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ABSTRACT: Reactions of the first-generation Grubbs’ catalyst trans-[RuCl2(CHPh)(PCy3)2] (1) 

with the amidinatogermylenes Ge(tBu2bzam)R (R = tBu (L1), CH2SiMe3 (L2); tBu2bzam = N,N’-

bis(tertbutyl)benzamidinate) have allowed the isolation and full characterization of the first 

specimens of Grubbs-type carbene complexes featuring heavier tetrylenes as ancillary ligands, 

namely, the disubstituted derivatives trans-[RuCl2(CHPh)(L1)2] (3) and cis-[RuCl2(CHPh)(L2)2] 

(7), which, curiously, differ in the arrangement of their germylene ligands. DFT calculations have 

revealed that the different volume of L1 and L2 (the former is larger than the latter) is responsible 

for the different stereochemistry of 3 and 7. NMR-monitoring of the reaction solutions has 

allowed the observation of the monosubstituted intermediates trans-[RuCl2(CHPh)(L)(PCy3)] (L = 

L1 (2), L2 (5)) and their evolution to either the disubstituted final product (for L1) trans-

[RuCl2(CHPh)(L1)2] (3) or to the short-lived disubstituted intermediate (for L2) trans-

[RuCl2(CHPh)(L2)2] (6). Complex 7 arises from a trans-to-cis isomerization of intermediate 6. As 

olefin metathesis catalysts, both 3 and 7 promoted the ring-closing metathesis of diethyl 2,2-

diallylmalonate and the ring-opening metathesis polymerization of norbornene, but their catalytic 

activity decreased with the reaction time, indicating catalyst decomposition. 
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INTRODUCTION 

The appearance in the early nineties of the olefin metathesis-active ruthenium alkylidene 

complexes [RuCl2(CHPh)(PR3)2], known as Grubbs’ first-generation catalysts (Grubbs-I, Figure 

1),1 boosted the use of this catalytic reaction in organic synthesis and polymer chemistry.2 The 

stability and catalytic activity of these catalysts were greatly improved by Grubbs’ second-

generation catalysts, [RuCl2(CHPh)(NHC)(PR3)] (Grubbs-II, Figure 1), that arise from the 

replacement of one phosphane ligand by an N-heterocyclic carbene (NHC).3 This improvement 

was attributed to the stronger electron-donor capacity and higher steric bulk of NHC ligands, 

which, in addition to decrease the rate of catalyst decomposition, since (bulky) NHCs are more 

tightly bound to the metal atom and provide a greater steric protection than phosphane ligands, 

they enhance the affinity of coordinatively unsaturated ruthenium intermediate species for π-

accepting alkene substrates.4 

 

Figure 1. Representative examples of Grubbs’ first-generation (left) and second-generation (right) catalysts for olefin 

metathesis. 

On the other hand, recent reports have demonstrated that some heavier tetrylenes (heavier 

carbene analogues), in particular, donor-stabilized silylenes and germylenes (derived from 

amidinato, b-diketiminato, and other chelating fragments) are very strong electron-donating 

ligands,5,6 even stronger than most phosphanes and many NHCs.6 

Having in mind the aspects exposed in the above paragraphs, we decided to investigate the 

synthesis of ruthenium(II) alkylidene complexes that, being related to Grubbs-type metathesis 

catalysts, have strongly donating heavier tetrylenes instead of phosphanes and/or NHCs as 

ancillary ligands. In addition of being an interesting synthetic challenge, these unprecedented 

complexes, relying on the many different steric and electronic profiles provided by heavier 

tetrylene ligands, could open new opportunities not only in synthetic organometallic chemistry but 

also in the field of olefin metathesis. As far as we are aware, the preparation of complexes of such 
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a type has been (admittedly) attempted only once: Hill and co-workers reacted trans-

[RuCl2(CHPh)(PCy3)2] (1) with the non-donor-stabilized silylene 1,3-bis(tertbutyl)-2-silaimidazol-

2-ylidene, Si(NtBu)2C2H2, but they isolated the alkylidene substitution product trans-

[RuHCl{Si(NtBu)2C2H2}(PCy3)2] instead of a phosphane substitution derivative.7 

We now report that both phosphane ligands of the Grubbs-I catalyst 1 can be satisfactorily 

replaced by the very basic and bulky amidinatogermylenes Ge(tBu2bzam)R (tBu2bzam = N,N’-

bis(tertbutyl)benzamidinate; R = tBu (L1), CH2SiMe3 (L2)) and that X-ray diffraction studies have 

shown that the arrangement of the germylene ligands in the final square-pyramidal disubstituted 

products depends upon the germylene R group, being trans for R = tBu (complex 3) but cis for R = 

CH2SiMe3 (complex 7). NMR-monitoring of the reactions has allowed the observation of 

monosubstituted intermediates. The disubstituted complexes have shown a low catalytic activity in 

the ring-closing metathesis of diethyl 2,2-diallylmalonate to diethyl cyclopent-3-ene-1,1-

dicarboxylate and the ring-opening metathesis polymerization of norbornene. 

