand NN-H2 results in formation of a tetranuclear zinc hydride cluster, [NN-

(ZnH)2]2. This cluster shows an analogous structural motive to [NN-(MgH)2]2: the Zn atoms 

are situated on the corners of a tetrahedron and the six vertices are bridged by four 

hydrides and two ß-diketiminate ligands. The structure reveals two distinct hydride positions 

and in 1H NMR two resonances with a magnetic coupling constant of 16.0 Hz can be 

observed already at 25 °C. This confirms that the solid state structure is maintained in 

solution. 

The tetranuclear zinc hydride cluster [NN-(ZnH)2]2 is significantly less stable than the 

magnesium analogue [NN-(MgH)2]2. In aromatic solvents slow decomposition can be 

observed at 50 °C. The decomposition temperature even further decreases to 20 °C by 

addition of THF. Addition of pyridine, in turn, leads to a change in structure: either the 

dimeric complex is split into monomers or a fully symmetrical structure is formed. In the 

solid state, the [NN-(ZnH)2]2 eliminates H2 at a lower temperature (80 °C) than the 

corresponding Mg complex (175 °C). This is in agreement with the trend observed in the 

bulk materials MH2 (MgH2: 300 °C[36], ZnH2: 90 °C[35]) and likely due to the higher reduction 

potential for Zn (E0
(Zn

2+
/Zn

0
) = − 0.76 V vs E0

(Mg
2+

/Mg
0
) = − 2.36 V). The isolation of resulting 

low-valence decomposition products, however, remains a challenge for future research. 
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To study the influence of the metal on the decomposition temperature, the thermal 

decomposition of the monomeric complex DIPP-ZnH (130 °C) and the dimeric complex 

(DIPP-CaH·THF)2 (200 °C) were studied as well. The trend from the bulk material 

(Zn<Mg<Ca) can be confirmed for the calcium hydride complex (DIPP-CaH·THF)2, 

however, DIPP-ZnH is more stable against thermal decomposition than expected, most 

likely due to its monomeric nature. 

Analysis of the electron density of a DFT-optimized model system [NN’-(ZnH)2]2 and 

comparison to the analogue model system [NN’-(MgH)2]2 points out similarities as well as 

differences between these compounds. Both clusters show a bond path between two of the 

four hydride ligands. This hydride-hydride interaction is much stronger for Zn than that in the 

according Mg complex. Additional studies on metal hydride complexes might reveal a 

correlation between strength of hydride-hydride interactions and H2 desorption 

temperatures. DFT studies on a low-valent multinuclear Zn(I) cluster, which is assumed to 

be a potential decomposition product are currently in progress. 

In order to expand the scope of zinc hydride clusters, four different BODDI ligands have 

been applied for synthesis of novel Zn complexes. The characterization of two potential zinc 

hydride complexes needs to be completed by single-crystal X-ray structure determination 

which would give ultimate proof and information on their structures. 

For the synthesis of additional Zn and Mg hydride complexes that potentially contain even 

more than eight metal centers, a range of new ligands has been designed. These new 

bis(ß-diketiminate) ligands can be used for the synthesis of various complexes but the 

optimization of some reaction parameters is necessary. In addition, a first tris(ß-

diketiminate) ligand is presented. It is capable of the stabilization of Zn and Mg complexes, 

however, for the isolation of cluster compounds a formation of polymeric sheets has to be 

prevented. Finally, ligands incorporating additional coordination sites are introduced and 

applied for the synthesis of various complexes. 

These new ligands could lead to the discovery of a range of interesting complexes. 

However, for the isolation of new zinc and magnesium hydride complexes, optimization of 

several reaction conditions is necessary. 
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3.5. Experimental 

3.5.1. General 

All experiments were carried out in flame-dried glassware under an inert atmosphere using 

standard Schlenk-techniques and freshly dried and degassed solvents. The following 

compounds were synthesized according to literature procedures: NN-K2,
[32]

 KN(iPr)HBH3,
[15] 

(DIPP-CaH·THF)2,
[51] DIPPZnH,[15] BODDI(i-Pr)-H2,

[48] BODDI(Et)-H2,
[48] BODDI(Me)-H2,

[48] 

BODDI(OMe)-H2,
[48] 2-hydroxy-4-(2,6-diisopropylphenyl)imino-2-pentene (DIPP-nacac),[31] 

m-MES-H2,
[49], m-XYL-H2,

[49] m-XYL-(ZnEt)2,
[49] m-XYL-(ZnI)2,

[49] 1,3,5-triaminobenzene,[50] 

TAB-H3,
[49] MORPH-H[49] and N,O-PYR-H2.

[50] ZnEt2 (1M in hexane), Mg(n-Bu)2 (1M in 

heptane) and KN(SiMe3)2 have been obtained commercially and were used without further 

purification. NMR spectra have been recorded on a 400 MHZ or 500 MHz NMR 

spectrometer (specified at individual experiments).  

3.5.2. Synthesis of complexes 

Synthesis of NN-K2 (alternative route) 

A solution of NN-H2 (25.6 mg, 0.05 mmol) in toluene-d8 

was added to a potassium mirror (10 mg, 0.26 mmol) 

prepared within a NMR tube. The reaction mixture was 

heated to 80 °C for 20 hours and the excess of potassium was separated by centrifugation. 

Standing at room temperature resulted in the formation of yellow cube-shaped crystals. The 

NMR data were according to data reported in literature.[32] 

Reaction of PARA-H2 with KN(SiMe3)2 

PARA-H2 (200 mg, 0.37 mmol), was mixed with 

KN(SiMe3)2 (150 mg, 0.74 mmol) and dissolved in 20 

mL of THF. The reaction mixture was stirred at room 

temperature for 48 hours. The solid was separated by centrifugation and washed with 10 

mL of hexane. The product was obtained as a light yellow powder.  

Yield: 192 mg, 29 mmol, 78%. 

