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Reaction of [HRuz(CO);1]~ (1) with [I(COD)Cl, in CH,Cl, under a H, atmosphere afforded dihydride
[H2Ruslr(CO)1o] ™ (2), which was quantitatively protonated to HzRuslr(CO)y, (3) by strong acids such as
HBF4-Et,O. The related mono-hydride [HRusIr(CO)1512~ (4) was obtained by deprotonation of 2 with a
strong base such as KO'Bu, or by the reaction of 1 with [I(CO)4]~ in refluxing THF. Hydride carbonyl
clusters 2—4 were fully characterized by IR and 'H NMR spectroscopies, and the molecular structures of
2 and 3 were determined by single-crystal X-ray diffraction (SC-XRD). The location of the hydride
ligands within the tetrahedral cages of these clusters was further corroborated by computational studies
employing DFT methods. Clusters 2—4 were tested as catalyst precursors for transfer hydrogenation on
the model substrate 4-fluoroacetophenone, using 'PrOH as a solvent and a hydrogen source. The
results obtained using these heterometallic Ru—Ir clusters were compared to those using homometallic
1, evidencing a significant difference, particularly regarding the effect of the base on catalysis. Hetero-
metallic cluster 2 was also tested in the hydrogenation of trans-cinnamaldehyde in ‘PrOH at refluxing

rsc.li/njc

Introduction

Heterometallic complexes, clusters and nanoparticles find
several applications in homogeneous and heterogeneous cata-
lysis, due to synergistic effects of metal centres possessing
different nature."™' In this respect, molecular clusters and
nanoclusters represent a link between metal complexes and
metal nanoparticles."””>" Molecular clusters may be used in
homogenous catalysis or as precursors of supported hetero-
geneous nanostructured catalysts.>*>°

[RusIr(CO),5]~ showed high catalytic activity for the carbo-
nylation of methanol.”®?” HRu;Ir(CO),; acted as an effective
catalyst in the hydrogenation of diphenylacetylene to stilbene.?®
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temperature both under N, and H, atmospheres, and H, pressure.

Several Ru-Ir complexes were employed in homogeneous catalysis
for the hydrogenation of alkenes, alkynes, aldehydes and
ketones.>> Supported heterometallic Ru-Ir catalysts have been
shown to produce C, oxygenates from syngas®**’ and also to
exhibit unusually high catalytic activity for the oxygen evolution
reaction in the electrolysis of water.*'** Ru-Ir nanoparticles were
employed for the catalytic hydrogenation of carbonyl compounds
at room temperature and H, pressure.”> Carbon-supported
heterometallic Ru-Ir catalysts were used for selective and stable
hydrodebromination of dibromomethane.*® Hydrogenation of
CO, was accomplished over mixed Ru-Ir catalysts.”” Overall, it
seems that Ru-Ir complexes and clusters might have very inter-
esting catalytic properties, in view of synergistic effects between
these two metals that are employed in catalysis often also as
homometallic species.

Within this framework, we report an improved synthesis of
the cluster [H,RuzIr(CO);,],%**% as well as the study of its
protonation and deprotonation reactions, which resulted in a
[H;_,RuzIr(CO);,|" " (n = 0-2) series of clusters. All the species
were characterized by IR and "H NMR spectroscopies, and their
structures were determined by single-crystal X-ray diffraction
(SC-XRD). The location of hydride ligands was complemented
by computational studies. These heterometallic Ru-Ir clusters
were tested as catalyst precursors for transfer hydrogenation
of 4-fluoroacetophenone using ‘PrOH as a solvent and a
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hydrogen source. [H,Ru3Ir(CO),,]” was also employed as the
catalyst precursor in hydrogenation of ¢rans-cinnamaldehyde
under both hydrogen transfer and direct H, hydrogenation
conditions.

Results and discussion

Synthesis, characterization and molecular structures of
[H3,,,Ru3ll'(CO)12]"7 (n = 0—2)

The di-hydride [NEt,|[H,Ru;Ir(CO),,] ([NEt,][2]) is formed upon
the reaction of [NEt,][HRu3(CO)44] ([NEt4][1]) with 0.5 moles of
[Ir(COD)Cl], (Ruj: Ir = 1:1) in CH,Cl, under a H, atmosphere
(Scheme 1), which favours the elimination of COD from Ir.
On performing the same reaction under a N, atmosphere, 2 is
obtained in a mixture with yet unidentified compounds. We
suppose that the hydrogen atmosphere, unlike the N, inert gas
atmosphere, enables the addition of the missing hydrogen
atom to 1 and at the same time can function as a reducing
agent for [Ir(COD)Cl],, so that selectivity is much higher.
Reaction of 1 with [Ir(COD)CI], under a CO atmosphere leads
to a completely different product, yet unidentified. We can also
assume that the missing CO ligand in the structure of 2 is
provided from a small amount of decomposed reagent 1.

Compound 2 was identified by ESI-MS, IR spectroscopy and
"H NMR spectroscopy, and its structure was determined by SC-
XRD as the [NEt,] [2] salt.

The molecular structure of 2 found in [NEt,][2] is compar-
able to that previously determined as the [PPN]" salt.*®*”*% A
similar structure was also adopted for the related Ru-Rh cluster
[H,Ru3Rh(CO);,]~.*° It consists of a Ruslr tetrahedron, where
the edges of one Ru,lIr triangle are bridged by three p-CO
ligands (Fig. 1 and Table 1). The two p-H hydride ligands are
bridging the two Ru-Ru edges of the unique Ruj triangle not
bearing p-CO. This location of the hydride ligands is in agree-
ment with the elongation of the p-H bridged Ru-Ru edges
(Table 1). One Ru atom is bonded to two p-H and three terminal
CO ligands. Ir and the two remaining Ru atoms are bonded to
two terminal CO ligands, in addition to two p-CO ligands, as
well as one hydride in the case of the two Ru atoms. The
presence of both terminal and edge bridging carbonyls is

[HRu3 (CONI
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Fig.1 Two views of the molecular structure of [HRusIr(CO)ol™ (2)
(orange: Ru; yellow: Ir; red O; grey: C; white: H). All Ru—-H distances were
restrained to be same.

Table 1 Main bond lengths (A) of [H,RusIr(CO);.]~ (2) and HsRusIr(CO)y»
(3) (see Scheme 2 for labelling). COy refers to terminal carbonyls and COy,
refers to edge bridging carbonyls

[H,Ru3Ir(CO)15]~ (2)

Ir(1)-Ru(1) 2.7508(16) 2.7401(6)
Ir(1)-Ru(2) 2.7255(12) 2.7414(6)
Ir(1)-Ru(3) 2.7254(12) 2.7454(6)
Ru(1)-Ru(2) 2.9206(17) 2.9193(8)
Ru(1)-Ru(3) 2.9206(17) 2.9093(8)
Ru(2)-Ru(3) 2.760(2) 2.9210(8)
Ir(1)-COy 1.84(2)-1.931(19) 1.908(7)-1.918(7)
(1)-coy 2.151(16) —
Ru(1)-CO 1.895(17)-1.99(2) 1.899(7)-1.940(8)
Ru(2)-CO 1.870(18)-1.914(16) 1.910(8)-1.931(7)
Ru(2)-COy, 2.042(17)-2.1127(16) —
Ru(3)-CO 1.870(18)-1.914(16) 1.895(7)-1.944(8)
Ru(3)-COy, 2.042(17)-2.1127(16) —
Ru(1)-H(1) 1.60(6) 1.80(3)
Ru(1)-H(2) 1.60(6) 1.80(3)
Ru(2)-H(2) 1.60(6) 1.79(3)
Ru(2)-H(3) — 1.79(3)
Ru(3)-H(1) 1.60(6) 1.79(3)
Ru(3)-H(3) — 1.79(3)

supported by IR analysis (vco 2078(w), 2041(m), 2005(vs),
1973(m) em™ ', and 1797(m) ecm™' in the CH,Cl, solution;
Fig. S1 in the ESI}). The cluster displays pseudo-C,, symmetry
and the two hydride ligands are equivalent, as also demonstrated

+Udciz>// \\<:qcooxm2

co,  |% €02 It (CO);
/ +H* OC/ \CO +H*
OCL JCoN_co —-m co -H
| R [ RN [
(CO),RU i u(co), (CO)RI= Ru(CO) (CO);Ru Ru(co)
%M/ l/\g\/\H /o LXH\/\I/ ’
4 2 3

Scheme 1 Synthesis of 2—4. H* is added using strong acids, such as HBF4-Et,O; H* is removed using strong bases, such as KO'Bu.
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Scheme 2 Labelling of [H>RuzIr(CO)1o]™ (2) and HzRuslr(CO)p2 (3).

by the presence of a singlet in the hydride region of the "H NMR
spectrum (dy; —20.7 ppm in CD,Cl,; Fig. S6 in the ESIf). The
nature of [H,RuzIr(CO);,]” in solution has been further corro-
borated by ESI-MS analysis, which shows a peak at m/z 835 for
the molecular mono-anion (Fig. S10 in the ESIY).