RESULTS AND DISCUSSION 

The room temperature reaction of 1 with one equivalent of Ge(tBu2bzam)tBu (L1) led to a mixture 

of products (vide infra) that could not be separated. However, the use of an excess of the 

germylene (1:L1 mole ratio = 1:2.3) led to a single reaction product, the disubstituted derivative 

trans-[RuCl2(CHPh)(L1)2] (3; Scheme 1), which was isolated in high yield (82 %) and could be 

fully characterized. 

Scheme 1. Equilibria between Products Arising from Complex 1 and Germylene L1 

 

The X-ray diffraction (XRD) molecular structure of complex 3 is shown in Figure 2. The 

metal atom is in a distorted square pyramidal ligand arrangement, with the benzylidene moiety 

occupying the apical position and the chlorido and germylene ligands at the basal corners in a 
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mutual trans disposition. The ruthenium atom is 0.212(1) Å away from the basal plane, shifted 

toward the benzylidene group. All the geometrical parameters of 3 are close to those previously 

reported for related trans-[RuCl2(CHPh)(L)2] (L = phosphane or NHC8)9 complexes.1a,1b,10 The Ru–

Ccarbene bond distance, 1.845(7) Å, is in the top limit of the range of Ru–C distances reported for 

related complexes, 1.818(4) to 1.845(2),1a,1b,10 being slightly longer than that of 1 (1.841(2) Å).10c 

The benzylidene group is disposed approximately perpendicular to the Ge-Ru-Ge plane, with the 

aryl ring plane forming and angle 27.5(2)° of with the Cl1-Ru-Cl2-C20 plane. Due to the large 

volume of germylene L1, the Ru–Ge distances of 3, 2.4575(9) Å and 2.5043(9) Å, are longer than 

those of the few ruthenium complexes equipped with germylenes as terminal ligands that have 

hitherto been characterized by XRD, which are in the range 2.2821(6) to 2.4363(7) Å.11 

 

Figure 2. Molecular structure of complex 3 (30% displacement ellipsoids, H atoms have been omitted for clarity 
except that on C20). Selected bond lengths (Å) and angles (o): Ru1−C20 1.845(7), Ru1−Cl1 2.408(2), Ru1−Cl2 
2.392(2), Ru1−Ge1 2.4575(9), Ru1−Ge2 2.5043(9), C5−N1 1.339(9), C5−N2 1.331(8), C16−Ge1 2.014(7), C20−C21 
1.45(1), C31−N3 1.326(9), C31−N4 1.333(9), C42−Ge2 2.024(7), Ge1−N1 1.976(5), Ge1−N2 1.977(6), Ge2−N3 
1.984(5), Ge2−N4 1.971(6), C20−Ru1−Cl1 90.8(2), C20−Ru1−Cl2 107.1(2), C20−Ru1−Ge1 89.2(2), C20−Ru1−Ge2 
99.3(2), Cl1−Ru1−Ge1 90.06(5), Cl1−Ru1−Ge2 89.91(5), Cl2−Ru1−Cl1 161.88(6), Cl2−Ru1−Ge1 87.46(5), 
Cl2−Ru1−Ge2 89.94(5), Ge1−Ru1−Ge2 171.55(3). 

The NMR spectra of 3 are very simple. The resonances of the benzylidene Ru=CH group 

appear at very high chemical shifts in both the 1H and 13C{1H} spectra, 20.43 ppm and 290.0 ppm, 

respectively, in C6D6. For comparison, those of complex 1 were observed at 20.02 ppm and 294.7 

ppm, respectively, in CD2Cl2.1a,1b Regarding the germylene ligands, both are equivalent in the 1H 

and 13C{1H} spectra, each spectrum showing singlets for the GetBu and NtBu methyl groups. 
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Aiming at gathering more information on the formation of complex 3, the outcomes of 

reactions of complex 1 with different amounts of L1 in C6D6 at room temperature were studied by 
1H and 31P{1H} NMR (Figure 3). After 1 h, the 1H spectrum of a 1:1 reaction (Figure 3a) showed 

three signals assignable to the benzylidene Ru=CH proton of unreacted 1 (20.59 ppm), 3 (20.43 

ppm) and a third and major (67 %) product (2; 20.36 ppm). The corresponding 31P{1H} NMR 

spectrum indicated the presence of 1 (36.3 ppm), free PCy3 (10.0 ppm) and another product (2; 

34.9 ppm). These spectra (recorded 1 h after mixing the reagents) were identical to those recorded 

after 18 h. Complex 2 could not be separated as a pure product from this reaction mixture. 

 

Figure 3. 1H (left, 400.1 MHz, Ru=CH region only) and 31P{1H} (right, 162.1 MHz) NMR spectra (293 K) of samples 
obtained (a) after mixing 1 with one equiv. of L1 in C6D6 and stirring for 1 h, (b) after adding one equiv. of L1 to the 
previous solution and stirring for 1 h, and (c) after adding half equiv. of L1 to the previous solution and stirring for 1 h. 
Chemical shifts (d) are given in ppm. 

The addition of more L1 to the previous reaction mixture allowed us to infer the nature of 

intermediate 2. 1 h after adding one further equiv. of L1 (Figure 3b), beside indicating the total 

consumption of 1, the 1H NMR spectrum showed the presence of 2 and 3 in a ca. 1:4 mole ratio, 

while the 31P{1H} NMR spectrum showed only free PCy3 and a small amount of 2. No changes 

were observed 18 h after the addition of the second equiv. of germylene L1. Further addition of 0.5 

equiv. of L1 (2.5 equiv. in total) led to 3 as the only benzylidene-containing product (Figure 3c). 