1H NMR (400 MHz, THF-d8, 25 °C) δ (ppm) = 1.11 (d, 3JHH = 6.5 Hz, 12H, i-Pr), 1.16 (d, 3JHH 

= 6.5 Hz, 12H, i-Pr), 1.49 (br s, 6H, Me backbone), 1.81 (br s, 6H, Me backbone), 3.30 

(sept, 3JHH = 6.5 Hz, 4H, i-Pr), 4.17 (s, 2H, H backbone), 6.52 (s, 4H, p-Ar), 6.72 (t, 3JHH = 

7.0 Hz, 2H, Ar), 6.94 (d, 3JHH = 7.0 Hz, 4H, Ar). 
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Synthesis of NN-(ZnI)2·(THF)2 (ZnI2 route) 

A mixture of NN-K2 (500 mg, 0.85 mmol) and zinc iodide 

(705 mg, 2.21 mmol) was dissolved in 25 mL of THF. The 

resulting suspension was stirred at room temperature for 15 

hours and turned dark red after a short period. Resulting 

potassium iodide and remaining zinc iodide were separated by centrifugation. The obtained 

reddish brown solution was concentrated and cooled to −30 °C. The precipitate was 

isolated and dried in vacuum. The product was isolated as light brown powder or after slow 

cooling as colorless crystals.  

Yield: 497 mg, 0.55 mmol, 65%. 

1H NMR (400 MHz, C6D6/THF-d8 4/1, 25 °C) δ (ppm) = 1.00 (d, 3JHH = 6.7 Hz, 6H, i-Pr), 

1.22-1.27 (m, 18H, i-Pr), 1.76 (s, 6H, Me backbone), 2.15 (s, 6H, Me backbone), 3.08 (sept, 

3JHH = 6.7 Hz, 2H, i-Pr), 3.22 (sept, 3JHH = 6.7 Hz, 2H, i-Pr), 4.81 (s, 2H, H backbone), 7.13-

7.16 (m, 6H, Ar). 

13C NMR (125 MHz, C6D6/THF-d8 4/1, 25 °C) δ (ppm) = 23.0 (Me backbone), 24.4 (i-Pr), 

24.5 (i-Pr), 24.7 (i-Pr), 25.4 (i-Pr), 25.8 (Me backbone), 28.3 (i-Pr), 28.4 (i-Pr), 92.9 (CH 

backbone), 124.0 (Ar), 124.5 (Ar), 126.4 (Ar), 143.0 (Ar), 143.2 (Ar), 144.7 (Ar), 167.5 

(backbone), 168.0 (backbone). 

Synthesis of NN-(ZnI)2 (THF-free) (alternative route with iodine) 

Iodine (254 mg, 1.00 mmol) was slowly added to a solution of NN-(ZnEt)2 (350 mg, 0.50 

mmol) in toluene. The reaction mixture was stirred at room temperature for 30 minutes and 

subsequently heated to 60 °C for one hour. The THF-free product (180 mg, 0.20 mmol, 

40%) precipitated as a yellow solid and was separated by centrifugation. After addition of 

some drops of THF to the mother liquor another crop of crystals (colorless rods, 100 mg, 

0.10 mmol, 19%) can be isolated. NMR data for the last crop of NN-(ZnI)2·(THF)2 compare 

well to the data reported in the previous experiment. The NMR data for the THF-free 

product NN-(ZnI)2 are reported in the following. 

1H NMR (400 MHz, C6D6, 25 °C) δ (ppm) = 1.15 (d, 3JHH = 6.9 Hz, 12H, i-Pr), 1.24 (d, 3JHH = 

6.9 Hz, 6H, i-Pr), 1.34 (d, 3JHH = 6.9 Hz, 6H, i-Pr), 1.63 (s, 6H, Me backbone), 2.10 (s, 6H, 

Me backbone), 3.12 (sept, 3JHH = 6.9 Hz, 2H, i-Pr), 3.16 (sept, 3JHH = 6.9 Hz, 4H, i-Pr), 4.64 

(s, 2H, H backbone), 7.09-7.14 (m, 6H, Ar). 

13C NMR (125 MHz, C6D6/THF-d8 4/1, 25 °C) δ (ppm) = 23.0 (Me backbone), 24.4 (i-Pr), 

24.5 (i-Pr), 24.7 (i-Pr), 25.4 (i-Pr), 25.8 (Me backbone), 28.3 (i-Pr), 28.4 (i-Pr), 92.9 (CH 
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backbone), 124.0 (Ar), 124.5 (Ar), 126.4 (Ar), 143.0 (Ar), 143.2 (Ar), 144.7 (Ar), 167.5 

(backbone), 168.0 (backbone). 

Reaction of PARA-K2 with ZnI2 

A mixture of PARA-K2 (50 mg, 0.7 mmol) and an 

excess of zinc iodide (80 mg, 0.25 mmol) was 

dissolved in 10 mL of THF. The resulting suspension 

was stirred at room temperature for 15 hours and 

turned red after a few minutes. Resulting potassium iodide and excessive zinc iodide were 

separated by centrifugation. The obtained reddish brown solution was concentrated and 

cooled to −30 °C. The precipitate was isolated and dried in vacuum. The product was 

isolated as light brown powder.  

Yield: 11 mg, 0.01 mmol, 16%. 

1H NMR (400 MHz, THF-d8 , 25 °C) δ (ppm) = 1.10 (d, 3JHH = 5.6 Hz, 12H, i-Pr), 1.19 (d, 

3JHH = 5.6 Hz, 12H, i-Pr), 1.66 (s, 6H, Me backbone), 2.04 (s, 6H, Me backbone), 2.99 (sept, 

3JHH = 5.6 Hz, 4H, i-Pr), 4.88 (s, 2H, H backbone), 6.66-7.09 (m, 10H, Ar). 

Reaction of PARA-(ZnEt)2 with iodine 

Two equivalents of iodine (325 mg, 1.30 mmol) were added to a solution of PARA-(ZnEt)2 

(500 mg, 0.65 mmol) in 25 mL of toluene. The solution was stirred at room temperature for 

one hour. When the solution was still colored from iodine after this time, the reaction mixture 

was heated to 60 °C for another hour. Completion of the reaction was achieved when the 

resulting solution discolored. 

The solution was concentrated to half the volume and cooled to −20 °C to give a light yellow 

precipitate of PARA-(ZnI)2. 

