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ABSTRACT: The manganese(I) carbonyl complex [MnBr{Ge(iPr2bzam)tBu}(CO)4] (1; iPr2bzam = 

1,3-di(isopropyl)benzamidinate), which contains an amidinatogermylene ligand, reacts with LiPh or 

LitBu at room temperature undergoing a reductive dimerization process that leads to the manganese(0) 

dimer [Mn2{Ge(iPr2bzam)tBu}2(CO)8]. This complex and the monosubstituted derivative 

[Mn2{Ge(iPr2bzam)tBu}(CO)9] have also been prepared by reacting [Mn2(CO)10] with Ge(iPr2bzam)tBu 

at high temperature (110 oC). These binuclear complexes contain their germylene ligands in axial 

positions (trans to the Mn–Mn bond). The large volume of the germylene ligand clearly affects the 

reactivity of complex 1 with neutral 2-electron donor reagents, since for bulky reagents, the CO-

substitution occurs trans to the germylene ligand, as in trans-mer-[MnBrL{Ge(iPr2bzam)tBu}(CO)3] (L 

= Ge(iPr2bzam)tBu, PMe3), whereas for small reagents, the CO-substitution occurs cis to the germylene 

ligand, as in fac-[MnBr(CNtBu){Ge(iPr2bzam)tBu}(CO)3]. The IR spectra (νCO) of these complexes 

have confirmed that the germylene Ge(iPr2bzam)tBu is a very strong electron-donating ligand, even 

stronger than the most basic trialkylphosphanes and N-heterocyclic carbenes. The hydrolysis of 

complex 1 leads to the salt [iPr2bzamH2][MnBr{Ge(OH)2
tBu}(CO)4], the anion of which contains an 

unprecedented germanato(II) ligand, [Ge(OH)2
tBu]–, in cis to the Br atom. This hydrolysis product and 

its precursor 1 have been tested as catalyst precursors for the electrolytic reduction of CO2, showing no 

significant activity. 
 

INTRODUCTION 

 
Many transition metal (TM) complexes containing heavier tetrylenes (HTs, compounds having a 

heavier group 14 atom in the +2 oxidation state) as ligands have been prepared and characterized in the 

last 40 years, but its derivative chemistry (stoichiometric or catalytic) has still been little investigated.1,2 

This can be attributed, among other factors, to the general low stability of HT−ΤM complexes towards 

oxidation,3 hydrolysis,4 and/or HT ligand displacement.5 Fortunately, the HT−ΤM chemistry has been  

recently boosted by the appearance of amidinato-HTs in the coordination chemistry arena.2b In fact, 

although the first transition metal complex containing an amidinato-HT ligand was reported only seven 

years ago,6 this family of complexes already contains over one hundred members2b,7 and some of them 

have already been used as active catalysts for important transformations of organic substrates.8 The fact 

that (a) both the electronic and steric characteristics of amidinato-HTs, E(R1NCR2NR3)X (E = Si, Ge, 

or Sn), can be easily and extensively tuned (many different combinations of E, R1, R2, R3, and X are 
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possible) and (b) that they have proven to be even stronger electron-donating ligands than NHCs,2b 

alleviating some of the stability issues associated to the general HT ligand lability,5,9 accounts for the 

rapid expansion of the coordination chemistry of these compounds.2b 

 In this context, by using the very bulky amidinatogermylene Ge(iPr2bzam)tBu (A; iPr2bzam = 

1,3-di(isopropyl)benzamidinate), we have recently described the synthesis of 

[MnBr{Ge(iPr2bzam)tBu}(CO)4] (1) (Scheme 1),4b which is the only specimen of the large family of 

complexes of the type [MnXLn(CO)5–n] (X = halogen)10 in which L is an HT ligand. We have also 

shown that its terminal amidinatogermylene ligand can be transformed, upon reaction with Ag[BF4] or 

LiMe (but not with AgOTf, OTf = triflate), into an unprecedented κ2N,Ge-iminegermanato(II) ligand 

that chelates the metal atom and that contains the X group attached to the Ge atom (Scheme 1).4b 
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aReported4b reactivity of [MnBr{Ge(iPr2bzam)tBu}(CO)4] (1) with anionic nucleophiles. 

 
 Continuing with our investigations on the derivative chemistry of HT−TM complexes,4b,11 we 

now describe reactions of complex 1 with other nucleophiles, neutral and anionic, including water. 

These reactions have shown that, (a) when treated with LiPh or LitBu, complex 1 can undergo a 

reductive dimerization process that leads to a binuclear manganese(0) derivative, (b) the large volume 

of the amidinatogermylene ligand affects the reactive coordination sites of 1 in CO substitution 

processes, and (c) in the presence of moisture, a hydrolysis product, which contains a novel 

alkyldihydroxogermanato(II) ligand, [Ge(OH)2
tBu]–, and that can be postulated as an early-stage 

intermediate in the hydrolytic degradation of amidinato-HT complexes, has been obtained. 
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Additionally, having in mind the important role that substituted carbonyl manganese(I) complexes are 

currently playing as electrocatalysts for the reduction of CO2,12 we have also evaluated the potential of 

complex 1 and its hydrolysis product in this cataltic process. Theoretical DFT calculations have helped 

rationalize some of the experimental results 

 

RESULTS AND DISCUSSION 

 
Reactions of Complex 1 with LiPh and LitBu. Both reagents behaved similarly in their reactions with 

complex 1. An excess of the lithium reagent was necessary to complete the consumption of complex 1 

(IR monitoring of the reaction solution, νCO region). In both cases, no trace of a transmetalation 

derivative similar to complexes 2–4 was observed and a chromatographic workup of the reaction 

mixture allowed the isolation of the dimeric manganese(0) derivative [Mn2{Ge(iPr2bzam)tBu}2(CO)8] 

(5) in moderate yield (Scheme 2). Therefore, these reactions are redox processes in which the LiX 

reagent (X = Ph, tBu) acts as reducing agent. The formation of 5 can be explained as a result of the 

homolytic cleavage of the Mn–X bond of a transient transmetallation derivative, 

[MnX{Ge(iPr2bzam)tBu}(CO)4], followed by recombination of the resulting radicals to give 5 and 