The initial formation and subsequent disappearance of 2 in the synthesis of complex 3 from 1 and 

L1 led us to propose that complex 2 is the mixed germylene-phosphane derivative trans-
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[RuCl2(CHPh)(L1)(PCy3)] (Scheme 1). This initial proposal was later corroborated by carefully 

studying the 1H spectrum of the reaction mixture resulting from the addition of one equiv. of L1 to 

a C6D6 solution of complex 1, since the major component of the mixture (2) clearly showed the 

signals corresponding to a coordinated germylene (at different d from those of 3) and a singlet 

corresponding to the benzylidene Ru=CH proton (20.36 ppm) (the signals of the benzylidene 

phenyl group and the coordinated PCy3 ligand were overlapped with those of other products). In 

addition, the chemical shift of the benzylidene Ru=CH proton (20.36 ppm) is within the range (ca. 

19–21 ppm) previously reported for complexes of the type trans-[RuCl2(CHAr)(L)(L’)] (L = 

phosphane or NHC, with L’ = L1a,1b,10 or L’ ≠ L4,10f,12), ruling out a cis arrangement of the ancillary 

ligands, since the benzylidene Ru=CH proton of related cis complexes is observed at higher field 

(ca. 15–17 ppm).10i,f,12a,13,14 Furthermore, it can be proposed that the Ccarbene–H bond of 2, similarly 

to those of 1 and 3, should lie roughly perpendicular to the Ge–Ru–P plane, since its Ru=CH 

proton resonance is not coupled to 31P.1,15 Such an observation has also been reported for related 

mixed NHC-phosphane derivatives featuring benzylidene groups approximately perpendicular to 

the NHC–Ru–P plane.4,10f,12 

Therefore, the above-described data strongly support the reaction equilibria depicted in 

Scheme 1, in which the first PCy3 substitution (formation of 2 from 1 and L1) should occur at a 

similar rate than the subsequent PCy3 displacement (formation of 3 from 2 and L1), without the 

participation of cis reaction products, such as cis-[RuCl2(CHPh)(L1)(PCy3)] or cis-

[RuCl2(CHPh)(L1)2] (4). Related results have been reported for reactions of complex 1 with some 

NHCs, such as 1,3-di(R)imidazol-2-ylidene [R = iPr, Cy, CHMePh, CHMe(1-naphthyl)]10k or 1-

(2,6-diisopropylphenyl)-3-(R)imidazolidin-2-ylidene (R = Me, Cy),10e which have allowed the 

preparation of bis(NHC) complexes but, in many instances, not of pure monosubstituted 

derivatives. However, for other NHCs, such as 1,3-dimesitylimidazolidin-2-ylidene10g or 1,3-

di(R)imidazol-2-ylidene [R = Mes,12e,f 4-methylphenyl,12f 4-chlorophenyl,12f 2,6-

diisopropylphenyl12c), the phosphane exchange rate after the first PCy3 substitution suffers such a 

dramatic decrease10g,4 that only the mixed NHC-phosphane complexes can be prepared, even in the 

presence of a large excess of NHC. For these cases, the bis(NHC) benzylidene derivatives are 

accessible using more labile metal precursors, such as [RuCl2(CHPh)(PPh3)2]10d or 

[RuCl2(CHPh)(NHC)(py)2] (py = pyridine).10b,g,h 
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Inspired by a report that describes that the bis(NHC) complex trans-[RuCl2(CHPh)(SIMes)2] 

(SIMes = 1,3-dimesitylimidazolidin-2-ylidene) reacts with 1 at 70 ºC to form the mixed NHC-

phosphane complex trans-[RuCl2(CHPh)(SIMes)(PCy3)],10g we carried out a 1:1 reaction of 1 with 

3 aiming at a cleaner formation of complex 2. However, while 2 was immediately formed, even at 

room temperature, the presence of significant amounts of unreacted 1 and 3 (Figure S4) hampered 

an effective purification of 2. In addition, all attempts to isolate complex 2 from reactions of L1 

with the more labile precursors [RuCl2(CHPh)(PCy3)(py)n] (n = 1, 2)16 were also unsuccessful. Our 

interest in preparing complex 2 was based in the assumption that it should be more active than 

complex 3 as catalyst for olefin metathesis, since bis(NHC) ruthenium alkylidene catalysts 

generally show lower catalytic activity than mixed NHC-phosphane complexes3 because, to form 

the catalytically-active 14-electron intermediate (by the accepted dissociative pathway4), NHC 

dissociation is more difficult than phosphane dissociation. 