The position of the hydrides in 2 was further corroborated
by DFT calculations. The {Ruslr} tetrahedral structure with two
hydrides bridging two Ru-Ru edges was also obtained starting
from initial geometries with Ir-H interactions. The differences
among the stationary points obtained from different initial
structures are negligible. The computationally optimized
ground state is in good agreement with the experimental data,
and the RMSD is 0.178 A. The greatest variation concerns the
hydride positions, predicted to be slightly more far from the Ru
centres with respect to the X-ray data (Fig. S11 in the ESI}). The
unscaled simulated IR spectrum is shown in Fig. S16 in the
ESIL.1 The vibrational frequencies are overestimated (about 7%)
with respect to the experimental ones, as commonly occurs
with IR simulations carried out at the DFT level with the
harmonic approximation.

As previously reported for other hydride metal carbonyl
clusters,**** 2 undergoes reversible protonation/deprotonation
reactions (Scheme 3). Thus, 2 is quantitatively converted into
H;Ru;Ir(CO);, (3) upon the addition of a slight excess of a
strong acid such as HBF,-Et,0 or HCI-Et,O. By using HCI-Et,0,
[Ru,Ir,Clg(CO)o]*~ (5) is obtained as a side product and, thus, a
better yield of 3 is achieved with HBF,-Et,O. The protonation
may be reversed upon the addition of a strong base such as
KO'Bu. Further addition of a 3 equivalent excess of KO‘Bu to 2
affords the mono-hydride di-anion [HRu;Ir(CO),,]*~ (4). The
process is reversed upon addition of a strong acid.

The mono-hydride di-anion 4 may be alternatively obtained
from the reaction of 1 with [Ir(CO),]” in refluxing THF
(Scheme 1). The structures of the new clusters 3 and 5 have
been determined by SC-XRD as their 3 and [NEt,],[5] crystals.
Crystals of [PPN],[4] were of low quality and displayed high
disorder, which hampered the full SC-XRD analysis of the
structure of 4. Preliminary data (crystal system, space group,
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Fig. 2 IR spectra in the vco region of [Hz_,Ruslr(CO)l"" (n = 0-2) in
CH,Cl,. H* is added as HBF4-Et,O or HCL-Et,O, and removed with KO'Bu.
See Scheme 3 for the stoichiometry.

and unit cell parameters) are included in the Experimental
Section. These allowed the identification of the tetrahedral
Ru;Ir metal cage of 4, as well as the presence of twelve CO
ligands and two [PPN]" cations. The structure of 4 was further
investigated using computational methods (see below).

The protonation/deprotonation reactions of 2 were studied
in solution by IR and 'H NMR spectroscopies (Fig. 2, and
Fig. S1-S8 in the ESIt).

The molecular structure of 3 is based on the same Ru;lr
tetrahedral metal core of 2 (Fig. 3 and Table 1). Nonetheless,
the stereochemistry of the ligands is rather different. The tri-
hydride 3, in view of its neutral charge and reduced mn-back
donation, contains only terminal carbonyls, three per each
metal atom. The three hydrides are edge-bridging on the three
basal Ru-Ru edges. Cluster 3 possesses idealized C;, symmetry
and, therefore, just a singlet is present in the hydride region of
its "H NMR spectrum at 8y —17.8 ppm (Fig. S8 in the ESI{). A
similar structure was previously reported for H;Ruz;Rh(CO)y,.**
Even if the structure of 3 is unprecedented, a few phosphine
derivatives of 3 have been previously reported.*®

The DFT-optimized structure of 3 agrees well with the
experimental outcomes, with a RMSD of 0.107 A. The computed
and experimental structures are superimposed in Fig. S12 in
the ESL.f The simulated IR spectrum is reported in Fig. S16 in

. 1 eq. HBF,4 1.5 eq. HBF,
[HRu;Ir(CO) 1] T [HRu3Ir(CO) 1] ——= [H3Ru3lr(CO);7]
4 3 €q. KOtBu 2 3 eq. KotBu 3

Scheme 3 Protonation/deprotonation reactions of [Hs_,Ruslr(CO)3,]"~
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Fig. 3 Molecular structure of HzRuszlr(CO), (3) (orange: Ru; yellow:
Ir; red: O; grey: C; white: H). All Ru—-H distances were restrained to
be the same.

the ESI.t The investigation on other possible isomers of 3
afforded other two stationary points, where one of the hydrides
is ps-coordinated at the centre of a {Ru,Ir} face or it is bridging
a Ru-Ir edge. As shown in Fig. S13 in the ESL{ both these
isomers resulted however less stable than that experimentally
observed.

The molecular structure of the mono-hydride di-anion 4 was
only preliminarily determined by SC-XRD and, then, further
optimized and investigated using DFT methods (Fig. 4). Based
on this hybrid approach, the most likely structure of 4 consists
of a Ru;lr tetrahedron, as in the parent 2. After some attempts,
the computed structure depicted in Fig. 4 was selected as the
most probable because it was the only one maintaining the
same disposition of the carbonyl ligands deducted from
the preliminary X-ray outcomes, i.e. three terminal carbonyls
on the Ir centre, two terminal carbonyls for each Ru atom and
three edge-bridging carbonyls located on the Ru; triangle. The
superposition of the {Ru;Ir(CO);,} fragments between the com-
puted and preliminary X-ray structures is quite good, as
observed in Fig. S14 in the ESL,{ with a RMSD of 0.133 A. The
Cartesian coordinates of other possible isomers obtained from
DFT calculations, with different dispositions of the CO ligands,
are provided in the ESIt (Fig. S15). In the stationary point

"

Fig. 4 PBEh-3c optimized structure of [HRuslr(CO)]>~ (4) (orange: Ru;
yellow: Ir; red: O; grey: C). Selected computed average bond lengths (A):
Ru-Ru: 2.792; Ru-Ir: 2.818; Ru-COy: 1.841; Ru—COy: 2.109; Ru-H: 1.902.
COy refers to terminal carbonyls and COy refers to edge bridging
carbonyls.

19292 | New J. Chem., 2023, 47,19289-19303
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considered (Fig. 4), the unique hydride caps the Ruj face
with an average Ru-H distance of 1.902 A, as in the case of
[HRu,(CO)1,**' and [HFe4(CO)y,]° .*> The optimized geo-
metry of 4 roughly belongs to the Cs, point group (R = 0.096).
The presence of the hydride ligand has been supported by
"H NMR spectroscopy which shows a singlet at dy; —19.9 ppm
(Fig. S7 in the ESIY).

As in the case of 2, 4 also contains nine terminal and three p-
CO ligands. Nonetheless, the three edge-bridging carbonyls are
located on the Ruj triangle of 4, and in a Ru,Ir triangle in the
case of 2. This further supports different numbers and loca-
tions of the hydride ligands in the two clusters.