X−X. Although the transmetallation derivatives could not be detected, their participation in the process 

is likely, because (a) a GC-MS analysis of the reaction solution confirmed the presence of biphenyl in 

the case of the reaction involving LiPh and (b) it has been reported that the transient complex [Mn(η1-

fluorenyl)(CO)5], prepared from [MnBr(CO)5] and fluorenyllithium, evolves toward [Mn(η5-

fluorenyl)(CO)3], [Mn2(CO)10], and 9,9’-bifluorene.13 All attempts (GC-MS and NMR analyses) to 

confirm the presence of 2,2,3,3-tetramethylbutane as a putative oxidation product in the reaction that 

used LitBu were unsuccessful. In fact, it has been reported that glass or solvent hydrogen sources can 

trap the tBu radical.14 This reductive dimerization also occurs in the reaction of 1 with LiMe, since the 

presence of a small amount of dimer 5 in the reaction mixture has now been identified by IR 

spectroscopy, although the major product of this reaction is the chelated complex 4 (Scheme 1).4b  

 
Scheme 2 
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 The structure of complex 5 was determined by X-ray diffraction (XRD) (Figure 1). The 

molecule, which has an approximate (non-crystallographic) C2 symmetry, can be described as a formal 

derivative of [Mn2(CO)10] in which two Ge(iPr2bzam)tBu germylenes have replaced the two axial CO 

ligands. To minimize steric interactions, the CO ligands are arranged in a staggered conformation and 

the Ge1–C14 (or Ge2–C31) and Ge1–C4 (or Ge2–C21) bonds of the germylenes are roughly eclipsed 

with two CO ligands because this conformation results in the greatest separation between the CO 

ligands and the benzamidinato iso-propyl groups. Related doubly axially-substituted structures have 

been reported for a few [Mn2L2(CO)8] complexes (L = P-donor ligand).15  

 

 
Figure 1. XRD molecular structure of 5 (35% displacement ellipsoids; H atoms omitted for clarity). Selected bond lengths 
(Å) and angles (deg): Mn1−Mn2 2.8690(7), Mn1−Ge1 2.3271(6), Ge1−C14 1.999(4), Ge1−N1 1.998(2), Ge1−N2 1.982(3), 
N1−C2 1.474(4), N1−C4 1.324(4), N2−C4 1.328(4), N2−C11 1.465(4), C4−C5 1.488(4), Mn2−Ge2 2.3222(6); 
Mn1−Ge1−N1 116.97(8), Mn1−Ge1−N2 121.23(9), C14−Ge1−Mn1 127.2(1), C14−Ge1−N1 103.6(1), C14−Ge1−N2 
105.0(1), N1−Ge1−N2 65.9(1), Ge1−N1−C4 92.0(2), Ge1−N2−C4 92.6(2), N1−C4−N2 109.5(3), Ge1−Mn1−Mn2 
169.87(2), Ge2−Mn2− Mn1 172.48(2). 
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 With the aim of rationalizing these results in conjunction with those displayed in Scheme 1, we 

decided to calculate by DFT methods, for each X– reagent (X = Ph, tBu, Me, Br, OTf), the 

thermodynamic stability (Gibbs energy) of the products of the reactions shown in Scheme 3, which, 

starting from 1 and X– can lead to the direct transmetallation complexes 

[MnX{Ge(iPr2bzam)tBu}(CO)4] (eq. 1), to the chelated products [Mn{κ2N,Ge-

GeX(iPr2bzam)tBu}(CO)4] (eq. 2), or to the products of the reductive dimerization processes, 5 and X2 

(eq. 3). 

 
Scheme 3. DFT-Studied Reactions 

 

1  +  X–

[MnX{Ge(iPr2bzam)tBu}(CO)4]

[Mn{κ2N,Ge-GeX(iPr2bzam)tBu}(CO)4]

1/2 5  +  1/2 X–X
Br–

(eq. 1)

(eq. 2)

(eq. 3)

(X = Ph, tBu, Me, Br, OTf)  
 

Table 1. Relative Gibbs Energies of the Reaction Products of Eq. 1–3 of Scheme 3a 

Eq. Reaction Product(s)  X = Ph X = tBu X = Me X = Br X = OTf 

1 [MnX{Ge(iPr2bzam)tBu}(CO)4] 0.0 0.0 0.0 0.0 0.0 

2 [Mn{κ2N,Ge-GeX(iPr2bzam)tBu}(CO)4] –4.6 –10.8 –12.7 1.3 23.5 

3 ½ 5 + ½ X–X –14.3 –25.7 –16.6 37.2 44.6 
aΔG298 (kcal mol–1) calculated in toluene (CPCM model) at the wB97XD/cc-pVDZ (SDD for Mn and 
Ge) level of theory. 

 

 Table 1 shows that, for X = Ph, tBu, and Me, the reactions represented by eq. 1 are 

thermodynamically disfavored with respect to the reactions represented by eqs. 2 and 3, and that, for X 

= Ph and tBu, the redox processes (eq. 3) are clearly more favorable than the formation of the chelated 

products (eq. 2). However, for X = Me, the difference between the redox (eq. 3) and the chelation (eq. 

2) processes is only 3.9 kcal mol–1. These thermodynamic calculations provide a rationale as to why 

[MnX{Ge(iPr2bzam)tBu}(CO)4] and [Mn{κ2N,Ge-GeX(iPr2bzam)tBu}(CO)4] have not been 

experimentally observed for X = Ph and tBu (in these cases eq. 3 is the most favorable process) and 

why both products of eqs. 2 and 3 have indeed been observed for X = Me, but they cannot explain why 

the chelated methyl complex 4 is by far the major product of the reaction of complex 1 with LiMe. 

Regarding this fact, the X-ray structure of complex 4, which contains a chelating κ2N,Ge-
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iminegermanato(II) ligand that formally arises from the addition of the Me– nucleophile to the Ge atom 

of complex 1, revealed some steric congestion around the Ge-bound Me group, mostly provoked by the 

nearby tBu and iPr groups.4b Therefore, the different reactivity of complex 1 with LiMe, with respect to 

that observed for LiPh and LitBu, should have a kinetic origin, probably related to the smaller volume 

of the Me group with respect to those of the Ph and tBu groups. 