Having in mind that the formation of bis(NHC) complexes from complex 1 has been shown 

to depend on both the steric and the electronic properties of the NHC,10g,17 we decided to examine 

the reactivity of 1 with germylenes featuring steric and electronic profiles different from those of 

L1, such as Ge(tBu2bzam)Cl and Ge(tBu2bzam)CH2SiMe3 (L2). While the chloridogermylene was 

unable to react with complex 1 (18 h at 60 oC), presumably because of its low basicity, the novel 

germylene L2, which was prepared by treating Ge(tBu2bzam)Cl with LiCH2SiMe3, resulted basic 

enough as to displace the PCy3 ligands of 1 at room temperature. However, as occurred with L1, 

the isolation of a pure compound was only achieved when an excess of L2 (1:L2 mole ratio = 

1:2.3) was used. The final product, which was isolated in 89 % yield, was subsequently identified 

as the cis-disubstituted derivative cis-[RuCl2(CHPh)(L2)2] (7; Scheme 2).  

Scheme 2. Equilibria between Products Arising from Complex 1 and Germylene L2 
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Figure 4. Molecular structure of compound 7 (35% displacement ellipsoids, H atoms have been omitted for clarity 
except that on C20). Selected bond lengths (Å) and angles (o): Ru1−C20 1.862(4), Ru1−Cl1 2.406(1), Ru1−Cl2 
2.385(1), Ru1−Ge1 2.3876(5), Ru1−Ge2 2.3904(5), C5−N1 1.313(5), C5−N2 1.341(5), C16−Ge1 1.989(4), C16−Si1 
1.869(4), C20−C21 1.466(6), C31−N3 1.345(5), C31−N4 1.318(5), C42−Ge2 1.967(4), C42−Si2 1.872(5), Ge1−N1 
1.974(4), Ge1−N2 1.990(3), Ge2−N3 1.964(3), Ge2−N4 1.980(3), C20−Ru1−Cl1 115.1(1), C20−Ru1−Cl2 111.7(1), 
C20−Ru1−Ge1 83.3(1), C20−Ru1−Ge2 84.0(1), Cl1−Ru1−Ge1 86.27(3), Cl1−Ru1−Ge2 160.95(3), Cl2−Ru1−Cl1 
86.24(4), Cl2−Ru1−Ge1 165.03(3), Cl2−Ru1−Ge2 86.65(3), Ge1−Ru1−Ge2 96.37(2). 

The XRD molecular structure of complex 7 (Figure 4) exhibits a distorted square pyramidal 

ligand arrangement around the ruthenium atom, with the benzylidene moiety occupying the apical 

position, but, contrasting with the structure of complex 3, it also shows a mutual cis disposition of 

the chlorido and germylene ligands. Although it is not unprecedented, such a cis ligand 

arrangement is unusual for ruthenium alkylidene complexes equipped only with monodentate 

ligands.1c,10f,12a,13a,14a,18 The ruthenium atom is 0.269(2) Å out of the basal plane and the benzylidene 

ligand, which has the phenyl group in the proximity of the chlorido ligands, has the carbenic 

carbon (C20) significantly shifted toward the germylene ligands (the C20–Ru–C11 and C20–Ru–

Cl2 angles are ca. 30o wider than the C20–Ru–Ge1 and C20–Ru–Ge2 angles). The molecule has 

an approximate (non-crystallographic) CS symmetry, the plane of symmetry being defined by the 

atoms of the benzylidene group. The Ru–Ge bond distances of 7, 2.3876(5) and 2.3904(5) Å, are 

more akin to each other and significantly shorter than those of 3, 2.4575(9) and 2.5043(9) Å, 

reflecting that the electron-withdrawing character of the chlorido ligands strengthens the trans 

Ru–Ge bonds. The Ru–C bond distance, 1.862(4) Å, is slightly longer than that of 3 but it is 

within the range of the Ru–C distances reported for related complexes with a cis 

configuration.10i,f,12a,13,14  

According to the cis stereochemistry of 7, its 1H NMR shows the benzylidene Ru=CH 

proton resonance significantly upfield-shifted10i,f,12a,13,14  (14.94 ppm in C6D6) with respect to the 
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same signal of complex 3 (20.43 ppm in C6D6) and other related trans complexes.1a,1b,4,10,12 

Regarding the germylene ligands, the 1H NMR spectrum revealed that both are equivalent but the 

NtBu groups of each amidinato fragment are inequivalent, indicating that the approximate CS 

symmetry observed in the solid state is maintained in solution. 

Aiming at shedding more light on the reaction pathway that leads to complex 7 from 

complex 1 and L2, the reaction was performed and monitored (by NMR) in a similar way as 

described above for germylene L1 (Figure 5). However, in contrast with the reaction of L1, 

different spectra were obtained 1 h and 18 h after each addition of L2. 

 
Figure 5. 1H (400.1 MHz, Ru=CH region only) and 31P{1H} (162.1 MHz) NMR spectra (293 K) of samples obtained 
(a) after mixing complex 1 with one equiv. of L2 in C6D6 and stirring for 1 h and 18 h, (b) after adding one equiv. of 
L2 to the previous solution and stirring for 1 h and 18 h, and (c) after adding half equiv. of L2 to the previous solution 
and stirring for 1 h and 18 h. Chemical shifts (d) are given in ppm. 

