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C—H and Si—H Activation Reactions at Ru/Ga Complexes: A
Combined Experimental and Theoretical Case Study on the

Ru—Ga Bond

Maximilian Muhr* Raphael Biihler*,” Hao Liang,™ Jonas Gilch,” Christian Jand|,”
Samia Kahlal,™ Jean-Yves Saillard,*®™ Christian Gemel,”™ and Roland A. Fischer*®

Abstract: Treatment of [Ru(COD)(MeAllyl),] and [Ru-
(COD)(COT)] with GaCp* under hydrogenolytic conditions
leads to reactive intermediates which activate Si-H or C—H
bonds, respectively. The product complexes [Ru-
(GaCp*);(SiEt;)H] (1) and [Ru(GaCp*);(C,H,)H;] (2) are formed
with HSiEt; or with toluene as the solvent, respectively. While
1 was isolated and fully characterized by NMR, MS, IR and SC-
XRD, 2 was too labile to be isolated and was observed and
characterized in situ by using mass spectrometry, including

labelling experiments for the unambiguous assignment of the
elemental composition. The structural assignment was con-
firmed by DFT calculations. The relative energies of the four
isomers possible upon toluene activation at the ortho-, meta-,
para- and CHs;-positions have been determined and point to
aromatic C—H activation. The Ru—Ga bond was analyzed by
EDA and QTAIM and compared to the Ru—P bond in the
analogue phosphine compound. Bonding analyses indicate
that the Ru-GaCp* bond is weaker than the Ru-PR; bond.

Introduction

Cooperative effects between transition metals TM and electro-
positive metals E (e.g. group 12 and 13 elements) play an
important role in bond activation reactions of small molecules,”'!
both in molecular compounds' as well as intermetallic solid-state
materials.">'? The cooperative effects are mostly attributed to
the electronic properties of intermetallic bonds, featuring electro-
philic centers E(6™) in direct vicinity to an electron rich TM(&")
with pronounced reductive character.*'® Key examples are the
Ni/Al complex [(Cp*Al);Ni(u-H)AI(CgHs)(n'-Cp*], which is formed
by C—H activation of CiHy (benzene) at the coordinatively
unsaturated 16 VE intermediate [Ni(AlCp*);l"” and the Rh/Ga
complex [Cp*Rh{n>-CsMe,Ga(CH,);}1, which is formed by C-C
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activation of Cp*."® DFT calculations revealed that the electro-
philic character of the gallium center favors the crucial C—C
activation reaction step, allowing the reaction to proceed under
extremely mild conditions.

Unsaturated Ruthenium phosphine complexes [Ru(PR;),]
(n=3, 4) are well-established and are known to activate
H-H,'21 C—H® and C-C®' bonds. Berry and co-workers
reported on an oxidative-addition/reductive-elimination equili-
brium of different substituted silanes in [Ru(PMe;),(SiR;)H].?
The same complex is also capable of activating the C—H bond
of benzene in a sequence of similar reactions. They also report
the formation of the polyhydride [Ru((PMe;);(SiEt;)H;] from
[Ru(PMe;),H,1.24

[Ru(GaCp*);H,], which is formed by H—H activation, has
been identified as an intermediate in the formation of the
cluster [(GaCp*),HRu(u-Ga)RuH,(GaCp*),].*”

In the light of these results and the fact, that experimental
as well as theoretical studies support the isolobal relation
between GaCp* and phosphines®=? we were interested to
investigate the reactivity of the unsaturated [Ru(GaCp*);H,] in
C—H and Si—H bond activation in the context of cluster growth.

The complex [(Ru(GaCp*);(SiEt;)H;] (1) is obtained from
[Ru(COD)(MeAllyl),]  (COD=1,5-cyclooctadiene; MeAllyl =2-
methylallyl) and GaCp* in HSiEt; under hydrogenolytic con-
ditions, whereas in less reactive solvents (n-hexane,
cyclohexane), uncontrolled cluster growth is observed. Complex
1 is a structural analogue to [Ru(PMe;);(SiEt;)H;]. It was
characterized via SC-XRD, NMR, MS, IR, Raman, UV/Vis and
elemental analysis. The analogous complex [Ru(GaCp*);(C,H,)H;]
(2) is formed upon C—H activation of toluene and was identified
by high-resolution mass spectrometry, with DFT calculations
allowing the assignment of a plausible structure. Finally, we
performed a detailed comparison of the Ru—Ga and Ru—P

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


http://orcid.org/0000-0002-6977-5002
http://orcid.org/0000-0002-7532-5286
https://doi.org/10.1002/chem.202200887
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.202200887&domain=pdf&date_stamp=2022-08-03

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202200887

bondings, including energy decomposition analysis (EDA) and
quantum theory of atoms in molecules (QTAIM) analysis.