It must be remarked that the related [HFe;M(CO),,]>~ (M =
Co, Rh, Ir) clusters adopt different structures. In the case of
[HFe;Co(CO)1,]*~ and [HFe;Rh(CO),,]*~,*** three u-CO ligands
are located on a Fe,M triangle, with fourth p-CO bridging the
basal M and the apical Fe. The unique hydride is capping the
Fe,M triangle. Conversely, [HFe;Ir(CO);,]*~ displays only three
p-CO ligands on a Fe,Ir triangle, and the unique hydride bridges
between the basal Ir and the apical Fe(CO);.*°

The unscaled computed IR spectrum, reported in Fig. S16 in
the ESI,} is in agreement with the experimental data. The
simulated IR spectra of 2, 3, and 4 follow the trend observed
in Fig. 2, with a shift towards higher frequencies of the CO
stretching vibrations on reducing the negative charge of the
clusters because of a lower degree of n-back-donation.

The Hirshfeld population analysis on 2, 3 and 4 indicated
that the partial charge on the hydrides is not directly related to
the global charge of the clusters. The computed partial charge
of the unique hydride in the doubly negatively charged cluster 4
is —0.102 a.u., while slightly more negative values were
obtained for dihydride 2 (average value —0.118 a.u.) and neutral
trihydride 3 (—0.117 a.u.).

It is worth noting that the structure shown in Fig. 4 is not the
most stable isomer computationally found for 4. Another sta-
tionary point with a completely different disposition of the
carbonyl ligands and much lower symmetry resulted more
stable by about 2.9 kcal mol™" (Gibbs free energy). As observed
in Fig. S15 in the ESI,{ in the energetically lowest isomer, the Ir
centre is bonded to two terminal and two bridging carbonyl
ligands. Another carbonyl bridges two Ru centres, each one
bearing two terminal CO ligands. The last Ru centre interacts
with three terminal CO. The hydride bridges {Ru(CO);} and
{Ru(CO),} fragments. The energy gap with respect to the
experimentally observed structure (based on the preliminary
SC-XRD data) is however quite small, while the superimposi-
tion with the preliminary X-ray data is very poor. It is possible
that the relative stability could be affected by anion-cation
contacts and intramolecular interactions not accounted using
in vacuo calculations. Another stationary point for 4, where Ir is
bonded only to one terminal carbonyl ligand and the hydride is
ps-briding two Ru and the Ir centres, is less stable than the
other isomers (Fig. S15 in the ESIY).

In view of the fact that 2 and 3 are isostructural with
[HoRuzRh(CO);,] and H3zRuzRh(CO)4,, respectively, it was of
interest to compare the structure of 4 with the related

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Scheme 4 Synthesis of 6.

[HRuz;Rh(CO);,]*~. Since its structure was not previously
reported in the literature, [HRu;Rh(CO);,]*~ (6) was prepared
from 1 and [Rh(CO),]” (Scheme 4) and its molecular structure
was determined by SC-XRD as the [NEt,], [6] salt (Fig. 5). The
structure of 6 is different from that of 4 and similar to those of
[HFe;Co(CO);,]>~ and [HFe;Rh(CO),,]*~.***” Thus, the unique
hydride is ps;-coordinated to a Ru,Rh triangle, whose three
edges are bridged by three p-CO ligands. A fourth p-CO is
bridging the basal Rh and apical Ru. The two Ru-Ru edges
not bridged by p-CO ligands are somehow hindered by terminal
carbonyls, and this makes very unlikely that the unique hydride
could be edge bridging rather than face capping. The location
of the hydride on the Ru,Rh face is also in agreement with the
fact that a doublet at dy —15.7 ppm with Jyry = 17 Hz is
present in the "H NMR spectrum of 6. A similar ‘Jy.g, coupling
constant was observed in [HFe;Rh(CO);,]*~, where the hydride
is located on a Fe,Rh face.*”

The DFT-optimized structure of 6 agrees with the X-ray
structure, as observed in Fig. S17 in the ESIf (RMSD =
0.161 A). The computed hydride position is a bit more far from
the {Ru,Rh} plane with respect to the X-ray data. The simulated
IR spectrum confirms the good overlap between the experi-
mental and computed data (Fig. S17 in the ESIt). As previously
occurred for the related Ir derivative 4, the computational
investigation afforded other stationary points for 6, and, in
particular, one is slightly more stable than the others (about
1.6 kcal mol™", Fig. S18 in the ESIf). The disposition of the
carbonyl ligands is however different with respect to the

Fig. 6 Molecular structure of [RulrClg(CO)gl?~ (5) with a labelling
scheme (orange: Ru; yellow: Ir; green: Cl; red: O; grey: C). Main bond

distances (A): Ru(l)-Ru(2) 2.9245(6), Ru(l)-Ir(l) 2.9061(4), Ru(2)-Ir(2)
2.9312(5), Ru(1)-ClU1) 2.4727(12), Ru(1)-Cl(2) 2.4754(12), Ru(2)-Cl(1)
2.4759(12), Ru(2)-Cl(2) 2.4652(12), Ir(1)-Cl(3) 2.3315(14), Ir(1)-Cl(4)

2.3475(14), Ir(2)-Cl(5) 2.3473(13), Ir(2)-Cl(6) 2.3618(12).

experimental geometry (ruling out the possibility that this
computed structure is present in the solid state), since two
terminal CO are bonded to the Rh centre and only one CO
bridges a Ru-Ru edge. In this case, the hydride bridges two Ru
centres without a direct interaction with Rh. This disagrees
with the J;;rn coupling constant observed in solution, which is
typical for p;-H with direct coupling to Rh,*” as experimentally
observed. Finally, a structure geometrically analogous to that
observed for 4 resulted less stable than the experimental one by
about 4.6 kcal mol .

It seems that the structures of [HRuz;M(CO);,]>~ and
[HFe;M(CO);,]>~ (M = Co, Rh, Ir) clusters result from a subtle
balance between the sizes of the metals and their affinities for
CO and hydride ligands.

The molecular structure of 5 is rather peculiar and may be
viewed as composed of a Ru,(p-Cl),(u-CO)(CO), core where the
two Ru atoms are directly bonded to two square-planar
[IrCl,(CO),]” complexes (Fig. 6).

The computed structure of 5 is in good agreement with the
experimental one, with the RMSD being 0.361 A. The super-
position of the two structures is shown in Fig. S19 in the ESL¥
The nature of the Ru-Ir interactions in 5 was investigated by
means of AIM analysis. Comparable (3,—1) bond critical points
were localized for both the Ru-Ir interactions, with an average
electron density value of 0.245 e A™* and a potential energy
density of —0.223 Hartree A—>. The energy density is slightly

Fig. 5 Two views of the molecular structure of [HRUzRh(CO)1,12~ (6), with a labelling scheme (orange: Ru; purple: Rh; red: O; grey: C; white: H).
Disordered Ru and Rh atoms were omitted. Main bond distances (A) [data for the minor image are reported in square brackets; the hydride was not
located in the minor image]: Rh—Ru(1) 2.816(2) [2.782(16)], Rh—Ru(2) 2.741(3) [2.757(17)], Rh—Ru(3) 2.780(3) [2.798(17)], Ru(1)-Ru(2) 2.852(3) [2.784(18)],
Ru(1)-Ru(3) 2.883(3) [2.928(17)], Ru(2)-Ru(3) 2.787(3) [2.784(18)], Rn—H 1.90(2), Ru(2)-H 1.90(2), and Ru(3)-H 1.90(2). Restraints were applied to the Rh-

H and Ru—H distances.
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Fig. 7 DFT-optimized structure of 5 (orange: Ru; yellow: Ir; green: Cl;
red: O; grey: C) with selected (3,—1) bond critical points indicated as small
pink spheres and the occupied molecular orbital (surface isovalue =
0.02 a.u.) showing the best Ru-Ir bonding overlaps.