The 1H NMR spectrum recorded 18 h after the addition of the first equiv. of L2 to a C6D6 

solution of complex 1 (Figure 5a, right) contained three signals in the Ru=CH region, 

corresponding to unreacted 1 (20.58 ppm), 7 (14.92 ppm) and a new product (5; 20.22 ppm), the 

latter being a ca. 50 % of the mixture. The 31P{1H} NMR spectrum of this solution also contained 

three singlets, corresponding to complex 1 (36.2 ppm), free PCy3 (10.0 ppm) and the new product 

(5; 33.5 ppm). Following the same reasoning as that carried out after analyzing the NMR signals 

of compound 2 (vide supra), we identified compound 5 as the mixed germylene-phosphane 
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derivative trans-[RuCl2(CHPh)(L2)(PCy3)] (Scheme 2). The spectra recorded 18 h after the 

addition of another equivalent of L2 to the previous reaction mixture (Figure 5b, right) led to a 

significant decrease of the concentrations of 1 and 5 and an increase of the amount of 7, which 

was the major Ru=CHPh-containing species in solution (49 %). Accordingly, the 31P{1H} NMR 

spectrum of this solution showed free PCy3 and small amounts of 1 and 5. Finally, complex 7 was 

practically the only Ru=CHPh-containing product 18 h after adding 0.5 equiv. of L2 to the 

previous solution (2.5 equivalents in total) (Figure 5c, right). 

Interestingly, the 1H NMR spectra recorded 1 h after each addition of L2 (Figure 5a–c, left), 

beside the signals belonging to 1, 5 and 7, they contained the signals of another (minor) product 

(6; 19.22 ppm), which was silent in the 31P{1H} NMR spectra and that it was not observed after 18 

h of each addition of L2. As the signal at δ(1H) 19.22 ppm corresponds to the Ru=CHPh proton of 

a complex with a trans ligand arrangement,1a,1b,4,10,12 we believe that the transient species 6 is trans-

[RuCl2(CHPh)(L2)2], which should be a kinetic product because it slowly evolves at room 

temperature to the cis derivative 7. We subsequently checked that this transformation is 

irreversible, because complex 6 was never detected (NMR) in solutions of 7. Similar trans-to-cis 

isomerizations have been reported for a few related complexes, upon thermal treatments or 

prolonged reaction times at room temperature.12a,18,19  

Therefore, the above-described data strongly support the reaction equilibria depicted in 

Scheme 2, in which the stepwise replacement of both PCy3 ligands of complex 1 by germylene L2, 

to sequentially give the trans intermediates 5 and 6, is followed by a trans-to-cis isomerization of 

6 into complex 7.  

It was unexpected that the final products of the reactions of complex 1 with germylenes L1 

(complex 3) and L2 (complex 7) had different structures despite both germylenes are very bulky 

(L1 is a bit bulkier than L2) and have a similar basicity. Aiming at comparing the thermodynamic 

stability of the trans (3) and cis (4) stereoisomers of [RuCl2(CHPh)(L1)2] and the trans (6) and cis 

(7) stereoisomers of [RuCl2(CHPh)(L2)2], the molecular structures of these four complexes were 

optimized by DFT methods (at the wb97xd/cc‐pVDZ/SDD(Ru) level of theory). This theoretical 

study indicated that, for [RuCl2(CHPh)(L1)2], the trans arrangement (3) is 8.9 kcal mol–1 more 

stable than the cis (4), whereas for  [RuCl2(CHPh)(L2)2], the trans arrangement (6) is 2.9 kcal mol–

1 less stable than the cis (7). Therefore, the reactions of complex 1 with L1 and L2 provide the 
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corresponding thermodynamic product (3 and 7, respectively). An analysis of the four optimized 

structures (Supporting Information, Figures S5–S8) revealed that the geometrical parameters of 

the trans products 3 and 6 are very similar, possibly because both germylene ligands are very far 

from each other within each molecule, while, in order to accommodate the larger L1 ligands in a 

cis arrangement, the square pyramidal structure of 4 is more distorted (toward a trigonal 

bipyramid) than that of 7, which contains a bit smaller L2 ligands. The Wiberg bond indices20 of 

the Ru–Ge bonds of the cis complexes 4 (1.32 and 1.24) and 7 (1.30 and 1.29) are greater than 

those of the trans complexes 3 (1.18 and 1.15) and 6 (1.15 and 1.19), and, for the isolated 

complexes 3 and 7, the dissociation energy21 of L1 from the trans complex 3 is considerably 

smaller (43.0 kcal mol–1) than that of L2 from the cis complex 7 (52.57 kcal mol–1). Therefore, in 

the absence of steric hindrances, the electron-withdrawing chlorido ligands prefer to be trans to 

the strong electron-donor germylene ligands and such a ligand arrangement results in shorter and 

stronger Ru–Ge bonds. In our case, this occurs only in the cis complex 7. Theoretical studies on 

related ruthenium indenylidene complexes have revealed the existence of a linear relationship 

between the size of the ancillary ligands and the relative stability of the trans and cis isomers.18a 

Having complexes 3 and 7 in hand, we tested them as catalyst precursors for olefin 

metathesis. The ring-closing metathesis (RCM) of diethyl 2,2-diallylmalonate to cyclopent-3-ene-

1,1-dicarboxylate and the ring-opening metathesis polymerization (ROMP) of norbornene were 

tested as benchmark catalytic reactions, under the standard reaction conditions used by Grubbs 

and co-workers22 for RCM and by Hermann and co-workers10k for ROMP, that is, 1 mol % catalyst 

loading in CD2Cl2 at 30 °C (RCM) or 25 oC (ROMP). In all cases (Tables S1 and S2), the substrate 

conversion was low or moderate at the initial stages of the reactions (5–15 min) and it increased 

very slowly (or not at all) at longer reaction times (2–24 h), hinting to catalyst decomposition. 