Yield: 195 mg, 0.20 mmol, 31%. 

1H NMR (400 MHz, C6D6, 25 °C) δ (ppm) = 1.15 (d, 3JHH = 6.8 Hz, 12H, i-Pr), 1.32 (d, 3JHH = 

6.8 Hz, 12H, i-Pr), 1.68 (s, 6H, Me backbone), 1.86 (s, 6H, Me backbone), 3.24 (sept, 3JHH = 

6.8 Hz, 4H, i-Pr), 4.77 (s, 2H, H backbone), 6.61-7.12 (m, 10H, Ar). 

13C NMR (125 MHz, C6D6/THF-d8 4/1, 25 °C) δ (ppm) = 20.7 (Me backbone), 22.5 (i-Pr), 

23.5 (i-Pr), 24.4 (Me backbone), 27.6 (i-Pr), 95.3 (CH backbone), 124.0 (Ar), 125.7 (Ar), 

125.7 (Ar), 126.0 (Ar), 129.3 (Ar), 142.9 (Ar), 169.3 (backbone). 
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Synthesis of solvent-free DIPPZnI with iodine 

Iodine (606 mg, 2.39 mmol) was added to a solution of DIPP-ZnEt (1.224 g, 

2.39 mmol) in 20 mL of toluene. The brown suspension was stirred at 25 °C 

for 12 hours until the color had changed to light yellow (all iodine had 

reacted). The solution was concentrated to 8 mL and the product was 

isolated as a light yellow solid. 

Yield: 482 mg, 1.89 mmol, 79%. 

1H NMR (300 MHz, C6D6, 25 °C) δ (ppm) = 1.13 (d, 3JHH = 6.9 Hz, 12H, i-Pr), 1.33 (br, 12H, 

i-Pr), 1.67 (s, 6H, Me backbone), 1.73 (s, 6H, Me backbone), 3.11 (m, 4H, i-Pr), 4.25 (s, 1H, 

Zn-H), 4.97 (s, 1H, H backbone), 7.08-7.13 (m, 6H, Ar). 

13C NMR (75 MHz, C6D6, 25°C) δ (ppm) = 23.6 (i-Pr), 23.8 (i-Pr), 24.9 (Me backbone), 28.8 

(i-Pr), 96.0 (CH backbone), 124.2 (Ar), 126.9 (Ar), 141.9 (Ar), 142.9 (Ar), 169.8 (backbone). 

Synthesis of [NN-(ZnH)2]2 

1) With THF-free NN-(ZnI)2 

KNH(i-Pr)BH3 (24.4 mg, 0.22 mmol) was added to a 

suspension of NN-(ZnI)2 (100 mg, 0.11 mmol) in 10 mL of 

toluene. After a few minutes all solids dissolved, the solution 

turned fluorescently yellow and crystals formed. The 

rhombic crystals were isolated and dried in vacuum. 

Yield: 38.4 mg, 0.06 mmol, 54%. 

1H NMR (400 MHz, C6D6, 25 °C) δ (ppm) = 0.60 (d, 3JHH = 

6.8 Hz, 6H, i-Pr), 1.17 (d, 3JHH = 6.8 Hz, 6H, i-Pr), 1.27 (d, 3JHH = 6.8 Hz, 6H, i-Pr), 1.33 (d, 

3JHH = 6.8 Hz, 6H, i-Pr), 1.57 (s, 6H, Me backbone), 1.75 (s, 6H, Me backbone), 3.08 (sept, 

3JHH = 6.8 Hz, 2H, i-Pr), 3.24 (t, 3JHH = 16.0 Hz, 1H, Zn-H), 3.39 (sept, 3JHH = 6.8 Hz, 2H, i-

Pr), 4.26 (t, 3JHH = 16.0 Hz, 1H, Zn-H), 4.46 (s, 2H, H backbone), 7.00-7.15 (m, 6H, Ar). 

13C NMR (125 MHz, C6D6, 25°C) δ (ppm) = 20.4 (Me backbone), 23.5 (i-Pr), 23.8 (i-Pr), 24.0 

(i-Pr), 24.5 (i-Pr), 26.6 (Me backbone), 28.2 (i-Pr), 28.4 (i-Pr), 91.6 (CH backbone), 123.9 

(Ar), 124.0 (Ar), 125.8 (Ar), 142.8 (Ar), 142.9 (Ar), 145.7 (Ar), 166.3 (backbone), 166.4 

(backbone). 

2) With NN-(ZnI)2·(THF)2 

KNH(i-Pr)BH3 (22.2 mg, 0.20 mmol) was added to a suspension of NN-(ZnI)2·(THF)2 (100 

mg, 0.10 mmol) in 10 mL of toluene. After a few minutes all solids dissolved, the solution 
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turned fluorescently yellow and crystals formed. The fluorescent yellow rhombic crystals 

were isolated and dried in vacuum. 

Yield: 55.2 mg, 0.086 mmol, 86%. 

The NMR data equal those reported above. 

[NN-(ZnH)2]2·(pyridine)x 

1H NMR (500 MHz, C6D6/pyridine-d5, 25 °C) δ (ppm) = 0.29 (d, 3JHH = 6.8 Hz, 6H, i-Pr), 0.93 

(d, 3JHH = 6.8 Hz, 6H, i-Pr), 1.20 (d, 3JHH = 6.8 Hz, 6H, i-Pr), 1.46 (d, 3JHH = 6.8 Hz, 6H, i-Pr), 

1.70 (s, 6H, Me backbone), 2.42 (s, 6H, Me backbone), 2.57 (sept, 3JHH = 6.8 Hz, 2H, i-Pr), 

3.58 (sept, 3JHH = 6.8 Hz, 2H, i-Pr), 3.95 (s, 2H, Zn-H), 4.75 (s, 2H, H backbone), 6.75 

(pyridine), 6.96-7.13 (m, 6H, Ar + pyridine), 8.52 (pyridine). 