negative, —0.044 Hartree A—>, while the Laplacian of electron
density is positive, 3.852 e A~°, according to Bianchi’s defini-
tion of the metal-metal bond.*® The two critical points are
shown in Fig. 7, together with the occupied molecular orbital
showing the best superposition between Ir and Ru. On the
other hand, no (3,—1) bond critical point was localized between
the Ru centres. The formal electron count for each Ru in a
neutral Ru,(p-Cl),(1-CO)(CO), core without the Ru-Ru bond is 16
electrons; thus, two [IrCl,(CO),]” fragments formally behave in 5
as ligands to saturate the coordination sphere of the Ru centres.
The possible behaviour as the electron donor of [IrCl,(CO),]~
towards the Ru centre was supported by the charge decomposi-
tion analysis on 5,*° partitioned as composed by the fragments
[Ru,IrCl,(CO),]™ and [IrCl,(CO),] . No negative charge donation
from [Ru,IrCl,(CO),]” to [IrCl,(CO),]” was calculated, while 0.17
electrons are transferred in the reverse process.
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Catalytic tests

[NEt,][2] was tested as the catalyst precursor for transfer
hydrogenation of 4-fluoroacetophenone using ‘PrOH as a sol-
vent and a hydrogen source (Table 2). Conversion was deter-
mined by '’F NMR spectroscopy comparing the integral of the
resonance of the substrate 4-fluoroacetophenone with that of
its unique hydrogenation product, that is, 4-F-a-methylben-
zylalcohol [1-(4-fluorophenyl)ethan-1-ol]. The -catalytic tests
were performed at ‘PrOH refluxing temperature (82 °C), using
1, 2.5 or 5 mol% of [NEt,][2] per mol of a substrate, both with
and without a base (KO‘Bu). All catalytic tests were carried out
at least three times using different cluster catalyst precursor
batches (including crystalline batches), resulting in highly
reproducible results. This seems to exclude the involvement
of impurities in the catalytic process. Mass balance has been
checked using a,0,a-trifluorotoluene as the internal standard
for '°F NMR analysis.

Control experiments include reactions without any catalyst
(with and without a base), as well as reactions with RuCls, IrCls,
[PPN][Ir(CO)4] and [Ir(COD)CI], as potential catalyst precursors.
All these control tests resulted in almost zero conversion after 5
and 24 h, ruling out the presence of any background reaction
under the experimental conditions adopted for the catalytic
tests (Table S1 in the ESIT). The homometallic cluster [NEt,][1]
was previously tested as the catalyst precursor under similar
experimental conditions, and the results are summarized in
Table 2 for the sake of comparison.>®

Conversions recorded after 5 h (0-58%) and 24 h (42-92%)
indicate some catalytic activity under all the experimental
conditions considered, but a long induction period (Table 2).
Moreover, spectroscopic analyses (IR spectroscopy, 'H NMR
spectroscopy and ESI-MS) of the reaction mixtures at the end of
the catalytic tests showed the presence in solution of mixtures

Table 2 Catalytic transfer hydrogenation of 4-fluoroacetophenone with heterometallic [NEt4][2] compared to that with homometallic [NEt,4][1]

O OH
CH3 > 3
iPrOH
F Reflux, 24 h F
Entry Cat Cat (mol%) KO'Bu (mol%) Conversion (%) 1h  Conversion (%) 3 h  Conversion (%) 5h  Conversion (%) 24 h
1-2 5 10 0 16 20 84
2-2 5 — 0 0 0 52
3-2 2.5 10 24 42 58 87
4-2 [NEt,][2] 1 4 10 24 34 54
5-2 1 10 13 34 46 86
6-2 1 — 0 5 12 42
7-2 1 20 0 27 46 92
1-1 5 10 0 7 10 50
2-1 5 — 0 19 37 92
3-1 [NEt,][1] 2.5 — 0 17 24 82
4-1 1 10 0 <5 11 19
5-1 1 — 0 0 18 80

General conditions: catalyst (3, 7.5 or 15 umol, 1, 2.5 or 5 mol%), ‘PrOH (5

mL), KOBu (4, 10 or 20 mol% when added), and 4-fluoroacetophenone

(36.5 pL, 300 umol), T = 82 °C, N, atmosphere; the conversions were determined by '°’F NMR spectroscopy. All entries are the average of at least

three independent catalytic runs.
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of carbonyl clusters (Fig. S20-S28 in the ESIt), including
hydrides and heterometallic Ru-Ir clusters, ruling out cluster
breakdown to mononuclear complexes or nanoparticles as the
major event.

Using [NEt,][2] as the catalyst precursor, there is a clear
beneficial effect after the addition of KO‘Bu. Indeed, the con-
version at 24 h increases from 42 to 52% (no base) to 54 to 92%
(KOBu, 4-10-20 mol % respect to the substrate). Heterometal-
lic Ru-M (M = Cu, Ag, Au) carbonyl clusters displayed a similar
improvement of the conversion after addition of a base,*
whereas the opposite trend was observed with the homometal-
lic Ru precursor [NEt,][1]. This is somehow indicative of the fact
that [NEt,][2] and [NEt,][1] follow different activation and/or
catalytic paths. It is noteworthy that the highest conversion
recorded with the heterometallic precursor (92%) was obtained
after 24 h employing 1 mol% of [NEt,][2] and 20 mol% of
KO'Bu. In the case of the homometallic precursor, the same
conversion was obtained after 24 h with 5 mol% of [NEt,][1]
and no base. The results obtained with [NEt,][2] are compar-
able to those previously reported for heterometallic Ru—Cu and
Ru-Ag carbonyl clusters, and superior to Ru-Au ones.>

It seems that the catalytic process employing [NEt,][2] as the
catalyst precursor requires a strong base. Indeed, similar
results were obtained using NaOMe instead of KO'Bu
(Table 3), whereas employing a weaker base such as NEt;
resulted in a conversion comparable to that observed without
a base.

Some catalytic tests with [NEt,][2] have been repeated add-
ing metallic mercury (Table S3 in the ESIf). This is a well-
known method described in the literature in order to remove
metal particles and eliminate the heterogeneous contribution
to catalysis. It resulted that mercury had a limited effect on
catalytic tests in the presence of [NEt,][2], suggesting that
catalysis is mainly homogeneous. When the base KOBu is
not used, the results are comparable to those without mercury,
if not better, while in the presence of 10 mol% of base, the
conversion of the substrate is below expectations. This anomaly
in the yield could be expected due to the presence of the
metallic Hg itself, more than to the heterogeneous inhibition’s
role of the mercury, because the latter should cause no activ-
ities at all.

Further catalytic tests were performed using 3 and [NEt,],[4]
instead of [NEt,][2] as the catalyst precursors (Table 4). In the
absence of any base, both 3 and [NEt,],[4] displayed very poor
conversions (13-15%) compared to [NEt,][2] (42%). Conversely,
in the presence of KO‘Bu (10 mol % per mol of substrate), high
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conversions were observed for all the three catalyst precursors.
Nonetheless, in the case of [NEt,],[4], several unknown reso-
nances were present in the 'F NMR spectra after catalysis.
These are likely to be due to condensation products, in addition
to the main hydrogenation reaction. It is noteworthy that such
selectivity problems have been observed only by using [NEt,],[4]
as the catalyst precursor, whereas complete selectivity to 4-F-o-
methylbenzylalcohol was usually observed for all other Ru-
based carbonyl clusters employed, both heterometallic and
homometallic.

Combined IR spectroscopy, "H NMR spectroscopy and ESI-
MS analyses were performed after heating the catalyst precur-
sors in ‘PrOH at refluxing temperature, with and without bases,
as well as with and without substrates in stoichiometric
amounts, in order to gain some insights into the carbonyl
species present in solution at the end of catalysis (Fig. S20-
S28 in the ESIf). These experiments showed the presence of
mixtures of products, including heterometallic carbonyl clus-
ters and carbonyl hydrides. During all these experiments, there
was no evidence of any stoichiometric product between the
catalyst precursors and the substrate, or of the formation of
unsaturated species. Thus, it was not possible to devise any
plausible reaction pathway for the catalytic process.

Further reactivity tests conducted in a ‘PrOH solution
showed, thanks to IR spectroscopy and 'H NMR spectroscopy,
that all the three [H;_ ,RusIr(CO);,]*" (n = 0-2) species are
quickly deprotonated at room temperature to give quantita-
tively cluster 4 when 10 mol % of KO'Bu is added. Further
experiments carried out under the same conditions but with 24
hours of reflux also showed the formation of [HzRu,(CO);,]~
(see below). It must be remarked that [H;Ru,(CO),,]|” displays
poorer catalytic activity than 2, 3 and 4 in the presence of a base
(Table 5), further supporting the involvement of heterometallic
species during catalysis. However, in the presence of the sub-
strate, the composition of the reaction mixture after 24 h
diverges for the three compounds 4, 2 and 3, evidencing a
completely different reaction path, according to the results
obtained (Table 4).