These catalytic activities are very low compared with those afforded by benchmark olefin 

metathesis ruthenium alkylidene catalysts, which generally render full conversions within the first 

30 min in the same conditions.10k,22 The low catalytic activities found for 3 and 7 might also be 

caused by the difficulty of the complexes to generate (by ligand dissociation) the 14-electron 

species necessary to initiate the catalytic cycles, as a consequence of the strong electron-donation 

of the germylene ligands. Low catalytic activities at room temperature have also been reported for 

analogous bis(NHC) ruthenium complexes,3a,10d,e,g but this issue has been circumvented raising the 

working temperature. Having this in mind, we also performed the RCM reaction at 80 ºC in 
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toluene-d8, but, unfortunately, the higher temperature deactivated complex 3 and it did not 

improve the catalytic activity of 7 (Table S1). Most probably, the high temperature reduces the 

stability of the catalyst precursors and/or that of the free germylenes (released from the catalyst 

precursors), which are very reactive molecules. Lowering the temperature to 50 ºC gave similar 

results for both catalyst precursors. 

CONCLUDING REMARKS 

In summary, the first Grubbs-I-type carbene complexes supported by germylene ligands, 

namely, the bis(germylene) derivatives trans-[RuCl2(CHPh)(L1)2] (3) and cis-[RuCl2(CHPh)(L2)2] 

(7), have been prepared in high yields from the first-generation Grubbs’ catalyst trans-

[RuCl2(CHPh)(PCy3)2] (1). DFT calculations have shown that, for complexes of this kind, the 

most stable stereochemistry is cis only when in this arrangement there is not steric hindrance 

between the germylene ligands; therefore, the different stereochemistry of 3 and 7 is a 

consequence of the different volume of L1 and L2 (the former is larger than the latter). 

Although the mixed ligand complexes trans-[RuCl2(CHPh)(L1)(PCy3)] (2) and trans-

[RuCl2(CHPh)(L2)(PCy3)] (5) and the disubstituted derivative trans-[RuCl2(CHPh)(L2)2] (6) could 

not be isolated, they have been identified as reaction intermediates by NMR, which has confirmed 

the reaction sequences 1 ® 2 ® 3 (reaction of 1 with L1) and 1 ® 5 ® 6 ® 7 (reaction of 1 with 

L2). 

Complexes 3 and 7 have been tested as catalyst precursors for the RCM of diethyl 2,2-

diallylmalonate and the ROMP of norbornene, but the catalytic activities observed at the initial 

stages of the reactions rapidly slowed down, hinting to catalyst decomposition. 

These results, while not relevant for the point of view of catalytic activity, showed for the 

first time that heavier tetrylenes, in this case two germylenes, can be used as ancillary ligands for 

the preparation of Grubbs-type complexes. Having in mind the tremendous potential and 

versatility that this type of ligands has shown in the last few years (a plethora of silylenes, 

germylenes and stannylenes, having a great variety of electronic and steric characteristics, are 

currently available), the present contribution opens new opportunities for the design of 

organometallic complexes and olefin-metathesis catalysts.  
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EXPERIMENTAL SECTION 

General Procedures. All reactions and manipulations were carried out under argon in a 

dry glove-box equipped with a vacuum line. Solvents were dried over appropriate desiccating 

reagents, distilled under argon, and transferred to the glove-box before use. Germylenes 

Ge(tBu2bzam)tBu (L1)11c and Ge(tBu2bzam)Cl23 were prepared following published procedures. All 

remaining reagents/solvents were purchased from commercial sources. The reaction products were 

vacuum-dried for several hours prior to being weighted and analyzed. NMR spectra were run on 

Bruker NAV-400 and AV-300 instruments; the standards used were the residual protic solvent 

resonance for 1H [δ(C6HD5) = 7.16 ppm], the solvent resonance for 13C [δ(C6D6) = 128.10 ppm] 

and aqueous 85% H3PO4 as external reference for 31P [δ(H3PO4) = 0.00 ppm]. Microanalyses were 

obtained with a Perkin-Elmer 2400 microanalyzer. High-resolution mass spectra (HRMS) were 

obtained with a Bruker Impact II mass spectrometer operating in the ESI-Q-ToF positive mode.  