 Table 1 also shows that complex 1 is only a bit more stable than the elusive chelated derivative 

[Mn{κ2N,Ge-GeBr(iPr2bzam)tBu}(CO)4]. As no trace of the latter was observed when complex 1 was 

heated in toluene at 90 oC for 30 min (higher temperatures led to extensive decomposition), the 

transformation of 1 into [Mn{κ2N,Ge-GeBr(iPr2bzam)tBu}(CO)4] should be kinetically hampered, at 

least at mild temperatures. The much greater thermodynamic stability of 

[Mn(OTf){Ge(iPr2bzam)tBu}(CO)4] (2) with respect to the products of eqs. 2 and 3 for X = OTf 

justifies that this complex is the only product of the reaction of complex 1 with AgOTf (Scheme 1).4b 

 To shed additional light on the redox process that leads to complex 5 and to investigate the 

purported electrocatalysis towards the reduction of carbon dioxide, we studied the electrochemical 

properties of complex 1. The cyclic voltammogram of complex 1 in acetonitrile (Figure 2) shows the 

typical electrochemical behaviour of bromocarbonylmanganese complexes, since it undergoes two 

chemical irreversible reductions, at the peak potentials of –1.53 V (R1) and –1.73 V (R2), and a single 

reoxidation, at –0.63 V (O1) (vs. Ag/AgCl). These electrochemical processes are straightforwardly 

assigned to: a) reduction of 1, fast dissociation of the Br– anion (R1) and quick formation of the Mn–

Mn bonded dimer 5, b) reduction of the in situ formed dimer 5 (R2), and c) oxidation of dimer 5 (O1), 

in a similar way as that previously observed for [MnBr(bpy)(CO)3] (bpy = 2,2’-bipyridine).12b 
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Figure 2. CVs of a 1 mM solution of 1 in acetonitrile at 0.2 V s–1 under Ar (blue) and under CO2 (red). 
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 An analysis of the frontier molecular orbitals of 1 nicely rationalizes the behavior of this 

complex under reducing conditions, since its LUMO has a great contribution from the Br atom and the 

Mn–Br overlap is clearly antibonding (Supporting Information, Figure S8).4b Therefore, upon 1 

electron reduction, the reduced species [MnBr{Ge(iPr2bzam)tBu}(CO)4]–· is prone to release a Br– anion 

and the resulting neutral radical [Mn{Ge(iPr2bzam)tBu}(CO)4]· rapidly forms the dimer 5. 

 Figure 1 also shows that there are no significant differences between the CVs of complex 1 

under Ar and under CO2. Therefore, complex 1 is not an active electrocatalyst for the reduction of CO2 

in neat acetonitrile. A similar situation has been reported for manganese carbonyl bpy derivatives that, 

interestingly, are very active for the electrochemical reduction of CO2 if a Brønsted acid is added to the 

solution12b or a local proton source exists in the catalyst precursor.12a,12f Addition of water (5 %) as 

Brønsted acid to an acetonitrile solution of 1 decomposed the complex and the reduction peak shifted 

from –1.53 to –1.89 V (vs. Ag/AgCl) (Supporting Information, Figure S9). However, as a small current 

increase was observed in the CV after the acetonitrile/water solution was saturated with CO2 

(Supporting Information, Figure S9), we decided to perform an exhaustive electrolysis at a potential of 

–1.90 V with the aim of getting insights into the electrocatalytic behavior. Monitoring by gas 

chromatography the amount of H2 and CO produced under a constant flow of CO2 (8.67 mL min–1) 

unfortunately revealed that 1 is not an active catalyst for the reduction of CO2 under these conditions, 

(Supporting Information, Figures S10 and S11), since the TON of CO produced after 140 min reached 

a value of only 0.97, whereas the TON of H2 was only 3.30. 

 With the aim of checking whether complex 5 could also be prepared directly from [Mn2(CO)10], 

we treated this reagent with two equivalents of Ge(iPr2bzam)tBu (A) in toluene at reflux temperature. 

The monosubstituted derivative [Mn2{Ge(iPr2bzam)tBu}(CO)9] (6) was initially formed (Scheme 4), 

but the long reaction time (7 h) required to observe its complete consumption (IR monitoring of the 

reaction solution, νCO region) and the high reaction temperature (110 oC) led to extensive 

decomposition and complex 5 was isolated in only a 20% yield after a chromatographic workup. In a 

separate experiment we isolated the monosubstituted derivative 6 in good yield (71 %) by treating 

complex 1 with one equivalent of germylene A in toluene at reflux temperature for 4 h. These results 

totally differ from those reported by the groups of Roesky and Stalke for reactions of [Mn2(CO)10] with 

the amidinatosilylenes Si(tBu2bzam)X (tBu2bzam = 1,3-di(tertbutyl)benzamidinato; X = Cl, NPh2), 

which gave the disproportionation salts [Mn(CO)4{Si(tBu2bzam)X}2][Mn(CO)5].16 

Prof
Evidenziato
Should be Figure 2
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 The XRD structure of complex 6 (Figure 3) confirms the substitution of germylene A for an 

axial CO ligand of [Mn2(CO)10]. To minimize steric interactions, as described above for the XRD 

structure of 5, complex 6 also has a staggered conformation of the CO ligands and an eclipsed 

arrangement of the Ge1–C14 and Ge1–C4 vectors with two CO ligands. Related structures have been 

reported for a few [Mn2L(CO)9] complexes in which L is a bulky P-donor ligand;17 however, when L is 

smaller, the substitution may occur at an equatorial position.15e,18 

 

 
Figure 3. XRD molecular structure of 6 (40% displacement ellipsoids; H atoms omitted for clarity). Selected bond lengths 
(Å) and angles (deg): Mn1−Mn2 2.8565(7), Mn1−Ge1 2.3259(6), Ge1−C14 1.995(3), Ge1−N1 1.985(2), Ge1−N2 1.997(3), 
N1−C2 1.468(4), N1−C4 1.310(4), N2−C4 1.331(4), N2−C11 1.469(4), C4−C5 1.486(4); Mn1−Ge1−N1 120.16(8), 
Mn1−Ge1−N2 116.14(8), C14−Ge1−Mn1 127.5(1), C14−Ge1−N1 105.4(1), C14−Ge1−N2 104.8(1), N1−Ge1−N2 66.1(1), 
Ge1−N1−C4 92.0(2), Ge1−N2−C4 90.9(2), N1−C4−N2 110.8(3), Ge1−Mn1−Mn2 174.45(3). 
 