Results and Discussion
Synthesis and characterization [Ru(GaCp*);(SiEt;)H;] (1)

The stoichiometric reaction (based on the Ru/Ga ratio) of
[Ru(COD)(MeAllyl),]  (COD=1,5-cyclooctadiene; MeAllyl=2-
methylallyl) with three equivalents of GaCp* in triethylsilane
under 3 bar H, pressure leads to a dark orange solution after
6 h at 60°C (Figure 1a). After removing all volatiles in vacuo,
yellow crystals suitable for single crystal x-ray diffraction (SC-
XRD) of 1 can be obtained by recrystallization from n-hexane at
—30°C. SC-XRD reveals a ruthenium centered complex, tetrahe-
drally surrounded by three GaCp* ligands and one SiEt; unit
(Figure 1b). The compound’s architecture is isostructural to
Berry’s complex [Ru(PMe;);(SiEt;)H;]. It should be noted that the
hydride ligands could not be located with final certainty in the
structure refinement. The Ru—Ga bond lengths, which vary only
slightly from 2.376(3) A to 2.385(6) A, as well as the
Ga—CP* enroig distances (1.970-1.982 A), are in good agreement
with distances reported in the literature.”***>* The Ru—Si bond
length (2.373(2) A) also matches Ru—Si bond lengths reported
in the literature.®%*”! Notably, it only differs 0.003 A from the
isostructural [Ru(PMes);(SiEt;)H;].%¥ The tetrahedral structure is
distorted, due to the three sterically demanding GaCp*,
resulting in Ga—Ru-Si angles ranging from 118.1° to 121.0°.

The 'H NMR gives the expected set of signals for the three
GaCp* (0=1.88 ppm, s, 45 H) and the three ethyl groups of the
silyl (0=1.26 ppm, t, 9 H; 6=0.92 ppm, q, 6 H). This is in good
agreement with the C signals: The Cp* ligand (ring carbon at

a) SiEty
= H, (3 bar) H
\ \ 2
? \\ N 6,60 °C nzl A
PR e SR A
" L/ (HSiEty) e i i
¥ GaCp*
(U]
p— y c)