 Ge(tBu2bzam)CH2SiMe3 (L2). A pentane solution of LiCH2SiMe3 (1.0 mL, 1 M, 1.0 

mmol) was added to a solution of Ge(tBu2bzam)Cl (339 mg, 1.0 mmol) in toluene (2 mL). The 

resulting suspension was stirred at room temperature for 1 h. The solvent was removed under 

reduced pressure and the residue was extracted into 2:1 toluene:hexane (3 x 3 mL). Solvent 

removal allowed the isolation of L2 as a light yellow solid (384 mg, 98 %). Anal. (%) Calcd for 

C19H34GeN2Si (M = 391.20 g mol–1): C, 58.33; H, 8.76; N, 7.16; found C, 58.12; H, 8.61; N, 7.23. 
1H NMR (C6D6, 300.1 MHz, 293 K): δ 7.11–6.99 (m, 5 H, 5 CH of Ph), 1.03 (s, 18 H, 6 CH3 of 2 

NtBu), 0.74 (s, 2 H, CH2), 0.36 (s, 9 H, 3 CH3 of SiMe3). 13C{1H} NMR (C6D6, 75.5 MHz, 293 K): 

δ 163.7 (NCN), 136.9 (Cipso of Ph), 130.1–127.6 (5 CH of Ph), 53.2 (2 C of 2 NtBu), 32.1 (6 CH3 

of 2 NtBu), 22.3 (CH2), 2.1 (3 CH3 of SiMe3). Several phenyl CH signals overlap with that of the 

C6D6 solvent. 

Trans-[RuCl2(CHPh){Ge(tBu2bzam)tBu}2] (3). Toluene (1 mL) was added to a mixture of 

1 (100 mg, 0.122 mmol) and L1 (101 mg, 0.281 mmol). The original purple suspension changed 

immediately to light red and it was stirred at room temperature for 18 h. The solvent was removed 

under reduced pressure and the residue was washed with hexane (3 x 1 mL) to give 3 as a light red 

solid (98 mg, 82 %). Anal. (%) Calcd for C45H70Cl2Ge2N4Ru (M = 984.29 g mol–1): C, 54.91; H, 

7.17; N, 5.69; found C, 54.85; H, 7.01; N, 5.54. (+)-ESI HRMS: found (calcd) m/z 985.2378 

(985.2366) [M – H]+. 1H NMR (C6D6, 300.1 MHz, 293 K): δ 20.47 (s, 1 H, CH of Ru=CH), 8.72 
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(d, J = 7.3 Hz, 2 H, 2 CH of Ph), 7.94 (d, J = 7.8 Hz, 2 H, 2 CH of Ph), 7.36 (t, J = 7.3 Hz, 1 H, 

CH of Ph), 7.22 (t, J = 7.6 Hz, 2 H, CH of Ph), 7.02 (d, J = 7.3 Hz, 2 H, CH of Ph), 6.96–6.86 (m, 

6 H, CH of Ph), 1.69 (s, 18 H, 6 CH3 of 2 GetBu), 1.15 (s, 36 H, 12 CH3 of 4 NtBu). 13C{1H} NMR 

(C6D6, 100.6 MHz, 293 K): δ 290.0 (Ru=CH), 169.7 (NCN), 153.9 (Cipso of Ru=CPh), 134.7 (2 

Cipso of 2 Ph), 132.4–127.3 (15 CH of 3 Ph), 53.4 (4 C of 4 NtBu), 36.7 (2 C of 2 GetBu), 32.2 (6 

CH3 of 4 NtBu), 29.9 (6 CH3 of 2 GetBu). Several phenyl CH signals overlap with that of the C6D6 

solvent. 

Cis-[RuCl2(CHPh){Ge(tBu2bzam)CH2SiMe3}2] (7). Toluene (1 mL) was added to a 

mixture of 1 (100 mg, 0.122 mmol) and L2 (110 mg, 0.281 mmol). The original purple suspension 

changed immediately to dark green and it was stirred at room temperature for 18 h. The solvent 

was removed under reduced pressure and the residue was washed with hexane (3 x 1 mL) to give 

7 as a green solid (113 mg, 89 %). Anal. (%) Calcd for C45H74Cl2Ge2N4RuSi2 (M = 1044.49 g mol–

1): C, 51.75; H, 7.14; N, 5.36; found C, 51.88; H, 7.03; N, 5.48. (+)-ESI HRMS: found (calcd) m/z 

1011.2578 (1011.2606) [M – Cl]+. 1H NMR (C6D6, 400.1 MHz, 293 K): δ 14.94 (s, 1 H, CH of 

Ru=CH), 8.34 (d, J = 7.4 Hz, 2 H, CH of Ph), 7.33–7.18 (m, 7 H, CH of Ph), 6.97–6.85 (m, 6 H, 

CH of Ph), 1.37 (s, 22 H, 6 CH3 of 2 NtBu and 2 CH2), 0.82 (s, 18 H, 6 CH3 of 2 NtBu), 0.43 (s, 18 

H, 6 CH3 of 2 SiMe3). 13C{1H} NMR (C6D6, 100.6 MHz, 293 K): δ 277.6 (Ru=CH), 169.1 (NCN), 

150.7 (Cipso of Ru=CPh), 134.2 (2 Cipso of 2 Ph), 132.7–127.1 (15 CH of 3 Ph), 54.7 (2 C of 2 

NtBu), 54.5 (2 C of 2 NtBu), 32.8 (6 CH3 of 2 NtBu), 31.5 (6 CH3 of 2 NtBu), 18.7 (2 CH2), 2.3 (6 

CH3 of 2 SiMe3). Several phenyl CH signals overlap with that of the C6D6 solvent. 