Reactions of Complex 1 with Neutral 2-Electron-Donor Reagents. The reaction of germylene A 

with complex 1 in toluene at 90 oC afforded the CO-substituted derivative 

[MnBr{Ge(iPr2bzam)tBu}2(CO)3] (7) (Scheme 5). Its XRD structure (Figure 4) confirmed that the 

germylene ligands are trans to each other and cis to the bromido ligand and that the large steric bulk of 

germylene A impedes a cis arrangement of both germylenes. A similar trans-L2-mer-(CO)3 
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arrangement has been previously observed by XRD for [MnBrL2(CO)3] complexes when L is a bulky 

phosphane (L = PCy3, P(p-ClC6H4)3).19,20 However, a cis-L2-fac-(CO)3 structure has been observed 

when L is a small phosphane (L = PPhH2, PPh2H, PPh2Me),21–23 or an NHC (L = IiPr2Me2 = 1,3-

bis(isopropyl)-4,5-dimethylimidazol-2-ylidene).24 
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Figure 4. XRD molecular structure of 7 (40% displacement ellipsoids; H atoms omitted for clarity; the asymmetric unit 
contains one half of the molecule). Selected bond lengths (Å) and angles (deg): Mn1−Ge1 2.3533(2), Ge1−C14 2.009(2), 
Ge1−N1 2.002(1), Ge1−N2 1.999(2), N1−C2 1.469(2), N1−C4 1.318(3), N2−C4 1.331(2), N2−C11 1.458(3), C4−C5 
1.490(2), Mn1−Ge1−N1 119.77(4), Mn1−Ge1−N2 119.91(4), C14−Ge1−Mn1 126.49(6), C14−Ge1−N1 104.51(7), 
C14−Ge1−N2 104.03(8), N1−Ge1−N2 66.07(7), Ge1−N1−C4 91.6(1), Ge1−N2−C4 91.4(1), N1−C4−N2 110.8(2), 
Ge1−Mn1−Ge1* 180.00. The Mn−Br distance is not given because the Br atom and its trans CO ligand are involved in 
exchange positional disorder (50:50 occupancy ratio). 
 

 As the above data suggested that, for [MnBrL2(CO)3] complexes with small L ligands, the cis-

L2 arrangement is thermodynamically more stable than the trans-L2 one, we decided to check this 
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reasoning by treating compound 1 with a small phosphane (PMe3) and with an isonitrile (CNtBu). Both 

reactions led to [MnBrL{Ge(iPr2bzam)tBu}(CO)3] complexes (L = PMe3 (8), CNtBu (9)) (Scheme 5). 

Interestingly, the pattern of the IR νCO absorptions of complex 8 is entirely analogous to that of 

complex 7, but quite different from that of complex 9 (images of these IR spectra are provided in the 

Supporting Information). Therefore, complexes 7 and 8 are mer-tricarbonyl derivatives. An XRD study 

indicated that complex 9 has a fac-tricarbonyl structure (Figure 5). Subsequent DFT calculations 

(wB97XD/cc-pVDZ, SDD for Mn and Ge, level of theory) confirmed that the fac-tricarbonyl structure 

of [MnBr(CNtBu){Ge(iPr2bzam)tBu}(CO)3] is 1.7 kcal mol–1 (Gibbs energy) more stable than the mer-

tricarbonyl one. Hence, the large volume of germylene A hampers PMe3 ligand to be cis to it, but it 

allows a linear CNtBu ligand to be placed in this position. 
 

 
Figure 5. XRD molecular structure of 9 (60% displacement ellipsoids; H atoms omitted for clarity). Selected bond lengths 
(Å) and angles (deg): Mn1−Ge1 2.3958(8), Ge1−C14 2.009(5), Ge1−N1 1.988(4), Ge1−N2 2.001(4), N1−C2 1.465(6), 
N1−C4 1.337(5), N2−C4 1.339(5), N2−C11 1.468(5), C4−C5 1.488(6), Mn1−C18 1.936(5), C18−N3 1.159(6), C19−N3 
1.466(5); Mn1−Ge1−N1 119.2(1), Mn1−Ge1−N2 116.9(1), C14−Ge1−Mn1 128.1(1), C14−Ge1−N1 103.4(2), 
C14−Ge1−N2 106.1(2), N1−Ge1−N2 66.5(1), Ge1−N1−C4 92.9(3), Ge1−N2−C4 91.5(3), N1−C4−N2 109.7(4), 
C18−N3−C19 170.7(4). The Mn−Br distance is not given because the Br atom and its trans CO ligand are involved in 
exchange positional disorder (93:7 occupancy ratio). 
 

 An interesting feature of the IR spectrum of complex 7 is that its νCO absorptions (toluene 

solution) are at much lower frequencies [1992 (w), 1911 (vs), 1873 (m) cm–1] than those of complexes 

8 [2009 (w), 1925 (vs), 1886 (m) cm–1] and 9 [2013 (vs), 1954 (m), 1906 (m) cm–1] and also than those 

reported for mer-[MnBr(PCy3)2(CO)3] [2015 (m), 1925 (s), 1885 (s) cm–1 in KBr]19 and mer-

[MnBr(PiPr3)2(CO)3] [2019 (w), 1932 (s), 1887 (m) cm–1, in CHCl3],
25 and fac-[MnBr(IiPr2Me2)2(CO)3] 

[2004, 1926, 1864 cm–1 (intensities not given), in C6D6].
24 Therefore, in line with previously reported 

results on the reactivity of germylene A with [Ru3(CO)12],11a this germylene is a very strong electron-

donating ligand, even stronger than the most basic trialkylphosphanes and N-heterocyclic carbenes. 



 

12 

 
Hydrolysis of Complex 1. Carrying out the above-described experiments, we noticed that the use of 

solvents that had not been carefully dried decreased the yields of the isolated products. Looking for a 

rationale to this observation we decided to treat complex 1 with water in dry toluene. The reaction, 

which was instantaneous at room temperature, led to [iPr2bzamH2][MnBr{Ge(OH)2
tBu}(CO)4] (10) 

(Scheme 6), which was isolated in 80% yield. 
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 An XRD study (Figure 6) revealed that 10 is a salt that comprises [iPr2bzamH2]+ 

benzamidinium cations and [MnBr{Ge(OH)2
tBu}(CO)4]– complex anions. The anion is a 

bromidotetracarbonylmanganese(I) species that contains an unprecedented germanato(II) ligand, 

[Ge(OH)2
tBu]–, in cis to the Br atom. Hydrogen bonding interactions are observed between the NH 

groups of the benzamidinium cation and the O atoms of the germanato ligand. The NH/OH protons 

were observed in the 1H NMR spectrum as a very broad signal centered at 10.30 ppm (CD2Cl2, room 

temperature). 
 