13C NMR (125 MHz, C6D6, 25°C) δ (ppm) = 22.1 (Me backbone), 22.2 (i-Pr), 24.2 (i-Pr), 24.3 

(i-Pr), 24.8 (i-Pr), 25.2 (Me backbone), 28.0 (i-Pr), 28.4 (i-Pr), 90.6 (CH backbone), 90.8 

(CH backbone), 123.4 (pyridine), 124.0 (Ar), 135.3 (pyridine), 142.8 (Ar), 143.2 (Ar), 147.4 

(Ar), 150.7 (pyridine), 165.1 (backbone), 165.4 (backbone). 

3.5.3. Decomposition 

The decomposition experiments were conducted according to the procedures described in 

2.3.1. 

3.5.4. BODDI ligands for Zn complexes 

Synthesis of BODDI(Me) 

This ligand was synthesized according to the literature procedure previously described for 

BODDI(i-Pr)-H2.
[48] 

1H NMR (400 MHz, C6D6, 25 °C) δ (ppm) = 1.44 (s, 6H, Me 

backbone), 2.11 (s, 12H, Me), 5.21 (s, 2H, H backbone), 5.18 

(s, 1H, H backbone), 6.84-6.94 (m, 6H, Ar), 12.12 (s, 2H, NH). 

13C NMR (75 MHz, C6D6, 25°C) δ (ppm) = 18.5 (Me), 19.1 (Me 

backbone), 97.1 (CH backbone), 127.0 (Ar), 128.3 (Ar), 137.0 (Ar), 138.4 (Ar), 158.5 

(backbone), 191.5 (backbone). 
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Reaction of BODDI(Et)-H2 with (ZnEt)2 

A solution of ZnEt2 in hexane (1M, 7.4 mL, 7.40 mmol) was 

added to a solution of BODDI(Et)-H2 (1.00 g, 2.47 mmol) in 20 

mL of toluene. The yellow solution was heated to 75 °C for 18 

hours. The excess of ZnEt2 and the solvents were removed in 

vacuum and the product was obtained as a slightly fluorescent yellow powder.  

Yield: 1.45 g, 2.47 mmol, quantitative. 

1H NMR (400 MHz, C6D6, 25 °C) δ (ppm) = 0.62 (q, 3JHH = 8.1 Hz, 4H, CH2), 1.11 (t, 3JHH = 

8.1 Hz, 6H, CH3), 1.12 (t, 3JHH = 7.5 Hz, 12H, CH3), 1.52 (s, 6H, Me backbone), 2.41 (t, 3JHH 

= 7.5 Hz, 4H, CH2), 2.57 (t, 3JHH = 7.5 Hz, 4H, CH2), 5.04 (s, 2H, H backbone), 6.99-7.06 (m, 

6H, Ar). 

13C NMR (75 MHz, C6D6, 25°C) δ (ppm) = 0.5 (Zn-Et), 12.2 (Me backbone), 14.6 (Zn-Et), 

23.0 (Et), 25.0 (Et), 95.8 (CH backbone), 125.7 (Ar), 126.6 (Ar), 138.0 (Ar), 146.0 (Ar), 

166.7 (backbone), 177.5 (backbone). 

Synthesis of BODDI(Me)-(ZnEt)2 

A solution of ZnEt2 in hexane (1M, 8.6 mL, 8.60 mmol) was 

added to a solution of BODDI(Me)-H2 (500 mg, 1.43 mmol) in 

20 mL of toluene. The yellow solution was heated to 75 °C for 

18 hours. The excess of ZnEt2 and the solvents were removed 

in vacuum and the product was recrystallized from hexane as yellow brown microcrystalline 

material.  

Yield: 110 mg, 0.20 mmol, 14%. 

The product was isolated as a 2:1 mixture of two compounds: the desired complex 

BODDI(Me)-ZnEt2 (A) and an unsymmetrical compound (potentially (BODDI(Me)-(ZnEt)2Zn) 

(B). 

A (66%): 

1H NMR (400 MHz, C6D6, 25 °C) δ (ppm) = 0.55 (q, 3JHH = 8.0 Hz, 4H, CH2), 1.10 (t, 3JHH = 

8.0 Hz, 6H, CH3), 1.50 (s, 6H, Me backbone), 2.10 (s, 12H, Ar-Me), 5.03 (s, 2H, H 

backbone), 6.80-7.05 (m, 6H, Ar). 

B (34%): 

1H NMR (400 MHz, C6D6, 25 °C) δ (ppm) = 0.58 (q, 3JHH = 8.2 Hz, 2H, CH2), 1.15 (t, 3JHH = 

8.2 Hz, 3H, CH3), 1.40 (s, 3H, Me backbone), 1.42 (s, 3H, Me backbone), 2.10 (s, 3H, Ar-
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Me), 2.20 (s, 3H, Ar-Me), 2.26 (s, 3H, Ar-Me), 2.44 (s, 3H, Ar-Me), 4.92 (s, 1H, H backbone), 

4.94 (s, 1H, H backbone), 6.80-7.05 (m, 6H, Ar). 

Reaction of BODDI(OMe)-H2 with (ZnEt)2 

A solution of ZnEt2 in hexane (1M, 8.4 mL, 8.40 mmol) was added to a solution of 

BODDI(OMe)-H2 (1.00 g, 2.84 mmol) in 20 mL of toluene. The red solution was heated to 

75 °C for 18 hours. The excess of ZnEt2 and the solvents were removed in vacuum and the 

products were obtained as an orange powder (1.26 g).  

[BODDI(OMe)-(ZnEt)]2Zn (75%) 

1H NMR (300 MHz, C6D6, 25 °C) δ (ppm) = 0.28 (m, 

4H, CH2), 1.17 (t, 3JHH = 8.1 Hz, 6H, CH3), 1.78 (s, 6H, 

Me backbone), 2.00 (s, 6H, Me backbone), 2.86 (br s, 

6H, OMe), 3.42 (s, 6H, OMe), 5.00 (s, 2H, H 

backbone), 5.18 (s, 2H, H backbone), 6.62-7.20 (m, 

14H, Ar). 