Figure 1. a) Reaction scheme for the synthesis of 1. b) Molecular structure of
[Ru(GaCp*);(SiEt3)Hs] (1). Ellipsoids at the 50 % probability level. H atoms are
omitted for clarity. Selected bond lengths (A) and angles (deg):
Ru1—-Ga1=2.376(3), Ru1—-Ga2 =2.376(4), Ru1—-Ga3 =2.385(6),
RU1=Si1=2.373(2), Ga—Cp* .ery = 1.970-1.982; Gal—Ru1—Ga2 = 96.43(2),
Gal-Ru1-Ga3 =99.36(2), Ga2—Ru1-Ga3=97.29(2), Ga1—-Ru1-Si1 = 120.98(2),
Ga2—Ru1-Si1 =119.73(2), Ga3—Ru1-Si1=118.10(3). Space group: P 1 21/c 1.
c) DFT-optimized structure (BP86/TZ2P) showing the hydrides’ positions. Ru-
H=1.626-1.631 A; Si-H=2.067-2.155 A Other C and H atoms omitted for
clarity.
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0=113.5 ppm and methyl groups at d=10.0 ppm), as well as
the silyl-ethyl signals for CH, (6 =10.5 ppm) and CH, groups (0 =
20.2 ppm). Moreover, the 'H NMR shows one broad singlet at
0=-13.31 ppm with a relative intensity equivalent to 2.7, strongly
indicating the presence of three hydrides similar to [Ru-
(PMe,),(SiEt;)H;]. The presence of hydrides is further supported
by vibrational spectroscopy: In the infrared spectrum an intensive
broad band at 1898 cm™', along with a small shoulder at
1771 cm™" is present in the typical Ru—H region. The expected
band in the Raman spectrum, is observed at 1913 cm™' (Fig-
ure 524). High resolution liquid injection field desorption ioniza-
tion mass spectrometry (LIFDI-MS) gives rise to a signal for [M-
2H]** (m/z=832.131; calc=832.134), we attribute the loss of
two H atoms to fragmentation. Based on the SC-XRD structural
data of 1, its geometry was fully optimized by DFT calculations at
the BP86/TZ2P level (see Computational Details). In analogy to
the molecular structure of [Ru(PMe,)(SiEt;)H;]*, the structure of
lowest energy found for 1 (confirmed as a minimum by
frequency calculations) corresponds to a configuration in which
the three hydrides are located in an umbrella-like arrangement
(Figure 1c). The DFT-simulated spectrum (Figure S22) is in
reasonable agreement with the experimental data, showing
Ru—H bands at 1985 cm™' (symmetric stretch), 1961 cm™' and
1942 cm™' (both asymmetric stretches). This optimized structure
is in very good agreement with the crystal structure. Ru—Ga and
Ru—Si bonds only differ by less than 0.005 A, and bond angles of
the ‘metal core’ (Ru/Ga/Si) only by less than 4°. The computed
Si...H distances (2.067 A-2.155 A) are indicative of no bonding
interaction. All calculated Ru—H distance are almost equivalent,
ranging from 1.626 to 1.631 A. The computed H-H distances
(2.404 A-2.493 A) indicate classical hydride ligands rather than
dihydrogen-bonding. This is confirmed in a T, relaxation NMR
experiment  (Figure S5), with T,(min)=546-1231 ms (193 K-
293 K). The computed 'H hydride chemical shifts (—10.3 ppm)
are 3 ppm lower than their experimental counterparts, whereas
the other computed 'H signals differ by less than 1 ppm than
their observed homologues. The same situation is found for the
hydride signal in the related complex [Ru(PMe;,);(SiEt;)H;]
(computed: —7.7 ppm; recorded —10.53 ppm?!), whereas the
average deviation of all other proton signals is also less than
1 ppm. All these results strongly support the trihydride nature of
1.

C-H activation of toluene: [Ru(GaCp*);(C,;H,)H] (2)

After observing that Si—H bonds can be activated, we wanted
to investigate whether C—H bonds can also be activated in a
similar manner. Thus [Ru(COD)(MeAllyl),] and [Ru(COD)(COT)]
(COT=1,3,5-cyclooctatriene) were reacted with GaCp* under
analogous reaction conditions to 1 in toluene. Both reactions
lead to dark brown solutions even after a short time of
20 minutes. Notably, the formation of 1 seems to be slower as
judged by the color change to orange after six hours. LIFDI-MS
suggests the formation of a series of toluene containing
compounds. As shown by experiments with different Ru
precursors, the nature of the Ru source is important for the

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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product distribution, however, differences become prominent
only after prolonged reaction times. After one hour the reaction
solutions of [Ru(COD)(MeAllyl),]/GaCp* as well as [Ru-
(COD)(COT)1/GaCp* in toluene contain products producing the
same series of ions, which can be assigned to different toluene
containing species: [Ru,(GaCp*),(C;Hg)H,1**  (m/z=1116.056;
calc=1116.058), [Ru,(Ga)(GaCp*);(C;Hg)HI**  (m/z=980.933;
calc=980.933), [Ruy(GaCp*);(C,HgH,1** (m/z=912.015; calc=
912.014), [Ru(GaCp*);(C;Hg)H,1** (m/z=810.109; calc=810.110),
[Ru(GaCp*),(C,Hg)1** (m/z=604.051; calc=604.051). While the
mass spectrum of the reaction solution of [Ru(COD)(COT)l/
GaCp* remains largely unchanged over time, the mass
spectrum of the reaction solution of [Ru(COD)(MeAllyl),]/GaCp*
reveals almost exclusively the ion [Ru(GaCp*,)(C;H,)H;1™* (2%°)
after 48 h. We conclude from the measured sum formula that
this signal does not represent a fragment but rather the
molecular ion 2**, since the corresponding neutral complex 2
satisfies the 18 valence electron (VE) rule and is isoelectronic to
1. A pattern at m/z=604.051 ([Ru(GaCp*),(C;Hg)]1"*) is assigned
to the fragment [M-GaCp*-2H]** of 2 (Figure 2a). These assign-
ments and the composition of 2 could be confirmed by double
labelling experiments with toluene-dg (Figure 2b) and with the
mono ethyl-substituted derivative GaCp*™ (Cp*™=1-ethyl-
2,3,4,5-tetramethylcyclopentadienyl) (Figure 2c), revealing the
expected m/z differences of respectively 8 and 42 (three
additional CH, groups).