 
Figure 6. XRD structure of 10 (35% displacement ellipsoids; only one of the two analogous ionic pairs contained in the 
asymmetric unit is shown; H atoms omitted for clarity except those of the O−H and N−H groups). Selected bond lengths (Å) 
and angles (deg): Mn1−Ge1 2.4341(4), Mn1−Br1 2.5314(5), Ge1−C14 1.987(2), Ge1−O1 1.822(2), Ge1−O2 1.830(2), 
N1−C2 1.471(3), N1−C4 1.312(3), N2−C4 1.315(3), N2−C11 1.471(3), C4−C5 1.489(3), N1−H100 0.79(3), N2−H200 
0.81(3), O1−H100 2.00(3), O2−H200 2.00(3); Mn1−Ge1−O1 112.05(6), Mn1−Ge1−O2 111.01(6), C14−Ge1−Mn1 
126.76(7), C14−Ge1−O1 105.39(9), C14−Ge1−O2 103.16(9), O1−Ge1−O2 92.96(8), N1−C4−N2 120.3(2). 
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In a previous work, we observed that the hydrolysis of [Mn(OTf){Ge(iPr2bzam)tBu}(CO)4] (2) 

(Scheme 1), which is the OTf– version of 1, led to a 1:2 mixture of the neutral binuclear 

oxodigermanato(II)-bridged complex [Mn2{µ-κ4Ge2O2-OGe2(OH)2
tBu2}(CO)8] and the amidinium salt 

[iPr2bzamH2]OTf.4b The isolation of 10 as the hydrolysis product of 1 suggests that an ionic derivative 

of formula [iPr2bzamH2][Mn(OTf){Ge(OH)2
tBu}(CO)4] may be an intermediate in the formation of 

[Mn2{µ-κ4Ge2O2-OGe2(OH)2
tBu2}(CO)8] from [Mn(OTf){Ge(iPr2bzam)tBu}(CO)4] (2), since the 

release of [iPr2bzamH2]OTf from the former and the concomitant condensation of two resulting 

unsaturated units of [Mn{Ge(OH)2
tBu}(CO)4] and the release of H2O would lead to the final dimer. 

The fact that 10 is stable with respect to the release of [iPr2bzamH2]Br can be rationalized attending to 

the higher strength of the Mn−Br bond with respect to the Mn−OTf bond. Two additional reports have 

described hydrolytic degradations of amidinato-HT–TM complexes; [tBu2bzamH2]Cl has been obtained 

from reactions of coinage metal complexes containing the chlorogermylene Ge(tBu2bzam)Cl,4a and the 

oxodigermylene-bridged derivative [Rh2Cl2(cod)2{µ-κ2Ge,Ge’-OGe2(tms2bzam)2}] (cod = 1,5-

cyclooctadiene; tms = SiMe3) has been obtained from the complex [RhCl(cod){Ge(tms2bzam)2}].4c In 

both cases, ionic pairs similar to 10 might be formed in the initial stages of the hydrolysis processes. 
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Figure 7. CVs at 0.2 V s–1 of a 1 mM solution of 10 in acetonitrile under Ar before (blue) and after (black) addition of 5 % 
H2O, as well as under CO2 before (red) and after (magenta) addition of 5 % H2O. 
 

The CV of 10 under argon in acetonitrile solution shows a single irreversible peak at –1.76 V 

(Figure 7). Noting that this value is less negative than that obtained with the mixture 1 + water in 

acetonitrile (see above), we tried to isolate the products of that reaction, but we were unable to isolate 

and characterize a well-defined complex. Therefore, the hydrolysis of 1 in acetonitrile is different from 
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that in toluene. Under CO2 atmosphere, the first reduction of 10 is apparently not altered. However, the 

addition of water (5%) as Brønsted acid significantly increased the current peak of the first reduction, 

suggesting that complex 10 may catalyze the electrochemical reduction of CO2 (Figure 7), in similar 

fashion as observed for [MnBr(bpy)(CO)3]. It should be noticed that the addition of 5% of water to a 

solution of 10 under argon also has the effect to increase the CV current peak. With the aim to better 

quantifying the purported electrocatalytic activity of 10 in the presence of water, performed an 

exhaustive electrolysis at –1.90 V, monitoring the gas products by GC under a constant flow of CO2 

(8.67 mL min–1), but, unfortunately, as observed in the case of 1, at the end of the recorded time (103 

min), the total TON of H2 and CO produced were only 1.8 and 0.8, respectively. 

 
CONCLUDING REMARKS 
 
This contribution provides further insights into the reactivity (toward anionic and neutral nucleophiles) 

and catalytic applicability (for CO2 electroreduction) of [MnBr{Ge(iPr2bzam)tBu}(CO)4] (1), which, 

prior to this work, was the only [MnBr(CO)5]-derived complex to contain a heavier tetrylene ligand. 

The reactions of 1 with LiPh and LitBu led to dimer 5. These reductive dimerization processes 

have been rationalized with the help of thermodynamic DFT calculations, which have also indicated 

that, for X = Br and OTf, the [MnX{Ge(iPr2bzam)tBu}(CO)4] complexes are more stable than the 

chelated derivatives [Mn{κ2N,Ge-GeX(iPr2bzam)tBu}(CO)4]. The smaller volume of the Me group with 

respect to those of the Ph and tBu groups, explain that, in the case of the reaction of 1 with LiMe, 

[Mn{κ2N,Ge-GeMe(iPr2bzam)tBu}(CO)4] was the major product of a mixture that also contained some 

of 5.  

The reactions of 1 with neutral 2-electron donor reagents have unveiled that the coordination 

site of 1 implicated in CO-substitution reactions is strongly influenced by the large volume of the 

amidinatogermylene ligand, which induces a large germylene (A; complex 7) and a rather small 

phosphane (PMe3; complex 8) to end in a coordination site trans to it, but it allows a linear CNtBu 

ligand to be placed cis to it (complex 9). Remarkably, no germylene displacement has been observed in 

these reactions. 

The hydrolysis of 1 in toluene solution led to a complex salt (compound 10) that, in the solid 

state, features hydrogen bonding interactions between the NH groups of its benzamidinium cation and 
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the O atoms of an unprecedented κGe-alkyldihydroxogermanato(II) ligand. The structure of compound 

10 sheds light on the process involved in the hydrolytic degradation of amidinato-HT–TM complexes. 

Additionally, having in mind that various carbonyl manganese(I) complexes are catalytically 

active for the electroreduction of CO2 to CO in the presence of Brønsted acids,12 the electrochemical 

properties of complexes 1 and 10 were evaluated in presence of CO2 in acetonitrile/H2O solutions. 