13C NMR (75 MHz, C6D6, 25°C) δ (ppm) = 1.7 (Zn-Et), 

13.0 (Zn-Et), 23.2 (Me backbone), 23.7 (Me backbone), 54.6 (OMe), 55.1 (OMe), 95.0 (CH 

backbone), 98.1 (CH backbone),109.5 (Ar), 111.7 (Ar), 120.4 (Ar), 121.0 (Ar), 122.2 (Ar), 

124.1 (Ar), 125.3 (Ar), 126.4 (Ar), 137.9 (Ar), 140.0 (Ar), 150.8 (Ar), 153.8 (Ar), 164.5 

(backbone), 165.5 (backbone), 179.4 (backbone). 

[BODDI(OMe)-Zn]2 (25%) 

1H NMR (400 MHz, C6D6, 25 °C) δ (ppm) = 1.90 (s, 12H, Me 

backbone), 3.60 (br s, 12H, OMe), 4.93 (s, 4H, H backbone), 

6.15 (m, 8H, Ar), 6.27 (m, 4H, Ar), 6.43 (m, 4H, Ar), 6.56 (m, 

4H, Ar). 

13C NMR (75 MHz, C6D6, 25°C) δ (ppm) = 23.7 (Me 

backbone), 56.1 (OMe), 96.5 (CH backbone), 110.0 (Ar), 

120.8 (Ar), 122.0 (Ar), 124.4 (Ar), 139.0 (Ar), 152.0 (Ar), 167.0 (backbone), 179.9 

(backbone). 

Reaction of BODDI(i-Pr)-(ZnEt)2 with iodine 

Iodine (553 mg, 2.18 mmol) was added to a solution of 

BODDI(i-Pr)-(ZnEt)2 (700 mg, 1.09 mmol) in 15 mL of 

toluene. The brown solution was stirred for one hour. The 

solution that had turned yellow within this period of time was 



 Chapter 3 

 

 

112 

cooled to −20 °C for crystallization. The product was isolated as a yellow powder.  

Yield: 915 mg, 1.09 mmol, quantitative. 

1H NMR (400 MHz, C6D6/THF-d8 4/1, 25 °C) δ (ppm) = 1.19 (d, 3JHH = 6.8 Hz, 12H, i-Pr), 

1.29 (d, 3JHH = 6.8 Hz, 12H, i-Pr), 1.63 (s, 6H, Me backbone), 3.21 (sept, 3JHH = 6.8 Hz, 4H, i-

Pr), 4.84 (s, 2H, H backbone), 7.06 – 7.19 (m, 6H, Ar). 

Due to the low solubility no assignable 13C NMR spectrum was obtained.  

Reaction of BODDI(Et)-(ZnEt)2 with iodine 

Iodine (429 mg, 1.70 mmol) was added to a solution of 

BODDI(Et)-(ZnEt)2 (500 mg, 0.85 mmol) in 10 mL of toluene. 

The brown solution was stirred for one hour. The solution that 

had turned yellow within this time was cooled to −20 °C for 

crystallization. The product was isolated as a yellow powder. 

Yield: 255 mg, 0.32 mmol, 38%. 

1H NMR (400 MHz, C6D6/THF-d8 4/1, 25 °C) δ (ppm) = 1.20 (t, 3JHH = 7.5 Hz, 12H, CH3), 

1.56 (s, 6H, Me backbone), 2.47-2.57 (m, 4H, CH2), 2.63-2.74 (m, 4H, CH2), 4.86 (s, 2H, H 

backbone), 6.99-7.14 (m, 6H, Ar). 

Due to the low solubility no assignable 13C NMR spectrum was obtained.  

Reaction of BODDI(i-Pr)-(ZnI)2 with KN(i-Pr)HBH3 

KNH(i-Pr)BH3 (53 mg, 0.48 mmol) was added to a 

suspension of BODDI(i-Pr)-(ZnI)2 (200 mg, 0.24 mmol) in 15 

mL of toluene. The bright yellow suspension was stirred at 

room temperature for one day. The solids were separated by 

centrifugation and the resulting fluorescent yellow solution was cooled to −20 °C for 

crystallization. In order to grow larger single crystals, a solution of the product in toluene (or 

benzene) was carefully layered with hexane. Slow diffusion gave few small crystals were for 

which X-ray structure determination was unsuccessful.  

Reaction of BODDI(Et)-(ZnI)2 with KNH(i-Pr)BH3 

KNH(i-Pr)BH3 (56 mg, 0.50 mmol) was added to a suspension 

of BODDI(Et)-(ZnI)2 (200 mg, 0.25 mmol) in 15 mL of toluene. 

The bright yellow suspension was stirred at room temperature 

for one day. The solids were separated by centrifugation and 
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the resulting fluorescent yellow solution was cooled to −20 °C for crystallization. When no 

crystals were obtained, the solvents were removed in vacuum. In order to grow larger single 

crystals, a solution of the product in toluene (or benzene) was carefully layered with hexane. 

Slow diffusion gave yellow cube shaped crystals that were not stable under oil or silicon 

grease and consequently no X-ray crystal structure could be obtained. 

1H NMR (400 MHz, toluene-d8, 25 °C) δ (ppm) = 1.1 (t, 3JHH = 7.5 Hz, 12H, CH3), 1.51 (s, 

6H, Me backbone), 2.50-2.64 (m, 8H, CH2), 4.39 (s, 2H, Zn-H), 4.8 (s, 2H, H backbone), 

6.05-7.18 (m, 6H, Ar). 

Due to the low solubility and thermal lability no assignable 13C NMR spectrum was obtained.  

3.5.5. Ligand design for metal hydride clusters 

Synthesis of NAPH-H2 

A solution of triethyloxonium tetrafluoroborate (13.31 g, 

69.85 mmol) in 15 mL of dichloromethane was added to a 

stirred solution of DIPP-nacac (16.39 g, 63.21 mmol) in 

dichloromethane over a period of 25 minutes. The 

reaction mixture was stirred for 20 hours, resulting in a 

brown-red solution. An equimolar amount of Et3N (9.7 ml, 69.85 mmol) was added slowly 

and the solution was stirred for an additional 20 min. Subsequently, a suspension of 1,5-

diaminonaphthalene (5.00 g, 31.61 mmol) in Et3N was added and the reaction mixture was 

stirred for 71 hours, resulting in a red solution. The solvent was removed under vacuum, 

yielding a brown orange solid. Acetone (100 mL) was added and the suspension was stored 

in the fridge for 10 hours. The resulting yellow solid was separated by filtration and dried in 

vacuum. 