In contrast to 1, compound 2 could not be isolated. It is
formed in solution after long reaction times and can be enriched,
although some thermal degradation in solution is also observed
then, becoming obvious from the formation of metallic precip-
itate and mirror. We also noticed a stark influence of the
concentration, i.e. 2 can be enriched only when working at low
concentrations (Cy <5 mg/mL). Combined with the unstable
nature of 2 under reduced pressure, it was thus impossible to

| [RuGa,Cp™;(C7H7)H]

| -GaCp*
| H,
Cp*
r [RuGa;Cp*,(C7H7)H;)
- i

¥ T 15 T T 1
400 500 0f 700 800 900

A) -Cp* [RuGa;Cp*3(C7Hs)H;]
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Figure 2. a) Size focused LIFDI-MS spectrum of 2 with the composition of the
molecular ion and the main fragments given. b) LIFDI-MS patterns of 2 for
the reaction in toluene and the labeling experiment using toluene-dg and c)
the LIFDI-MS patterns of 2 with Cp* and Cp*®. The m/z difference of 8 and
42 respectively shows the incorporation of one toluene and three Cp* into
the compound.
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crystalize the compound or to characterize enriched/pure
samples with solution spectroscopic techniques (NMR, IR). Never-
theless '"H NMR of reaction solutions shows hydride signals
(—14.15, —15.63, —16.03 and —16.22 ppm, Figure S6), as does
the IR spectrum with bands at 1807 and 1861 cm™' (Figure S23).
Inspired by the thermal induced reductive elimination of HSiEt,
from [(Cp*Al);NiH(SIEt;)] yielding [(Cp*Al);Ni(u-H)AI(CsHs)('-Cp*]
by subsequent C—H activation of benzene,” we attempted the
preparation of a pure sample of 2 from thermal treatment of 1 in
toluene. Even under harsh conditions, no reaction was observed.
A similar behavior was observed for the treatment of a solution
of 2 with an excess of HSIEt;.

As no experimental access to structural data was possible,
reasonable structures representing energy minima for the
postulated trihydride complex 2 were calculated on the DFT
level of theory. The energetically most favorable structures
correspond to activated toluene in ortho, meta, para and
benzylic position, respectively (Figure 3). Their computed rela-
tive energies indicate that the products upon C—H activation at
an aromatic position are almost equal in energy and are favored
with respect to the activation at the benzylic position. The
energy difference between the ortho and meta isomers is
insignificant and that of the para relative is barely larger. Thus,
even if not considering the possibility of topological isomerism
for each individual ortho, meta and para system, the possibility
of having several isomers in solution should not be excluded.
These calculations only reflect thermodynamic stability. In order
to investigate differences in regioselectivity between each site’s
activation, we performed analogous experiments in benzene
(all-aromatic) as well as in tert-butylbenzene (no benzylic C—H).
Indeed, in both cases the respective signals (m/z) of the
expected activation products were observed by LIFDI-MS
(Figures S12 and S13; benzene: m/z=796.094; calc=796.094;
tert-butylbenzene: m/z=2852.155; calc=852.157). The presence
of the respective benzene activation is further supported by the
corresponding hydride signal (—16.56 ppm; Figure S7).

Taken together our experimental and computational data it
is reasonable to assume that the formation of 2 proceeds via
C—H activation of toluene on the electron-deficient intermedi-

o Meta
o >» N

o

LS - e k7i4
X

Figure 3. Calculated isomers of 2 with their relative total (AE) and free (AG)
energy differences in kcal/mol (top: AE; bottom:AG). Cp* and hydrogen
atoms of toluene omitted for clarity.