Unfortunately, for both complexes, the catalytic production of CO was very small. 

 

EXPERIMENTAL SECTION 

 
General Procedures. Solvents were dried over appropriate desiccating reagents and were 

distilled under argon before use. All reactions were carried out under argon, using dry box and/or 

Schlenk-vacuum line techniques and were routinely monitored by solution IR spectroscopy. All 

reaction products were vacuum-dried for several hours prior to being weighted and analyzed. The 

germylene Ge(iPr2bzam)tBu (A) and complex 1 were prepared following a published procedure.7 All 

remaining reagents were purchased from commercial sources. NMR spectra were run on a Bruker 

DPX-300 instrument, using as standards a residual protic solvent resonance for 1H [δ(C6HD5) = 7.16 

ppm; δ(CH2Cl2) = 5.32 ppm] and a solvent resonance for 13C [δ(C6D6) = 128.1 ppm; δ(CH2Cl2) = 53.84 

ppm]. Elemental analyses were obtained from a Perkin-Elmer 2400 microanalyzer. Mass spectra (MS) 

were run on a VG Autospec double-focusing mass spectrometer operating in the FAB+ mode; ions 

were produced with a standard Cs+ gun at about 30 kV; 3-nitrobenzyl alcohol was used as matrix; data 

given correspond to the most abundant isotopomer of the molecular ion or of the greatest mass 

fragment. 

[Mn2{Ge(iPr2bzam)tBu}2(CO)8] (5): Method 1: LiPh (0.045 mL of a 1.8 M solution in dibutyl 

ether, 0.081 mmol) was added to a solution of complex 1 (42 mg, 0.072 mmol) in toluene (7 mL) at 

‒78 ºC. The mixture was then allowed to reach the room temperature. An IR analysis of the solution 

(IR monitoring of νCO absorptions) showed a great amount of unreacted 1 and the formation of 5 as 

major reaction product. The complete consumption of 1 required the addition of additional 0.180 mL of 

LiPh solution (in several portions) and 3.5 h of stirring at room temperature. The initial yellow color 

changed to orange-red. The solvent was removed under reduced pressure and the crude reaction 

mixture was separated by column chromatography on silica-gel (2 x 5 cm). The major product, 

compound 5, was eluted with hexane-dichloromethane (2:1) and was isolated after solvent removal as a 
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yellow solid (22 mg, 61 %). Method 2: LitBu (0.045 mL of a 1.7 M solution in pentane, 0.077 mmol) 

was added to a solution of complex 1 (42 mg, 0.072 mmol) in toluene (7 mL) at ‒78 ºC. The mixture 

was then allowed to reach the room temperature. An IR analysis of the solution showed a great amount 

of unreacted 1 and the formation of 5 as major reaction product. The complete consumption of 1 (IR 

monitoring of νCO absorptions) required the addition of additional 0.090 mL of LitBu solution (in 

several portions) and 2 h of stirring at room temperature. An analogous workup to that described above 

led to compound 5 (15 mg, 42%). Method 3: Germylene A (0.60 mL of a 0.25M solution in toluene, 

0.150 mmol) was added to a solution of [Mn2(CO)10] (29 mg, 0.074 mmol) in toluene (7 mL) and the 

mixture was heated at reflux temperature for 7 h. The initial yellow color changed to orange. An 

analogous workup to that described above led to compound 5 (15 mg, 20%). Anal. (%) Calcd. for 

C42H56Ge2Mn2N4O8 (FW = 1000.01 amu): C, 50.44; H, 5.64; N, 5.60; found: C, 50.46; H, 5.68; N, 

5.57. (+)-FAB MS: m/z 1000 [M]+. IR (toluene): νCO 1933 (s) cm–1. 1H NMR (C6D6, 300.1 MHz, 293 

K): δ 7.12–6.60 (m, 5 H, Ph), 3.36 (sept, J = 7.0 Hz, 2 H, 2 CH of 2 iPr), 1.41 (s, 9 H, tBu), 1.24 (d, J = 

7.0 Hz, 6 H, 2 Me of iPr), 0.99 (d, J = 8.0 Hz, 6 H, 2 Me of iPr) ppm. 13C{1H} NMR (C6D6, 100.6 MHz, 

298 K): δ 169.2 (NCN), 138.0‒122.1 (Cipso + CHs of 2 Ph), 47.5 (CH of 4 iPr), 38.1 (C of tBu), 26.4 

(Me3 of 2 tBu), 24.4 (Me of 2 iPr), 24.3 (Me of 2 iPr) ppm (no 13C resonances corresponding to the CO 

ligands were observed, even after long acquisition times). 

 
[Mn2{Ge(iPr2bzam)tBu}(CO)9] (6): Germylene A (0.65 mL of a 0.08 M solution in toluene, 

0.052 mmol) was added to a solution of [Mn2(CO)10] (20 mg, 0.051 mmol) in toluene (5 mL) and the 

mixture was heated at reflux temperature for 4 h. The initial yellow color was maintained. The solvent 

was removed under reduced pressure and the residue was purified by column chromatography on 

silica-gel (2 x 5 cm). The major product, compound 6, was eluted with hexane-dichloromethane (3:1) 

and was isolated after solvent removal as a yellow solid (25 mg, 71 %). Anal. (%) Calcd. for 

C26H28GeMn2N2O9 (FW = 695.00 amu): C, 44.93; H, 4.06; N, 4.03; found: C, 44.97; H, 4.10; N, 4.00. 

(+)-FAB MS: m/z 696 [M]+. IR (toluene): νCO 2080 (m), 1998 (m), 1980 (s), 1959 (w), 1921 (m) cm–1. 
1H NMR (C6D6, 300.1 MHz, 298 K): δ 7.33‒6.98 (m, 5 H, Ph), 3.22 (sept, J = 7.0 Hz, 2 H, 2 CH of 2 
iPr), 1.24 (s, 9 H, Me3 of tBu), 1.01 (d, J = 7.0 Hz, 6 H, 2 Me of 2 iPr), 0.85 (d, J = 7.0 Hz, 6 H, 2 Me of 

2 iPr) ppm. 13C{1H} NMR (C6D6, 75.5 MHz, 298 K): δ 170.1 (NCN), 130.1 (Cipso of Ph), 124.0‒129.0 