Yield: 2.50 g, 3.90 mmol, 12%. 

1H NMR (400 MHz, C6D6, 25°C): δ (ppm) = 1.09 (d, 3JHH = 6.8 Hz, 12 H, i-Pr), 1.17 (d, 3JHH = 

6.8 Hz, 12 H, i-Pr), 1.63 (s, 6H, Me backbone), 1.75 (s, 6H, Me backbone), 3.30 (m, 4H, i-

Pr), 4.92 (s, 2H, H backbone), 6.94 (d, 3JHH = 7.2 Hz, 2H, naphthyl), 7.07 (m, 6H, Aryl), 7.26 

(t, 3JHH = 8.2 Hz, 2H, naphthyl), 8.06 (d, 3JHH = 8.4 Hz, 2H, naphthyl), 13.03 (s, 2H, N-H). 

13C NMR (75 MHz, C6D6, 25°C): δ (ppm) = 25.7 (i-Pr), 27.0 (i-Pr), 27.2 (Me backbone), 30.8 

(i-Pr); 98.4 (backbone), 110.1 (naphthyl), 115.6 (naphthyl), 122.0 (naphthyl), 122.6 (Ar), 

123.4 (naphthyl), 126.1 (Ar), 126.2 (Ar), 128.3 (Ar), 133.5 (Ar); 143.9 (naphthyl), 144.0 (Ar), 

169.5 (backbone), 169.9 (backbone). 
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Reaction of NAPH-H2 with ZnEt2 

NAPH-H2 (200 mg, 0.31 mmol) was added to a 

solution of ZnEt2 (1M, 0.7 mL, 0.7 mmol) in hexane. 

The yellow suspension was diluted with 10 mL of 

toluene and heated to 60 °C for 30 minutes, 

resulting in a clear yellow solution. The solvent was 

removed under vacuum and the product was isolated as colorless crystals. Two 

conformational isomers are observed in the 1H NMR spectrum. 

Yield: 256 mg, 0.31 mmol, quantitative. 

Conformer A 

1H NMR (400 MHz, C6D6, 25°C): δ (ppm) = 0.11 (q, 3JHH = 8.2 Hz, 4 H, CH2), 0.68 (q, 3JHH = 

8.2 Hz, 6 H, CH3), 1.15-1.24 (m, 24 H, i-Pr), 1.69 (s, 6H, Me backbone), 1.73 (s, 6H, Me 

backbone), 3.18-3.31 (m, 4H, i-Pr), 5.02 (s, 2H, H backbone), 7.00 (d, 3JHH = 7.1 Hz, 2H, 

naphthyl), 7.10-7.13 (m, 6H, Aryl), 7.26-7.33 (m, 2H, naphthyl), 7.91 (d, 3JHH = 8.3 Hz, 2H, 

naphthyl). 

Conformer B 

1H NMR (400 MHz, C6D6, 25°C): δ (ppm) = 0.17 (m, 4 H, CH2), 0.71 (q, 3JHH = 8.2 Hz, 6 H, 

CH3), 1.15-1.24 (m, 24 H, i-Pr), 1.74 (s, 6H, Me backbone), 1.77 (s, 6H, Me backbone), 

3.18-3.31 (m, 4H, i-Pr), 5.04 (s, 2H, H backbone), 7.01 (d, 3JHH = 7.1 Hz, 2H, naphthyl), 

7.10-7.13 (m, 6H, Aryl), 7.26-7.33 (m, 2H, naphthyl), 7.95 (d, 3JHH = 8.3 Hz, 2H, naphthyl). 

Reaction of NAPH-(ZnEt)2 with iodine 

Iodine (157.4 mg, 0.62 mmol) was added to a 

solution of NAPH-(ZnEt)2 (256.6 mg, 0.31 mmol) in 

5 mL of toluene. After 30 minutes of vigorous 

stirring at 25 °C, the colorless solution was heated 

for an additional hour to 60 °C. The solution was 

concentrated to 2 mL and cooled to −20 °C to obtain the product as light brown solid.  

Yield: 185 mg, 0.18 mmol, 58 %. 

1H NMR (400 MHz, C6D6, 25°C): δ (ppm) = 1.14 (d, 3JHH = 6.8 Hz, 6 H, i-Pr), 1.19 (d, 3JHH = 

6.8 Hz, 6 H, i-Pr), 1.31 (d, 3JHH = 6.8 Hz, 6 H, i-Pr), 1.34 (d, 3JHH = 6.8 Hz, 6 H, i-Pr), 1.60 (s, 

6H, Me backbone), 1.67 (s, 6H, Me backbone), 3.16 (m, 4H, i-Pr), 4.96 (s, 2H, H backbone), 

6.97 (d, 3JHH = 7.8 Hz, 2H, naphthyl), 7.00-7.15 (m, 6H, Aryl), 7.29 (t, 3JHH = 7.8 Hz, 2H, 

naphthyl), 7.80 (d, 3JHH = 7.8 Hz, 2H, naphthyl). 



 

 

 Zinc hydride clusters 

 

115 

Due to the low solubility no assignable 13C NMR spectrum was obtained.  

Reaction of MORPH-H with Mg(n-Bu)2 

A solution of Mg(n-Bu)2 (1M, 0.8 mL, 0.80 mmol) in heptane was added to a solution of 

MORPH-H (200 mg, 0.75 mmol) in 5 mL of toluene. The yellow solution was stirred at 25 °C 

for one hour. A light yellow solid precipitated and the solvent was removed under vacuum.  

Yield: 261.6 mg, 0.75 mmol, quantitative. 

1H NMR (400 MHz, C6D6, 25°C): δ (ppm) = −0.11 (br s, 2H, CH2), 0.58 (t, 3JH,H = 7.2 Hz, 3H, 

CH3), 1.73 (m, 2H, CH2), 2.03 (m, 2H, CH2), 2.16 (s, 6H, Me backbone), 2.50 (br s, 4H, 

CH2), 3.08 (br s, 4H, CH2), 3.54 (br s, 4H, CH2), 3.76 (br s, 4H, CH2), 4.20 (s, 1H, H 

backbone). 