Methyl
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ate [(Cp*Ga);RuH,].” To validate this hypothesis, the hydro-
genolysis of ruthenium complexes with GaCp* was performed
in n-hexane to prevent C—H or Si—H activation. This may lead to
the activation of a second H, equivalent.”® While there is no
experimental evidence for a potential [(Cp*Ga);RuH,], cluster
growth reactions are observed by LIFDI-MS (Figure S14). This
points to reactive intermediates and related competing reac-
tions between bond activation (in aromatic solvents or silane)
and cluster growth.

Starting from [(Cp*Ga);RuH,], DFT calculations allow the
rationalization of the observed reactivity from a thermodynamic
point of view. C—H activation of toluene at [(Cp*Ga);RuH,] is
thermodynamically favorable according to free energy calcu-
lations (AG=—11.8 kcal/mol). Note that replacing toluene by
benzene barely changes the reaction energy (AG=—11.3 kcal/
mol). Replacing [(Cp*Ga);RuH,] by its hypothetical phosphine-
ligated analogue [(PMe;);RuH,] cancels the exergonicity of the
toluene C—H activation reaction (AG= + 1.4 kcal/mol). A similar
trend and energetic difference are found for the Si—H addition
of HSiEt; on the same electron-deficient species. In the case of
[(Cp*Ga);RuH,], AG=—43.1 kcal/mol, whereas in the case of
[[(PMe;);RuH,], AG = —28.8 kcal/mol.

Theoretical investigations on the Ru-Ga and Ru-P bonding

Both 1 and [Ru(PMe,);(SiEt;)H,] are hepta-coordinated Ru(lV) 18
VE complexes that can be described as made of a pseudo-
octahedral [RulL;H;] (L=GaCp* PMe;) unit to which an SiEt;
ligand is added along the C; axis. The four Ru(lV) electrons are
expected to occupy non-bonding 4d orbitals, i.e., those which
do not point towards ligands, namely MOs of dominant xy and
x*y? character (considering the z axis colinear with the Ru-Si
bond). As shown by the Kohn-Sham orbital diagrams of 1 and
[Ru(PMe,);(SiEt;)H;] (Figure 4), these two orbitals are the HOMO
and HOMO-1 of the complexes. Despite their qualitatively related
electronic structures, both complexes have some differences, as
exemplified by their HOMO-LUMO gaps, that of 1 being much
lower than that of its phosphine analogue. The lowest metal-
ligand antibonding orbital of 1 is its LUMO, whereas it is the
LUMO+1 in the phosphine complex. Selected computed data
for both complexes are gathered in Table S1. They show roughly
similar bond distances around Ru in both complexes, with similar
Wiberg indices, which however indicate that the Ru—Ga bonding
is somewhat weaker than the Ru—P one. To gain deeper insights
into the Ru-L (L=GaCp* PMe;) bonding in 1 and [Ru-
(PMe,);(SiEt;)H;], we performed an energy decomposition analy-
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Figure 4. Kohn-Sham MO diagrams of 1 and [Ru(PMe,),(SiEt;)H;].

sis (EDA) of the interaction between two frozen molecular
fragments, according to the Morokuma-Ziegler procedure "
The decomposition of the total bonding energy (TBE) between
the [RuH;(SiEt;)] fragment and its L; shell is provided in Table 1.
TBE is expressed as the sum of four components: the Pauli
repulsion (Ep,;), the electrostatic interaction energy (E...), the
orbital interaction energy (E,,) and the component associated
with the dispersion forces (E;,). From comparing these TBE
values, it is clear that the Ru—L bonding is stronger in the case
where L=PMe; than for L=GaCp*. Whereas the Ep,,; and E,.,
components of the two compounds differ significantly, their
sum, which is often approximated to the steric part of the
interaction energy are about the same (Eg,,,=2.37 and 2.48 eV
for L=GaCp* and PMe;, respectively). Since the E, contributions
are also similar, the TBE main difference originates from the £,
components, which reflect difference in covalency. This is also
consistent with the difference in the HOMO-LUMO gaps. A similar
qualitative trend is found for the hypothetical unsaturated
species [Ru(GaCp*);H,] [Ru( PMe;);H,].