(CHs of Ph), 47.6 (CH of 2 iPr), 38.7 (C of tBu), 26.0 (Me3 of tBu), 24.8 (Me of 2 iPr), 24.0 (Me of 2 
iPr) ppm (no 13C resonances corresponding to the CO ligands were observed, even after long 

acquisition times). 
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Trans-mer-[MnBr{Ge(iPr2bzam)tBu}2(CO)3] (7): Germylene A (0.40 mL of a 0.37 M solution 

in toluene, 0.148 mmol) was added to a solution of [MnBr(CO)5] (20 mg, 0.073 mmol) and the mixture 

was heated at 90 ºC for 60 min. The initial yellow color changed to light orange. The solvent was 

removed under reduced pressure and the crude reaction mixture was purified by column 

chromatography on silica-gel (2 x 3 cm). Hexane-dicholoromethane (1:1) eluted compound 7, which 

was isolated as a yellow solid (60 mg, 93 %). Anal. (%) Calcd. for C37H56BrGe2MnN4O3 (FW = 884.93 

amu): C, 50.22; H, 6.38; N, 6.33; found: C, 50.33; H, 6.41; N, 6.31. (+)-FAB MS: m/z 884 [M]+. IR 

(toluene): νCO 1992 (w), 1911 (vs), 1873 (m) cm–1. 1H NMR (C6D6, 300.1 MHz, 293 K): δ 7.60 (m, 1 

H, CH of Ph), 7.03 (m, 4 H, 4 CH of Ph), 3.52 (sept, J = 6.6 Hz, 2 H, 2 CH of 2 iPr), 1.65 (s, 9 H, tBu), 

1.40 (d, J = 6.6 Hz, 6 H, 2 Me of iPr), 1.22 (d, J = 6.6 Hz, 6 H, 2 Me of iPr) ppm. 13C{1H} NMR (C6D6, 

75.5 MHz, 293 K): δ 206.2 (CO), 224.5 (2 COs), 170.0 (NCN), 131.1−127.7 (Cipso + CHs of Ph), 47.9 

(2 CH of 2  iPr), 38.5 (C of tBu), 27.3 (Me3 of tBu), 25.2 (2 Me of 2 iPr), 24.2 (2 Me of 2 iPr) ppm. 

 
Trans-mer-[MnBr(PMe3){Ge(iPr2bzam)tBu}(CO)3] (8): Germylene A (0.20 mL of a 0.37 M 

solution in toluene, 0.074 mmol) was added to a solution of [MnBr(CO)5] (20 mg, 0.073 mmol) and the 

mixture was stirred at room temperature for 10 min. PMe3 (7 µL, 0.080 mmol) was added and the 

mixture was heated at 70 ºC for 90 min. The initial yellow color changed to light orange. The solvent 

was removed under reduced pressure and the crude reaction mixture was purified by column 

chromatography on silica-gel (2 x 3 cm). Dichloromethane eluted compound 8, which was isolated as a 

yellow solid (35 mg, 76 %). Anal. (%) Calcd. for C23H37BrGeMnN2O3P (FW = 627.98 amu): C, 43.99; 

H, 5.94; N, 4.46; found: C, 44.03; H, 5.97; N, 4.41. (+)-FAB MS: m/z 544 [M – 3 CO]+. IR (toluene): 

νCO 2009 (w), 1925 (vs), 1886 (m) cm–1. 1H NMR (C6D6, 300.1 MHz, 293 K): δ 7.48 (m, 1 H, CH of 

Ph), 7.03 (m, 4 H, 4 CH of Ph), 3.48 (sept, J = 6.6 Hz, 2 H, 2 CH of 2 iPr), 1.56 (s, 9 H, tBu), 1.38 (d, J 

= 8.8 Hz, 9 H, PMe3), 1.33 (d, J = 6.6 Hz, 6 H, 2 Me of iPr), 1.15 (d, J = 6.6 Hz, 6 H, 2 Me of iPr) ppm. 
13C{1H} NMR (C6D6, 75.5 MHz, 293 K): δ 225.1 (CO), 221.0 (2 CO), 170.3 (NCN), 130.7 (Cipso), 

130.0–127.5 (CHs of Ph), 47.9 (2 CH of 2 iPr), 38.3 (C of tBu), 27.2 (Me3 of tBu), 25.2 (2 Me of 2 iPr), 

24.0 (2 Me of 2 iPr), 18.2 (d, J = 27.9 Hz, PMe3) ppm. 31P{1H} NMR (C6D6, 121.5 MHz, 293 K): δ 

14.7 (s) ppm. 

 
Fac-[MnBr(CNtBu){Ge(iPr2bzam)tBu}(CO)3] (9): Germylene A (0.20 mL of a 0.37 M 

solution in toluene, 0.074 mmol) was added to a solution of [MnBr(CO)5] (20 mg, 0.073 mmol) and the 
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mixture was stirred at room temperature for 10 min. CNtBu (9 µL, 0.080 mmol) was added and the 

mixture was heated at 70 ºC for 90 min. The initial yellow color changed to light orange. The solvent 

was removed under reduced pressure and the crude reaction mixture was purified by column 

chromatography on silica-gel (2 x 3 cm). Dicholoromethane eluted compound 9, which was isolated as 

a yellow solid (29 mg, 63 %). Anal. (%) Calcd. for C25H37BrGeMnN3O3 (FW = 635.03 amu): C, 47.28; 

H, 5.87; N, 6.61; found: C, 47.12; H, 5.91; N, 6.57. (+)-FAB MS: m/z 551 [M – 3 CO]+. IR (toluene): 

νCN 2153 (w); νCO 2013 (vs), 1954 (m), 1906 (m) cm–1. 1H NMR (C6D6, 300.1 MHz, 293 K): δ 7.38 (m, 

1 H, CH of Ph), 7.04 (m, 4 H, 4 CH of Ph), 3.59−3.32 (m, 2 H, 2 CH of 2 iPr), 1.53 (s, 9 H, GetBu), 

1.39 (d, J = 6.6 Hz, 3 H, Me of iPr), 1.29 (d, J = 6.6 Hz, 3 H, Me of iPr), 1.15 (d, J = 6.6 Hz, 3 H, Me of 
iPr), 1.04 (s, 9 H, CNtBu), 1.03 (d, J = 6.6 Hz, 3 H, Me of iPr) ppm. 13C{1H} NMR (C6D6, 75.5 MHz, 

293 K): δ 224.0 (CO), 219.8 (CO), 216.7 (CO), 170.9 (NCN), 162.6 (CNtBu), 130.5−127.4 (Cipso + 

CHs of Ph), 57.5 (CMe3 of CNtBu), 48.4 (CH of iPr), 47.6 (CH of iPr), 38.4 (C of tBu), 30.2 (Me3 of 

CNtBu), 27.5 (Me3 of GetBu), 25.2 (Me of iPr), 25.0 (Me of iPr), 24.1 (Me of iPr), 23.8 (Me of iPr) ppm. 