13C NMR (75 MHz,C6D6/THF-d8 (4/1), 25 °C): δ (ppm) = 12.1 (n-Bu), 14.5 (n-Bu), 21.9 (Me 

backbone), 32.6 (n-Bu), 33.6 (n-Bu), 56.7 (N-CH2), 67.0 (O-CH2), 86.2 (backbone), 168.6 

(backbone). 

Reaction of MORPH-H with ZnEt2 

Upon addition of MORPH-H (200 mg, 0.75 mmol) to a solution of ZnEt2 (1M, 0.8 mL, 0.80 

mmol) in hexane, gas evolution was immediately visible, the color changed to light brown 

and the mixture solidified after one minute. The solid was dissolved in 5 mL of toluene, 

resulting in a yellow solution that was stirred at 25 °C for two hours. The solvent was 

removed under vacuum and the product isolated as a light yellow shiny powder.  

Yield: 271 mg, 0.75mmol, quantitative.  

1H NMR (400 MHz, C6D6, 25°C): δ (ppm) = 0.90 (br s, 2H, CH2), 1.73 (br s, 3H, CH3), 2.11 

(s, 6H, Me backbone), 2.30 (br s, 4H, CH2), 2.88 (br s, 4H, CH2), 3.45 (br s, 4H, CH2), 3.64 

(br s, 4H, CH2), 4.45 (s, 1H, H backbone). 

Reaction of MORPH-ZnEt with iodine 

Iodine (190.4 mg, 0.75 mmol) was added to a solution of MORPH-(ZnEt)2 (271.3 mg, 0.75 

mmol) in 5 mL of toluene. The reaction mixture was heated to 60 °C for three hours until the 

brown solution had turned yellow again. The solution was concentrated to 2 mL and cooled 

to −20 °C. The product was isolated as a light brown solid. Yield: 187.3 mg, 0.41 mmol, 

54%. 

1H NMR (400 MHz, C6D6, 25°C): δ (ppm) = 2.07 (s, 6H, Me backbone), 2.65 (br s, 4H, CH2), 

3.54 (br s, 4H, CH2), 3.72 (br s, 4H, CH2), 3.98 (br s, 4H, CH2), 4.23 (s, 1H, H backbone). 
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13C NMR (75 MHz,C6D6/THF (4/1), 25 °C): δ (ppm) = 21.5 (Me backbone), 55.3 (N-CH2), 

66.6 (O-CH2), 87.5 (backbone), 170.0 (backbone). 

Reaction of N,O-PYR-H2 with KN(SiMe3)2 

KN(SiMe3)2 (15.9 mg, 0.08 mmol) was added to a 

solution of N,O-PYR-H2 (25 mg, 0.04 mmol) in 0.5 mL of 

C6D6 and heated to 60 °C for 2 hours. The solvent was 

removed from the red solution under vacuum. The 

product was washed with 1 mL of hexane and isolated as a red solid.  

Yield: 21.0 mg, 0.03 mmol, 72%. 

1H NMR (400 MHz, C6D6, 25 °C): δ (ppm) = 0.95 (d, 3JHH = 6.6 Hz, 12H, i-Pr), 1.20 (d, 3JHH = 

6.6 Hz, 12H, i-Pr), 1.46 (s, 18H, t-Bu), 3.16 (sept, 3JHH = 6.6 Hz, 1H, i-Pr), 5.53 (s, 2H, H 

backbone), 6.73 (m, 2H, pyridyl), 6.82-6.86 (m, 6H, Ar-H), 7.43-7.76 (m, 1H, pyridyl).  

Due to the low solubility no assignable 13C NMR spectrum was obtained.  

Reaction of N,O-PYR-H2 with ZnEt2 

A solution of ZnEt2 (1M, 0.1 mL, 0.10 mmol) was added to a solution of N,O-PYR-H2 (25 

mg, 0.04 mmol) in 0.5 mL of C6D6 and heated to 60 °C for 2 hours. The solvent was 

removed from the red solution under vacuum and the product was isolated as a red solid.  

Yield: 33.5 mg, 0.04 mmol, quantitative. 

1H NMR (400 MHz, C6D6, 25 °C): δ 

(ppm) = −0.50-(−0.33) (m, 2H, CH2), 0.43 

(t, 3JHH = 8.1 Hz, 3H, CH3), 0.93 (s, 9H, t-

Bu), 1.05 (d, 3JHH = 6.8 Hz, 3H, i-Pr), 1.08 

(d, 3JHH = 6.8 Hz, 3H, i-Pr), 1.13 (d, 3JHH = 

6.8 Hz, 3H, i-Pr), 1.25 (d, 3JHH = 6.8 Hz, 

3H, i-Pr), 1.31 (d, 3JHH = 6.8 Hz, 3H, i-Pr), 

1.35 (d, 3JHH = 6.8 Hz, 3H, i-Pr), 1.44 (d, 

3JHH = 6.8 Hz, 3H, i-Pr), 1.51 (d, 3JHH = 6.8 Hz, 3H, i-Pr), 1.76 (s, 9H, t-Bu), 2.83 (sept, 3JHH = 

6.8 Hz, 1H, i-Pr), 2.91 (sept, 3JHH = 6.8 Hz, 1H, i-Pr), 3.34 (sept, 3JHH = 6.8 Hz, 1H, i-Pr), 

3.44 (sept, 3JHH = 6.8 Hz, 1H, i-Pr), 5.88 (s, 1H, H backbone), 6.11 (s, 1H, H backbone), 

6.62 (t, 3JHH = 7.9 Hz, 1H, pyridyl), 6.84-6.89 (m, 2H, Ar-H), 6.95 (t, 3JHH = 7.6 Hz, 1H, Ar-H), 

7.13 (d, 3JHH = 7.9 Hz, 1H, pyridyl), 7.24 (t, 3JHH = 7.6 Hz, 1H, Ar-H), 7.32 (d, 3JHH = 7.6 Hz, 

1H, Ar-H), 7.36 (d, 3JHH = 7.6 Hz, 1H, Ar-H), 7.40 (d, 3JHH = 7.9 Hz, 1H, pyridyl).  