Another point of view can be provided by the quantum
theory of atoms in molecules (QTAIM) approach.*>*¥ Selected
QTAIM data associated with the Ru—Ga/P bond critical points in
1 and [Ru(PMe,);(SiEt;)H;] are collated in Table S2. In both

Table 1. Morokuma-Ziegler energy decomposition analysis of 1, [Ru(GaCp*);H,], and their trimethylphosphine analogues. All values are in eV.
Com-pound [Ru(GaCp*);(SiEts)Hs] (1) [Ru(PMe;);(SiEt;)H;] [Ru(GaCp*);H,] [Ru(PMe;);H,]
Fragmentation [RuH;(SiEt;)] + [GaCp*]; [RuH;(SiEt;)] 4 [PMe;]; [RuH,] + [GaCp*]; [RuH,] + [PMes];
Epui 11.52 15.19 11.55 16.94

Eostar —9.15 —12.71 —9.82 —1435

Eyp —5.99 —8.04 —6.86 —9.67

Egiep —145 ~136 —0.84 —0.94

TBE® —5.08 —6.93 —5.97 —8.02

Chem. Eur. J. 2022, e202200887 (4 of 6)
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compounds, the positive value of the Laplacian density, the
negative values of the energy and potential energy densities
and the larger than 1 |V|/G ratio are not contradicting the
typical description of a ligand-to-metal dative bonding in both
compounds.** The delocalization index is indicative of a
weaker Ru—Ga covalent interaction, in agreement with the EDA
analysis and Wiberg bond indices. The AIM charges indicate a
more negatively polarized Ru in the case of Ru—Ga as compared
to Ru—P. This points to a bond polarization of the form TM(6")-
E(0"), which could already be expected from previous
reports,'*?%3" As shown in Tables 1, S1 and S2, the Ru—Ga vs.
Ru—P bonding features are maintained on the hypothetical 16
VE intermediates [Rul;H,] (L=GaCp*, PMe;).

Conclusion

Ru/Ga complexes have been investigated with respect to their
behavior in C—H and Si-H bond activation reactions. [Ru-
(GaCp*);H,] has been proposed as the crucial intermediate in the
bond activation reactions, DFT calculations confirming the
increased reactivity with respect to the phosphine analogue
[Ru(PMe;);H,].

[Ru(GaCp*);H,] has also been described in earlier studies as
a reactive intermediate on the way to Ru/Ga clusters. Thus,
reductive elimination of Cp*H leads to a ligand stabilized Ru/Ga
cluster with a linear Ru—Ga-Ru backbone.” This underlines the
crucial role of transient and/or intermediate species in cluster
growth reactions. The “proto” cluster species [Ru(GaCp*);H,]
obviously can act as a reactive building block for larger clusters,
whereby substrate (e.g. H,) or solvent molecules actively
intervene in the reaction process by stabilizing the intermedi-
ate. Controlling the resulting complexity often remains a
challenge. One possible approach to control cluster growth,
however, which has been recently successfully employed in the
synthesis of Ni/Al and Ni/Ga clusters is the use of alkynes as
additives.*” A propagation of this idea with the aim of
investigating larger Ru/Ga clusters is part of an ongoing project
and will be presented in future work.

Experimental Section

General remarks: All manipulations were carried out using standard
Schlenk techniques under inert atmospheres. Solvents were dried
using a MBraun Solvent Purification System. The final H,O content
of all solvents was measured via Karl Fischer titration and was
below 5ppm. Starting materials [Ru(COD)(MeAllyl),], [Ru-
(COD)(COT)] and GaCp* were synthesized according to literature
procedures. Elemental analysis was conducted at the microanalyt-
ical laboratory at the Technical University Munich. NMR spectra
were recorded on a Bruker AVIII 400 US spectrometer ('H, 400 MHz;
BC, 101 MHz) in C¢D,. Chemical shifts (in &) are described in ppm
relative to tetramethylsilane (TMS) and referenced to the solvent
resonances as internal standards. The signal multiplicity is given as
following: s =singlet, d =doublet, t=triplet or q=quartet.