NMR Monitoring of the Reactions of 1 with L1 and L2. Two J. Young-sealed NMR 

tubes were loaded with 1 (50 mg, 0.061 mmol), L1 (22 mg, 0.061 mmol) or L2 (24 mg, 0.061 

mmol), and C6D6 (0.4 mL). The resulting solutions were stirred at room temperature and analyzed 

by 1H and 31P{1H} NMR after 1 h and 18 h. Another equivalent of L1 (22 mg, 0.061 mmol) or L2 

(24 mg, 0.061 mmol), as appropriate, was then added to each NMR tube and the resulting 

solutions were analyzed by 1H and 31P{1H} NMR after 1 h and 18 h. Finally, 0.5 equivalents of L1 

(11 mg, 0.031 mmol) or L2 (12 mg, 0.031 mmol), as appropriate, were then added to each NMR 

tube and the resulting solutions were analyzed by 1H and 31P{1H} NMR after 1 h and 18 h. The 

resulting NMR spectra are shown in Figures 3 (for L1) and 5 (for L2). 
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Reaction of 1 with 3. A J. Young-sealed NMR tube was loaded with 1 (25 mg, 0.031 

mmol), 3 (30 mg, 0.031 mmol) and C6D6 (0.3 mL), and the solution was stirred at room 

temperature for 6 h. The resulting 1H and 31P{1H} NMR spectra are shown in Figure S4. Longer 

reaction times (24 h) or a higher temperature (30 min at 100 ºC) rendered similar NMR spectra. 

Reaction of 1 with 7. A J. Young-sealed NMR tube was loaded with 1 (25 mg, 0.031 

mmol), 7 (31 mg, 0.031 mmol) and C6D6 (0.3 mL), and the solution was stirred at room 

temperature for 6 h. The resulting 1H and 31P{1H} NMR spectra showed only the signals of the 

starting reagents. Longer reaction times (24 h) rendered similar NMR spectra, but a higher 

temperature (30 min at 100 ºC) led to the disappearance of complex 7 and the formation of a 

mixture of unidentified species. 

Catalytic RCM of Diethyl 2,2-Diallylmalonate. A J. Young-sealed NMR tube was loaded 

with a stock solution of the appropriate catalyst precursor 3 or 7 (81 µL, 0.0097 M in CD2Cl2, 0.79 

µmol), diethyl 2,2-diallylmalonate (19 µL, 0.079 mmol) and CD2Cl2 or toluene-d8 (0.75 mL). The 

tube was placed in an oil bath thermostated at 30 ºC (CD2Cl2 solutions) or 80 ºC (toluene-d8 

solutions) and 1H NMR spectra were recorded at the intervals indicated in Table S1. The 

conversion to diethyl cyclopent-3-ene-1,1-dicarboxylate was determined from the integrals of the 

methylene protons of the starting material, δ(1H) 2.61 (dt) in CD2Cl2 or 2.73 (dt) in toluene-d8, and 

the final product, δ(1H) 2.98 (s) in CD2Cl2 or 3.05 (s) in toluene-d8. 

Catalytic ROMP of Norbornene. A J. Young-sealed NMR tube was loaded with the 

appropriate catalyst precursor 3 (6.2 mg, 6.3 µmol) or 7 (6.6 mg, 6.3 µmol), norbornene (59 mg, 

0.63 mmol) and CD2Cl2 (0.5 mL). The tube was placed in an oil bath thermostated at 25 ºC and 1H 

NMR spectra were recorded at the intervals indicated in Table S2. The conversion to the polymer 

was determined from the integrals of olefinic protons of the starting material, δ(1H) 5.99 (m), and 

the final product, δ(1H) 5.36 (m). 

X-Ray Diffraction Analyses. Crystals of 3 and 7·CH2Cl2 were analyzed by X-ray 

diffraction. A selection of crystal, measurement and refinement data is given in Table S3. 

Diffraction data were collected on an Oxford Diffraction Xcalibur Onyx Nova single crystal 

diffractometer with CuKa radiation. Empirical absorption corrections were applied using the 

SCALE3 ABSPACK algorithm as implemented in CrysAlisPro RED.24 The structures were solved 
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with SIR-97.25 Isotropic and full matrix anisotropic least square refinements were carried out using 

SHELXL.26 All non-H atoms were refined anisotropically. H atoms were set in calculated 

positions and were refined riding on their parent atoms. The WINGX program system27 was used 

throughout the structure determinations. The molecular plots were made with MERCURY.28 

CCDC deposition numbers: 1558784 (3) and 1558785 (7·CH2Cl2). 

Theoretical Calculations. DFT calculations were carried out using the wB97XD 

functional,29 which includes the second generation of Grimme’s dispersion interaction correction30 

as well as long-range interactions effects. This functional reproduces the local coordination 

geometry of transition metal compounds very well and it also corrects the systematic 

overestimation of non-bonded distances seen for all the density functionals that do not include 

estimates of dispersion.31 The Stuttgart-Dresden relativistic effective core potential and the 

associated basis sets (SDD) were used for the Ru atom.32 The basis set used for the remaining 

atoms was the cc-pVDZ.33 The stationary points were fully optimized in gas phase and confirmed 

as energy minima (all positive eigenvalues) by analytical calculation of frequencies. All 

calculations were carried out with the Gaussian09 package.34 
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