When [NEt,][2] was employed, it was possible to identify the
same species among the carbonyl hydrides species present at
the end of the catalytic process. Some homometallic species
such as 1 and [H3Ru,(CO),,]” were®" identified in some experi-
ments, as mentioned above; however, the main compound at
the end of the catalytic experiments is [NEt,]|[2] (Fig. S24 in the
ESIt), and no mononuclear fragments were detected from the
ESI-MS analysis. Overall, it seems that the catalyst precursor 2

Table 3 Catalytic transfer hydrogenation of 4-fluoroacetophenone with heterometallic [NEt4][2] with different bases

Entry Cat Cat (mol%) Base (10 mol%) Conversion (%) 1 h  Conversion (%) 3 h  Conversion (%) 5 h  Conversion (%) 24 h
1-2 1 NaOMe 35 49 61 88
2-2 [NEt,][2] 1 NEt, 0 0 0 42
3-2 1 KO'Bu 13 34 46 86

General conditions: catalyst (3 pmol, 1% mol/mol), ‘PrOH (5 mL), KO‘Bu or NEt; or NaOMe (10 mol %), and 4-fluoroacetophenone (36.5 pL,
300 umol), T = 82 °C, and N, atmosphere; the conversions were determined by 19F NMR spectroscopy. All entries are the average of at least three
independent catalytic runs.
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Table 4 Catalytic transfer hydrogenation of 4-fluoroacetophenone with heterometallic [NEt4][2], 3 and [NEt4],[4]

Entry Cat Cat (mol %) KO‘Bu (mol %) Conversion (%) 1 h  Conversion (%) 3 h  Conversion (%) 5h  Conversion (%) 24 h
1-2 1 10 13 34 46 86

2-2 [NE€](2] 1 / 0 5 12 42

1-3 1 10 0 16 24 81

2-3 3 1 / 0 0 0 13

1-4 1 10 29 45 52 100(80)“

24 [NEti][4] 1 / 0 4 6 15

General conditions: catalyst (3 pmol, 1% mol/mol), ‘PrOH (5 mL), KO'Bu (10 mol % when needed), and 4-fluoroacetophenone (36.5 uL, 300 pmol),
T = 82 °C, and N, atmosphere; the conversions were determined by '°F NMR spectroscopy. All entries are the average of at least three independent
catalytic runs.  The selectivity of the product is 80%; there is evidence of other fluorinated compounds, in contrast with all the other experiments.

Table 5 Catalytic transfer hydrogenation of 4-fluoroacetophenone with homometallic [NEt4][HzRu4(CO)1,]

O OH
NEt4][HsRuy(CO
CH, [NEt,;][H3Ruy(CO);,] . CH,
iPrOH
F Reflux, 24 h F
Entry Cat Cat (mol %) KO‘Bu (mol %) Conversion (%) 1 h Conversion (%) 3 h Conversion (%) 5 h Conversion (%) 24 h
1 1 / 0 0 10 44
2 [NEt,][H;Ru4(CO):] 1 10 13 44 45 48

General conditions: catalyst (3 umol, 1 mol %), ‘PrOH (5 mL), KO'Bu (10 mol % when needed), and 4-fluoroacetophenone (36.5 uL, 300 umol), T'=
82 °C, and N, atmosphere; the conversions were determined by '°F NMR spectroscopy. All entries are the average of at least three independent
catalytic runs.

is in part transformed and in part recovered intact at the end of  of the reactivity experiments, have a molecular mass compati-
the process. All the not yet identified species, found at the end ble with at least a bi or trimetallic metal core cluster. In

Table 6 Hydrogenation of trans-cinnamaldehyde with heterometallic [NEt4][2]

0
u OH
0 [NEt,][2] (a) T
N > OH
1PrOH N (©)
Reflux, 24h
(b)

Entry Time (h) Pressure (bar) Substrate conversion (%) Yield (a) (%) Yield (b) (%) Yield (c) (%)
1-2 24 60 H, >99 0 0 >99
2-2 24 30 H, >99 6 0 94
3-2 24 10 H, >99 4 20 76
4-2 3 60 H, >99 17 8 75
5-2 3 30 H, >99 23 <5 77
6-2 3 10 H, 81 27 10 44
7-2 24 1H, 85 26 24 35
8-2 3 1H, 49 <5 <5 49
9-2 24 1N, 43 0 40 3
10-2 3 1N, 54 0 54 0

General conditions entries 1-6: catalyst (18 pmol, 1 mol%), ‘PrOH (30 mL) and ¢rans-cinnamaldehyde (228 pL, 1800 pmol), T = 82 °C, and H,
atmosphere; the conversions were determined by 'H NMR spectroscopy. All entries are the average of at least three independent catalytic runs.
Catalytic tests were performed using the autoclave Parr reactor.General conditions entries 7-10: catalyst (3 pmol, 1 mol%), ‘PrOH (5 mL) and ¢rans-
cinnamaldehyde (38 pL, 300 umol), T = 82 °C, and N, or H, atmosphere; the conversions were determined by "H NMR spectroscopy. All entries are
the average of at least three independent catalytic runs.
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Table 7 Hydrogenation of trans-cinnamaldehyde with heterometallic [NEt4][2] using toluene as the solvent

O
H OH
o [NEt][2] () T
N OH
H toluene N / ©
82 °C, 24h
(b)
Entry Time (h) Pressure (bar) Substrate conversion (%) Yield (a) (%) Yield (b) (%) Yield (c¢) (%)
1-2 24 1H, 31 21 <5 10
2-2 3 1H, 19 10.5 <5 <5
3-2 3 30 H, 92 16 13 63
4-2 24 30 H, >95 8 <5 87

General conditions entries 1 and 2: catalyst (3 pmol, 1 mol%), toluene (5 mL) and trans-cinnamaldehyde (38 pL, 300 pmol), T = 82 °C, and H,
atmosphere; the conversions were determined by "H NMR spectroscopy. All entries are the average of at least three independent catalytic
runs.General conditions entries 3 and 4: catalyst (18 pmol, 1 mol%), toluene (30 mL) and trans-cinnamaldehyde (228 pL, 1800 pmol), T =82 °C, and
H, atmosphere; the conversions were determined by "H NMR spectroscopy. All entries are the average of at least three independent catalytic runs.

Catalytic tests were performed using the autoclave Parr reactor.

addition, control experiments (Table S1 in the ESI}), using
ruthenium and iridium salts, have been conducted to prove the
little or no influence of oxidised metal ions in the catalytic activity,
since their formation can arise from the decomposition of the
clusters structures. In all cases, these results seem to indicate that
cluster breakdown to monometallic species or metal nano-
particles is not the major event in solution during catalysis.

Heterometallic cluster [NEt,] [2] was also tested in the hydro-
genation of trans-cinnamaldehyde in ‘PrOH at refluxing tem-
perature under both a N, atmosphere and a H, atmosphere.
Catalytic tests were performed without a base in order to avoid
side reactions, such as aldol condensation. Under these condi-
tions, three different hydrogenation products can be obtained
(Table 6), depending on the hydrogenation site: the saturated
aldehyde (a), if hydrogenation occurs on the C—C bond; the
unsaturated alcohol (b), if the C—=0 bond is hydrogenated; the
saturated alcohol (c), which is formed when both C—C and
C=O0 are hydrogenated. Conversions and yields were deter-
mined by "H NMR spectroscopy at the end of the catalytic tests.

Performing the reaction under a N, atmosphere, the con-
version is moderate but the selectivity is very high towards (b).
This is consistent with the fact that, under these conditions,
hydrogenation occurs via hydrogen transfer from ‘PrOH, which
is more selective for the polar C—=0 bond. The low conversion
observed is probably due to the fact that no base has been
added. Indeed, as shown by using 4-F-acetophenone as the
substrate, the catalytic performances of [NEt,][2] for H-transfer
to C—0 bonds seem to be enhanced by strong bases.