LIFDI-MS: Liquid Injection Field Desorption lonization Mass Spec-
trometry (LIFDI-MS) was measured directly from an inert atmos-
phere glovebox with a Thermo Fisher Scientific Exactive Plus
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Orbitrap (mass accuracy 3 ppm; external calibration) equipped with
an ion source from Linden CMS.*®

Crystallography: For compound 1 X-ray diffraction intensities were
collected on a Bruker D8-Venture diffractometer equipped with a
CMOS detector (Bruker Photon- 100), an IMS microfocus with Mo K,,
radiation (L=0.71073 A) and a Helios optic. Suitable crystals were
coated in perfluoropolyether and mounted in the cooled nitrogen
stream (100 K) of the diffractometer on a kapton microsampler.
Diffraction data were processed with APEX Ill and the implemented
SAINT and SADABS programs. Structures were solved using SHELXT
and refined with SHELXL-2017 in conjunction with SHELXLE. Further
crystallographic details are provided in the Supporting Information.

Deposition Number(s) 2158227 (1) contain(s) the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.

Computational details: Density Functional Theory (DFT) calcula-
tions were carried out with the use of the ADF2020 code™*” with
the addition of Grimmes’s D3 empirical corrections®" to take into
account dispersion effects. The triple-zeta with two polarization
functions (TZ2P) basis set was used, together with the BP86°%**
exchange-correlation functional. All the optimized structures were
confirmed as true minima on their potential energy surface by
analytical vibration frequency calculations. Wiberg bond indices
were computed with the NBO 6.0 program® implemented in the
ADF2020 package. The QTAIM analysis“**’ was performed as
implemented in the ADF2019 suite.”>*® The 'H NMR chemical shifts
were computed on the BP86/TZ2P-optimized structures, according
to the GIAO method,®” with the B3LYP functional®® and taking into
account solvent (benzene) effect via the COSMO model.®*%"

Synthetic protocols

[Ru(GaCp*);(SiEt;)(H);] (1): A solution of 450 mg (1.0 equiv.,
1.410 mmol) [Ru(COD)(MeAllyl),] and 867 mg (3.0 equiv.,
4,230 mmol) GaCp* in 6 mL HSiEt; is freeze-pump-thawed-
degassed and pressurized with 3 bar H, in a 150 mL Fisher-
Porter bottle. The reaction solution turns from yellow to dark
orange over 6 h at 60°C. Residual HSiEt; is removed in vacuo
and 830 mg (71 %, 0.995 mmol) of 1 are obtained by recrystal-
lization from n-hexane. 'H NMR (C4D¢, 400 MHz):  [ppm]=1.88
(s, 45 H, GaCp*), 1.26 (t, 9H, SiCH,-CH,), 0.92 (g, 6H, Si-H,C),
—13.31 (s, 3H, Ru—H). *C NMR (C¢Ds, 101 MH2): & [ppm]=113.5
(s, C5(CH,)5), 20.2 (s, Si-CH,), 10.5 (s, SiCH,-CH,) 10.0 (s, C5(CH,)s).
ATR-IR [cm™']: 1898, 1771 (Ru—H). Raman [cm™']: 1913 (Ru—H).
UV-Vis (cyclohexane) A,.,=226 nm, 281 nm, 344 nm. LIFDI-MS
m/z=832.1313 [M-2H]". (calc=832.1339). Elemental analysis
calc. for RuGa,;Cs¢Hg;Si: C, 51.83; H, 7.61; Ga, 25.07; Ru, 12.12; Si,
3.37.Found: C, 51.74; H, 7.77; Ga, 24.3; Ru, 12.0; Si, 3.79.

[Ru(GaCp);(C,H,)H;] (2): 50.0 mg [Ru(cod)(MeAllyl),]
(1.0 equiv., 0.157 mmol) and 65.0 mg GaCp* (2.0, 0.313 mmol)
are inserted into a 150 mL Fisher-Porter Bottle, dissolved in
14 mL toluene. The solution is freeze-pump-thawed-degassed
and pressurized with 3 bar H,. The reaction mixture is stirred at
60°C for 48 h and then canula filtrated. LIFDI-MS m/z=810.1088
[M]* (calc=810.1100), m/z=604.0508 [M-GaCp*,H]* (calc=
604.0514).

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Ru/Ga compounds activate Si—H and
C—H bonds. Triethylsilane and toluene
are activated by the intermediate [Ru-
(GaCp*);H,] and form the respective
seven-fold coordinated Ru/Ga species.
The bonding situation of the inter-

Ga
o

mediate, the products, and their re-
spective phosphine analogues are
analyzed on the DFT level of theory,
and the Ru—Ga and Ru—P bond are
contrasted.
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