 

 

 Zinc hydride clusters 

 

117 

13C NMR (100 MHz, C6D6, 25 °C): δ (ppm) = 22.2 (i-Pr), 22.3 (i-Pr), 22.6 (i-Pr), 23.1 (i-Pr), 

23.2 (i-Pr), 23.5 (i-Pr), 23.8 (i-Pr), 27.8 (i-Pr), 28.1 (i-Pr), 28.1 (i-Pr), 28.2 (t-Bu), 28.2 (i-Pr), 

30.4 (t-Bu), 39.8 (t-Bu), 43.5 (t-Bu), 93.9 (CH backbone), 121.5 (pyridyl), 123.7 (CH-Ar), 

127.4 (CH-Ar), 127.6 (CH-Ar), 127.9 (CH-Ar), 136.1 (pyridyl), 137.3 (Cq), 138.0 (Cq), 139.0 

(Cq), 144.0 (Cq) 149.4 (Cq), 150.7 (Cq), 158.6 (Cq), 166.0 (Cq). 

3.5.6. Computational Details 

DFT calculations were performed with the Gaussian 09 program suite[52] using the B3-LYP 

density functional,[53] along with the implemented 6-311G(d,p) basis set.[54] This was further 

supplemented by an additional polarization and a diffuse function for all magnesium and 

nitrogen atoms, as well as for the hydridic hydrogen atoms at the cluster core. All geometry 

optimizations were carried out without imposing any symmetry constraints, and the 

structures obtained were confirmed as true minima by calculating analytical frequencies.  

The topology of the electron density was analysed using the software package AIMALL.[55] 

Plots were generated using AIMALL[55] and CHEMCRAFT.[56] 

3.5.7. Crystal structure determinations 

All crystals have been measured on a Siemens SMART CCD diffractometer. Structures 

have been solved and refined using the programs SHELXS-97 and SHELXL-97, 

respectively.[57] All geometry calculations and graphics have been performed with 

PLATON.[58] The crystal data have been summarized in Table 3.10.  

Single-crystal X-ray structure determination of NN-H2 

All hydrogen atoms have been placed on calculated positions and no solvent was included 

in the structure. 

Single-crystal X-ray structure determination of NN-K2 

All hydride hydrogen atoms have been located in the difference-Fourier map and were 

refined isotropically. Positions of residual electron density point to co-crystallization of one 

disordered molecule of benzene in the asymmetric unit. In total the unit cell contains eight 

molecules of benzene which were treated by the SQUEEZE procedure incorporated in the 

PLATON program.[58] The unit cell contains 8 holes of 868 Å3 in total which were filled with 

48 electrons each. 
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Single-crystal X-ray structure determination of NN-(ZnI)2 

All hydrogen atoms have been placed on calculated positions. A high residual rest electron 

density is found close to a heavy atom (iodine). 

Single-crystal X-ray structure determination of [NN-(ZnH)2]2 

All hydride hydrogen atoms have been located in the difference-Fourier map and were 

refined isotropically. All other hydrogen atoms have been placed on calculated positions. 

Positions of residual electron density point to co-crystallization of heavily disordered 

unidentified solvent which was treated by the SQUEEZE procedure incorporated in the 

PLATON program.[58] The unit cell contains 4 holes of 138 Å3 which were filled with 40 

electrons each. The correct handedness of the chiral unit cell has been checked by 

refinement of the Flack parameter. 
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Table 3.10 Crystal structure data. 

Compound NN-H2 THF [NN-K2]2 [NN-(ZnI)2]2·2 THF 

Formula C34H50N4 (C4H8O) C34H48K2N4 C42H64I2N4O2Zn2 

M 658.99 590.96 1041.51 

Size (mm³) 0.4 x 0.33 x 0.11 0.2 x 0.4 x 0.4 0.4 x 0.3 x 0.2 

Crystal system monoclinic orthorhombic monoclinic 

Space group P21/c Pbcn C2/c 

a (Å) 15.562(5) 19.5100(7) 29.887(2) 

b (Å) 14.165(5) 23.4990(8) 9.6994(7) 

c (Å) 9.464(3) 16.9102(5) 16.1984(12) 

α 90 90 90 

β 107.090(6) 90 103.719(4) 

γ 90 90 90 

V (Å³) 1944.1(11) 7752.7(4) 4561.7(6) 

Z 2 8 4 

ρ (g.cm-3) 1.097 1.013 1.517 

μ (MoKα) (mm-1) 0.067 0.268 2.442 

T (°C) −170 −170 −173 

Θ (max) 23.25 26.51 28.40 

Refl.total, independent Rint 6114, 2513 

0.063 

55709, 7964 

0.044 

25560, 5669 

0.043 

Found refl. (I > 2σ(I)) 1540 5989 4806 

Parameter 223 554 241 

R1 0.0787 0.0392 0.0533 

wR2 0.2167 0.1066 0.1678 

GOF 0.965 1.101 1.058 

min/max remaining  

e-density (e·Å-3) 

−0.26/0.30 −0.27/0.40 −2.15/2.16 
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Compound [NN-(ZnH)2]2 

Formula C68H100N8Zn4 

M 1291.12 

Size (mm³) 0.2 x 0.1 x 0.1 

Crystal system tetragonal 

Space group P43212 

a (Å) 15.3373(4) 

b (Å) 15.3373(4) 

c (Å) 30.3732(10) 

α 90 

β 90 

γ 90 

V (Å³) 7144.8(4) 

Z 4 

ρ (g.cm-3) 1.200 

μ (MoKα) (mm-1) 1.368 

T (°C) −173 

Θ (max) 26.46 

Refl.total, independent Rint 55493, 7364 

0.053 

Found refl. (I > 2σ(I)) 6280 

Parameter 378 

R1 0.0435 

wR2 0.1299 

GOF 1.061 

min/max remaining  

e-density (e·Å-3) 

−1.09/1.24 
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