The conversion is considerably increased under H, at atmo-
spheric pressure, but the selectivity is low, since a mixture of
(a), (b) and (c) is obtained. This is due to the fact that, under
these experimental conditions, both H-transfer from ‘PrOH and
hydrogenation from H, occur, the former targeting preferen-
tially the polar C—=0O bond and the latter the C—C bond.
Indeed, by performing the catalytic test under H, (1 bar) in

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

toluene (entries 1 and 2 in Table 7), the conversion is again low,
but the major product is (a).

Further catalytic tests were performed in ‘PrOH at a H,
pressure (10-60 bar) for 24 h (Table 6). At a high H, pressure
(30-60 bar), the conversion is almost quantitative, and selectivity
towards the fully hydrogenated product (c) is observed, for both
long short reaction times (3 and 24 h). Lowering the H, pressure to
10 bar results in a decreased conversion just a 3 h of reaction, and a
mixture of the three hydrogenation and H-transfer products.

Performing the catalytic test for 3 h at 60 bar H, results in 80%
conversion and (a) is the major product (46% yield) followed by (c)
(25%) and traces of (b) (9%). These results suggest that hydro-
genation mainly occurs via H, at a high pressure, whereas H-
transfer becomes more significant at lower H, pressures.

This point was further supported by performing the reac-
tions in toluene rather than PrOH (Table 7). Significant
amounts of (a) are formed, especially operating at a low H,
pressure and/or with a short reaction time. Increasing the H,
pressure and reaction time, (c) becomes the major products,
whereas the formation of (b) is always limited.

Conclusions

Three heterometallic Ru-Ir hydride carbonyl clusters 2-4 were
prepared and fully characterized using spectroscopic methods,
as well as SC-XRD in the case of 2 and 3. The location of the
hydride ligands was further corroborated by DFT studies. Even
though 2-4 may be reversibly inter-converted by protonation/
deprotonation reactions, they show a different stereochemistry
of the ligands, in view of the different charges and number of
hydrides. This indicates a rapid ligand rearrangement upon
addition/removal of H-atoms. At the same time, it seems that the
stereochemistry of CO and hydride ligands around these tetra-
hedral clusters is the result of a subtle balance between the overall
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charge of the cluster (and thus n-back-donation from the metal
core to the carbonyls), and steric effects (that is, the number of CO
and H ligands). This is further corroborated by comparison with
related [H;_,RuzM(CO);,]*~ and [H;_,FesM(CO),]" (n = 0-2;
M = Co, Rh, Ir). The ability of ligands to rapidly rearrange around
the metal core of molecular clusters and nanoclusters is enables
them for their potential application in homogeneous catalysis.

Clusters 2-4 display some activities as catalyst precursors in
the transfer hydrogenation of 4-fluoroacetophenone. The fact
that catalyst loading and addition of a base have a different
effect on 2-4 as compared to that on the homometallic cluster 1
suggests that their heterometallic nature somehow aids the
catalytic process, as also found previously for Ru-M (M = Cu,
Ag, Au) clusters.”® Cluster 2 is also active as the catalyst
precursor in the hydrogenation of trans-cinnamaldehyde.
Depending on the solvent, atmosphere (N, or H,) and H,
pressure, both a hydrogen transfer mechanism and direct
hydrogenation by H, are observed.

As a final remark, the present findings seem to confirm the
synergistic effects of Ru-Ir systems evidenced in the Introduc-
tion section. These might be, at least in part, due to the capacity
of Ir to form stronger bonds than Ru and/or to some slight
polarization of the heterometallic Ru-Ir bonds.

Experimental
General procedures

All reactions and sample manipulations were carried out using
standard Schlenk techniques under nitrogen and in dried sol-
vents. All the reagents were commercial products (Aldrich) of the
highest purity available and used as received, except [NEt,]
[HRuz(CO),4],*" [PPN][HRu;(CO)4],>* K[Ir(CO)4], [PPN][Ir(CO),],
[NEt,][Rh(CO),],>* and [Ir(COD)CI],,”* which have been prepared
according to the literature. Analyses of C, H and N were performed
using a Thermo Quest Flash EA 1112NC instrument. IR spectra
were recorded using a PerkinElmer Spectrum One interferometer
in CaF, cells. '"H and '"°F NMR measurements were performed
using a Varian Mercury Plus 400 MHz instrument. The proton
chemical shifts were referenced to the non-deuterated aliquot
of the solvent. The fluorine chemical shifts were referenced to
external CCL;F. ESI mass spectra were recorded using a Waters
Micromass ZQ4000 instrument using CH;OH as the solvent
(source temperature = 150 °C; capillary voltage = 2.54 kV; infusion
flow = 20 pL. min™~"; cone voltage = 10 V). Structure drawings have
been performed with SCHAKAL99.”®

Synthesis of [NEt,][H,Ru;Ir(CO);,] ([NEt,][2]) from [Ir(COD)CI],

[NEt4] [HRu3(CO),, ] + [Ir(COD)CI],

CH;Cly H,

era: NEt] [HoRusIr(CO),, ]
[Ir(COD)CI], (0.181 g, 0.270 mmol) was added as a solid to a
solution of [NEt,][1] (0.400 g, 0.539 mmol) in CH,Cl, (20 mL)
under a hydrogen atmosphere. The resulting mixture was
stirred at room temperature for 30 min. Then, the solvent
was removed under reduced pressure, and the residue was
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washed with water (40 mL) and toluene (20 mL) and then
extracted with CH,Cl, (15 mL). The brown CH,Cl, solution
was layered with n-pentane (30 mL), affording crystals of
[NEt,][2] suitable for SC-XRD (yield 0.390 g, 75% based on Ru).

[NEt,]s[2]-CH;CN: CpoH,,IrNO;,Ru; (963.79): caled (%): C
24.92, H 2.30, N 1.45; found: C 25.09, H 2.17, N 1.58. IR
(CH,Cl,, 298 K) vco: 2078(w), 2041(m), 2005(vs), 1973(m),
1797(w) em™". IR (Nujol, 298 K) veo: 2077(w), 2034(s), 2001(vs),
1935(m), 1792(w) cm ™. "H NMR (400 MHz, CD,Cl,, 298 K) &:
—20.7 ppm. ESI-MS (m/z): ES- 835 [M]; ES+ 130 [NEt,]".

Synthesis of H;Ru;Ir(CO);, (3)

1.5eq.HBF4
— H3 RH3IF(CO)12
RT,30 min

[NEty] [HRu3Ir(CO),, |
A solution of HBF,-Et,O (42.3 pL, 0.311 mmol) was added
dropwise to a solution of [NEt,][2] (0.200 g, 0.207 mmol) in
CH,Cl, (20 mL) under a nitrogen atmosphere. The resulting
mixture was stirred at room temperature for 30 min. Then, the
solvent was removed under reduced pressure, and the residue
was washed with water (20 mL), and extracted with THF
(10 mL). The orange-red THF solution was layered with n-
hexane (30 mL) and stored at —20 °C, affording crystals of 3
suitable for SC-XRD (yield 0.130 g, 75% based on Ru).
3: C1,H;31Ir0;,Ru; (834.55): caled (%): C 17.27, H 0.36; found:
C 17.42, H 0.59. IR (THF, 298K) vco: 2078(vs), 2064(m), 2049(s),
2029(m), 2018(m) cm . IR (Nujol, 298 K) vco: 2075(m), 2048(s),
2023(vs), 2003(vs) cm~'. "H NMR (400 MHz, CD,Cl,, 298 K)
o(ppm): —17.8 ppm. ESI-MS (m/z): 3 is deprotonated to 2 during
ESI-MS analysis.