 
[iPr2bzamH2][MnBr{Ge(OH)2

tBu}(CO)4] (10): Germylene A (0.20 mL of a 0.37 M solution 

in toluene, 0.074 mmol) was added to a solution of [MnBr(CO)5] (20 mg, 0.073 mmol) and the mixture 

was stirred at room temperature for 10 min. Water (5 µL, 0.277 mmol) was added and the mixture was 

stirred at room temperature for 20 min. The initial yellow color changed to light orange. The solvent 

was removed under reduced pressure and the crude reaction mixture was purified by column 

chromatography on silica-gel (2 x 3 cm). Dichloromethane-THF (1:1) eluted compound 10, which was 

isolated as a yellow solid (36 mg, 80 %). Anal. (%) Calcd. for C21H32BrGeMnN2O6 (FW = 615.94 

amu): C, 40.95; H, 5.24; N, 4.55; found: C, 40.98; H, 5.29; N, 4.51. IR (toluene): νCO 2058 (m), 1983 

(m), 1968 (vs), 1924 (m) cm–1. 1H NMR (CD2Cl2, 300.1 MHz, 293 K): δ 10.30 (s, vbr, NH + OH) 

7.63−7.34 (m, 5 H, 5 CH of Ph), 3.25 (m, 2 H, 2 CH of iPr), 1.23−1.19 (m, 21 H, Me3 of tBu + 4 Me of 

2 iPr) ppm. 13C{1H} NMR (CD2Cl2, 75.5 MHz, 293 K): δ 221.5 (CO), 217.8 (2 CO), 214.3 (CO), 164.5 

(NCN), 132.0 (CH of Ph), 130.2 (2 CH of Ph), 126.9 (2 CH of Ph), 48.2 (2 CH of 2 iPr), 35.5 (C of 
tBu), 26.6 (Me3 of tBu), 23.1 (4 Me of 2 iPr) ppm; the phenyl Cipso resonance was not observed. 

 
X-Ray Diffraction Analyses: Crystals of 5, 6, 7, 9 and 10 were analyzed by X-ray diffraction. 

A selection of crystal, measurement, and refinement data is given in the Supporting Information (Table 

S1). Diffraction data were collected on an Oxford Diffraction Xcalibur Onyx Nova (5, 6, 7, and 10) and 

on a Bruker CCD SMART1000 (9) single crystal diffractometers. Empirical absorption corrections 
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were applied using the SCALE3 ABSPACK algorithm as implemented in CrysAlisPro RED26 (for 5, 6, 

7 and 10) and XABS227 (for 9). The structures were solved using SIR-97.28 Isotropic and full matrix 

anisotropic least square refinements were carried out using SHELXL.29 All non-H atoms were refined 

anisotropically. Hydrogen atoms were set in calculated positions and refined riding on their parent 

atoms, except those of the O−H and N−H groups of 10, which were located in a Fourier map. The 

asymmetric unit of 7 contains one manganese atom (0.5 occupancy) bonded to three groups disposed 

cis to each other, namely, one germylene ligand, one CO ligand and a third group that consists in a 

50:50 occupancy ratio of CO and Br ligands (an inversion centre, the Mn atom, generates the whole 

molecule); therefore, in the crystal, the mutually trans Br and CO ligands, exchange their positions 

with a 50:50 occupancy ratio.  Compound 9 also exhibits positional disorder involving the mutually 

trans Br and CO ligands, which exchange their positions with a 93:7 occupancy ratio. Restraints on the 

thermal and geometrical parameters of the atoms involved in the positional disorder of 9 were applied. 

The WINGX program system30 was used throughout the structure determinations. The molecular plots 

were made with X-SEED.31 CCDC deposition numbers: 1453071 (5), 1453072 (6), 1453073 (7), 

1453074 (9) and 1453075 (10). 

 
Electrochemical Studies: Cyclic voltammetry experiments were performed using a Metrohm 

Autolab 302N potentiostat, 1.0 mM solutions of the compounds in freshly distilled acetonitrile with 

tetrabutylammonium hexafluorophosphate as the supporting electrolyte (0.1 M). A single-compartment 

cell, having a glassy carbon (GC) working electrode (ø = 2 mm), a Pt counter electrode, and an 

Ag/AgCl (KCl 3 M) reference electrode, was employed. The Ar- and CO2-saturated conditions were 

achieved by purging with the gases for 5 min before each potential sweep. A double compartment H-

type cell was used for exhaustive electrolysis experiments, with a Pt wire as the counter electrode in a 

bridge separated from the cathodic compartment by a glass frit. A large surface glassy carbon rod (ø 2 

cm) was used as the working electrode along with an aqueous Ag/AgCl (KCl 3M) reference electrode. 

A controlled flow of CO2 (8.67 mL min–1), measured just before arrival into the cell, was maintained 

during the exhaustive electrolysis measurements by means of a Smart Trak 100 (Sierra) flow controller, 

in a similar experimental setup as that previously described.12c 

 
Computational Details: DFT calculations were carried out using the wB97XD functional,32 

which includes the second generation of Grimme’s dispersion interaction correction33 as well as long-

range interactions effects. This functional reproduces the local coordination geometry of transition 
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metal compounds very well and it also corrects the systematic overestimation of non-bonded distances 

seen for all the density functionals not including estimates of dispersion.34 The Stuttgart-Dresden 

relativistic effective core potentials and the associated basis sets (SDD) were used for the Mn35  and 

Ge36  atoms. The basis set used for the remaining atoms was the cc-pVDZ.37 All stationary points were 

fully optimized in gas phase and confirmed as energy minima (all positive eigenvalues) by analytical 

calculation of frequencies. The electronic energies of the optimized structures were used to calculate 

the zero-point corrected energies and the enthalpic and entropic contributions via vibrational frequency 

calculations. Solvation free energies were obtained with the self-consistent reaction field (SCRF) for 

the standard continuum solvation model (CPCM),38 by using the single-point solvation energy of the 

optimized structures and the thermodynamic correction from the gas phase calculations. All Gibbs 

energies were computed at 298.15 K and 1.0 atm. All calculations were carried out with the 

Gaussian09 package.39 The atomic coordinates of all the DFT-optimized structures are given in the 

Supporting Information. 
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