Synthesis of [PPN],[HRu;It(CO);,] ([PPN],[4]) from [PPN][Ir(CO),]

[PPN][Ir(CO,)] + [PPN][HRu3(CO),]
T [PPNJ,[HRu3Ir(CO),,]

—
Reflux,48 h

[PPN][Ir(CO,4] (0.252 g, 0.299 mmol) was added as a solid to a
solution of [PPN][1] (0.327 g, 0.299 mmol) in THF (20 mL) under
a nitrogen atmosphere. The resulting mixture was stirred at
reflux temperature for 48 h. Then, the solvent was removed
under reduced pressure, and the residue was washed with water
(20 mL) and toluene (20 mL) and then extracted with acetone
(15 mL). The brown acetone solution was layered with n-hexane
(30 mL), affording crystals of [PPN],[4] (yield 0.457 g, 80%
based on Ru). Unfortunately, the quality of the crystals was
low hampering a detailed structural analysis. Unit cell para-
meters are herein included as a preliminary analytical informa-
tion: crystal system, trigonal; space group, P3; a = 24.2175(14) A,
b =24.2175(14) A, ¢ = 12.3732(8) A, o = 90°, f = 90°, y = 120°.

[PPN],[4]: Cg4He1IrN,0;,P,RuU; (1909.63): caled (%): C 52.83,
H 3.22, N 1.47; found: C 52.64, H 2.87, N 1.78. IR (CH,Cl,,
298 K) vgo: 2023(w), 1976(s), 1961(vs), 1917(m), 1767(m),
1751(m) cm™ . IR (Nujol, 298 K) vgo: 2025(w), 2020(w), 1971(s),
1950(vs), 1915(s), 1760(m), 1755(m) cm™". "H NMR (400 MHz,
acetone dg, 298 K) 0: —19.9 ppm. ESI-MS (m/z): 4 is protonated to
2 during ESI-MS analysis.
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Synthesis of [NEt,],[HRu;Ir(CO),,] ([NEt,],[4]) from [NEt,][2]

CH3CN
3eq.KO!Bu
—

[NEt4] [HZ Ru3lr(CO) 12} RT,30 min

[NEty], [HRu3Ir(CO),, ]

KO'Bu (0.0700 g, 0.624 mmol) was added in three aliquots as a
solid to a solution of [NEt,][2] (0.200 g, 0.208 mmol) in CH;CN
(15 mL). The resulting mixture was stirred at room temperature
for 30 min. Then, the solvent was removed under reduced
pressure and the residue was washed with water (20 mL) and
toluene (10 mL) and then extracted with CH;CN (10 mL). The
presence of 4 in solution has been further corroborated by IR
and 'H NMR spectroscopy analyses, compared with those
obtained with the crystals of [PPN],[4] (yield 0.215 g, 95% based
on Ru).

[NEt,]o[4]: C2sH411rN,0;,Ru; (1093.06): caled (%): C 30.77, H
3.78, N 2.56; found: C 30.52, H 3.94, N 2.34. IR (CH;CN, 298 K)
Voot 1979(s), 1959(vs), 1910(m), 1759(m) cm *. "H NMR (400
MHz, CD,Cl,, 298 K) é(ppm): —19.4 ppm.

Synthesis of [NEt,],[HRu;Ir(CO),,] ([NEt4],[4]) from K[Ir(CO),]

K[Ir(CO,)]+[NEty] [HRu3(CO),, |

PMSO T Ru;Ir(CO) | EB/ RO

60°C.18h [TEA], [HRu3Ir(CO),,]

[NEt,][1] (0.300 g, 0.404 mmol) was added as a solid to a DMSO
(5 mL) solution of K[Ir(CO,4)] (0.139 g, 0.404 mmol) under a
nitrogen atmosphere. The resulting mixture was stirred at 60 °C
for 18 h. Then, product 4 was precipitated through the dropwise
addition of the DMSO solution to a saturated H,O solution of
[NEt,]Br. The solid was filtered and washed with water (20 mL),
toluene (10 mL) and extracted with acetone (15 mL). The
presence of 4 in solution has been further corroborated by
IR and "H NMR spectroscopy analyses, compared with those
obtained with the crystals of [PPN],[4] (yield 0.287 g, 65% based
on Ru).

[NEt,],[4]: C2sH,411rN,0;4,Ru; (1093.06): caled (%): C 30.77, H
3.78, N 2.56; found: C 30.91, H 3.62, N 2.29. IR (CH,Cl,, 298 K)
Veo: 2023(w), 1976(s), 1961(vs), 1917(m), 1767(m), 1751(m) cm ™ *.
'H NMR (400 MHz, acetone dg, 298 K) : —19.9 ppm.

Deprotonation of H;Ru;Ir(CO),, (3) to [NEt,];[HRuzIr(CO);,]
(INEt,],[4]) in DMSO

A DMSO solution of 3 (0.200 g, 0.240 mmol) was stirred at room
temperature for 18 h; IR spectroscopy showed compound 2 as
an intermediate and, then, compound 4 in solution at the end
of the reaction. Product 4 was precipitated through the drop-
wise addition of a saturated H,O solution of [NEt,]Br to the
DMSO solution. The precipitate was filtered and washed with
water (20 mL), toluene (10 mL) and extracted with acetone
(15 mL). The presence of the compound [NEt,],[4] in solution
has been further corroborated by IR and "H NMR spectroscopy
analysis, compared with those obtained with the crystals of
[PPN],[4] (yield 0.118 g, 45% based on Ru).

[NEt,],[4]: C2H,1IrN,04,Ru; (1093.06): caled (%): C 30.77, H
3.78, N 2.56; found: C 30.91, H 3.62, N 2.29. IR (CH,Cl,, 298 K)
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Voo: 2023(w), 1976(s), 1961(vs), 1917(m), 1767(m), 1751(m)
cm . "H NMR (400 MHz, acetone dg, 298 K) : —19.9 ppm.

Synthesis of [NEt,],[HRuzRh(CO);,] ([NEt4],[6])

[NEF4][Rh(CO)4] + [NEt4HHRu3(CO)”}
‘9 [NEt,],[HRu3Rh(CO),,]

reflux,18 h

[NEt,][1] (0.300 g, 0.404 mmol) was added as a solid to an
acetone (15 mL) solution of [NEt][Rh(CO,)] (0.139 g,
0.404 mmol) under a nitrogen atmosphere. The resulting
mixture was stirred at 56 °C for 18 h. Then, the solvent was
removed under reduced pressure and the residue was washed
with water (60 mL), toluene (10 mL), MeOH (20 mL) and
extracted with acetone (10 mL). The brown acetone solution
was layered with n-hexane (40 mlL), affording crystals of
[NEt,],[6] suitable for SC-XRD (yield 0.243 g, 60% based on Ru).

[NEt,],[6]: C,5H4;N,0;,RhRu; (1003.75): caled (%): C 33.50,
H 4.12, N 2.79; found: C 33.21, H 4.35, N 2.50. IR (acetone, 298 K)
Veo: 2014(w), 1956(vs), 1936(m), 1903(w). IR (Nujol, 298 K) vee:
2015(w), 1957(vs), 1923(s), 1903(s), 1808(w), 1783(m), 1769(m),
1727(m) em™". "H NMR (400 MHz, acetone dg, 298 K) §: —15.7
ppm (d, Yirn = 17 Hz).

Synthesis of [NEt,],[Ru,Ir,Clg(CO)o] ([NEt,],[5])

THF
10eq.HCIEt,0
—

[NEt4], [HzRuglr(CO) 12} RT 30 min

[NEty], [RuzIr;Clg (CO), |

A solution of HCI-Et,O (55.85 WL, 2.07 mmol) was added dropwise
to a solution of [NEt,][2] (0.200 g, 0.207 mmol) in THF (15 mL)
under a nitrogen atmosphere. The resulting mixture was stirred at
room temperature for 30 min. Then, the solvent was removed
under reduced pressure, and the residue was washed with water
(20 mL) and extracted with THF (10 mL). The orange-red THF
solution was layered with n-hexane (30 mL) and stored at —20 °C,
affording crystals of compound [NEt,],[5] suitable for SC-XRD
(vield 0.136 g, 50% based on Ru).

[NEt,]o[5]: CasHaoCleIr,N,OoRu, (1311.83): caled (%): C
22.89, H 3.07, N 2.14; found: C 23.05, H 2.89, N 2.38. IR
(THF, 298K) vco: 2048(vs), 2038(m), 2024(s), 2010(s), 1965(s)
em

Substrate 4-fluoroacetophenone

General procedure for transfer hydrogenation catalytic
reactions

In a 10 mL two-neck round-bottom flask equipped with a
condenser, clusters (3 umol, 1% mol mol ") and KOBu (10 or
20% mol mol~* when needed) were dissolved in ‘PrOH (5 mL)
and stirred at reflux temperature under a nitrogen atmosphere
for 5 min. Then, 4-fluoroacetophenone (36.5 pL, 300 pmol) was
added, and samples were taken at regular intervals (1, 3, 5, and
24 h of reaction). Aliquots (100 pL) were diluted with CDCly
(0.5 mL), and conversions were determined by '’F NMR
spectroscopy (Fig. S29-S33 in the ESIt).
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Catalytic tests in the presence of an internal standard (mass
balance check)

In a 10 mL two-neck round-bottom flask equipped with a
condenser, [NEt;][2] (3 pmol, 1% mol mol ') and iPrOH
(5 mL) were stirred at reflux temperature under a nitrogen atmo-
sphere for 5 min. Then the substrate 4-fluoroacetophenone
(36.5 pL, 300 umol), and a,a,0-trifluorotoluene (36.8 L, 300 pmol),
as the internal standard, were added. Aliquots (100 pL) were
diluted with CDCl; (0.5 mL) and conversions were determined
by *°F NMR spectroscopy (Fig. S34 in the ESI¥).

Reactivity experiment of [NEt,][2], [NEt,],[4] and 3 in ‘PrOH

In a Schlenk tube equipped with a condenser, clusters and
‘PrOH were stirred at reflux temperature under a nitrogen
atmosphere for 5 min, and then 4-fluoroacetophenone (1 mol
eq. when needed) and KO'Bu (10 mol eq. when needed) were
added. After 24 h of reaction, the solvent was removed under
reduced pressure, and the crude of the reaction was analyzed by
IR spectroscopy, "H NMR spectroscopy and ESI-MS.

Substrate trans-cinnamaldehyde

General procedure for reduction catalytic reactions

In a 10 mL two-neck round-bottom flask equipped with a
condenser, cluster [NEt;][2] (3 umol, 1% mol mol ') was
dissolved in ‘PrOH (5 mL) and stirred at reflux temperature
under a nitrogen or hydrogen atmosphere for 5 min. Then
trans-cinnamaldehyde (38 pL, 300 umol) was added; the reac-
tion proceeded for 3 or 24 h. After the removal of the solvent
under reduced pressure, the crude is extracted with CDCl;
(0.5 mL), and conversions were determined by "H NMR spectro-
scopy (Fig. S34-S37 in the ESIt).

Hydrogenation reactions under high pressure in an autoclave

In a steel autoclave equipped with a controller, a mantel and a
thermocouple, cluster [NEt,][2] (21 mg, 18 pmol) and trans-
cinnamaldehyde (228 uL, 1800 pmol) were dissolved in ‘PrOH
(30 mL) and stirred at reflux temperature under hydrogen
pressure for 3 or 24 h. After the removal of the solvent under
reduced pressure, the crude is extracted with CDCl; (0.5 mL),
and conversions were determined by 'H NMR spectroscopy.

X-ray crystallographic study

Crystal data and collection details for [NEt,][2], 3, [NEt4],[5],
and [NEt,],[6] are reported in Table S4 in the ESLf{ The
diffraction experiments were carried out using a Bruker APEX
11 diffractometer equipped with a PHOTON2 detector using Mo-
Ko radiation. Data were corrected for Lorentz polarization and
absorption effects (empirical absorption correction SADABS).>®
Structures were solved by direct methods and refined by full-
matrix least-squares based on all data using F>.°” Hydrogen
atoms were fixed at calculated positions and refined using a
riding model. The presence of hydrides in [NEt,][2], 3, and
[NEty],[6] has been determined by 'H NMR spectroscopy.
Hydride ligands have been placed in the structure based on

19300 | New J. Chem., 2023, 47,19289-19303
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geometrical considerations, that is, elongation of M-M bonds,
stereochemistry of the CO ligands, and steric requirements.
Then, their positions have been included in the structural
model, and refined isotropically using a riding model. Some
restraints have been used for hydrides, as listed below. All non-
hydrogen atoms were refined with anisotropic displacement
parameters, unless otherwise stated.

As noticed by one referee during revision, there are some
problems with these structures. Something has gone seriously
wrong with data collection and/or date reduction steps. None-
theless, there is no question regarding the overall connectivity of
the heavy elements. These problems are mainly due to absorption
effects. Multi-scan absorption corrections have been applied to all
the structures. Indeed, all the crystals are irregular making face
indexing very difficult. Despite several attempts, it was not
possible to obtain better crystals. Face index corrections instead
of multi-scan have sometimes been attempted, without any
improvement. Therefore, in some cases, residual electron densi-
ties close to heavy atoms are still present after refinement, due to
the above mentioned problems in applying absorption corrections
to irregular thin plates and needles. In order to help the reader
assessing the quality of these structures and related problems,
images of residual electron densities, observed and calculated
structure factors (Fops Vs. Feale plot), and fractal dimension plots
are included as Fig. S42-S51 in the ESL{

[NEt4][2]. The asymmetric unit of the unit cell contains half
of a cluster anion (located on m) and half of a [NEt,]" cation
(located on 2). The Et-groups of the [NEt,]" cation are disor-
dered and, thus, they have been split into two positions. Similar
U restraints have been applied to the C and N atoms of the
[NEt,]" cation (SIMU line in SHELXL, s.u. 0.01). Restraints to
bond distances were applied as follows (s.u. 0.02): 1.47 A for
C-N and 1.53 A for C-C in [NEt,]". All Ru-H distances have been
restrained to be the same (SADI line in SHELXL, s.u. 0.02).

3. The asymmetric unit of the unit cell contains one cluster
molecule located on a general position. All Ru-H distances have
been restrained to be the same (the SADI line in SHELXL, s.u.
0.02). An anti-bumping restraint (DFIX —3.11 O4 O4_$1 line in
SHELXL, s.u. 0.02) was employed in order to remove an
unrealistic short inter-molecular O- - -O contact (2.78 A).

[NEt4]2[5]. The asymmetric unit of the unit cell contains one
cluster anion and two [NEt,]" cations, all located on general
positions. One [NEt,]" cation is disordered and, therefore, it
has been split into two positions during refinement. Similar U
restraints have been applied to the C and N atoms of the
disordered [NEt,]" cation (the SIMU line in SHELXL, s.u.
0.01). Restraints to bond distances were applied as follows:
(s.u. 0.02): 1.47 A for C-N and 1.53 A for C-C in disordered
[NEt,]". An anti-bumping restraint (DFIX —2.84 O7 08 line in
SHELXL, s.u. 0.02) was employed in order to remove an
unrealistic short inter-molecular O- - -O contact (2.78 A).

[NEt4]2[6]. The asymmetric unit of the unit cell contains one
cluster anion (located on a general position), one [NEt,]" cation
(located on a general position), and two halves of two [NEt,]"
cations (both located on inversion centers). The metal cage of
the cluster anion and all the [NEt,]" cations are disordered.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Therefore, they have been split into two positions and refined
using one occupancy factor per each disordered image. In the
case of the cluster anion, since the minor image represented less
than 10%, only the metal atoms have been included in its model,
whereas all atoms (metals and CO ligands) were included in the
major image. The crystals are pseudo-merohedrally twinned,
with a twin matrix of —1 0 0 0 —1 0 0 0 1. The unique hydride
atom was placed on the basis of geometrical and spectroscopic
(*H NMR) considerations, and then its position restrained dur-
ing refinement. Similar U restraints have been applied to the C
and N atoms of the [NEt,]" cations (the SIMU line in SHELXL,
s.u. 0.01). Restraints to bond distances were applied as follows
(s.u. 0.02): 1.47 A for C-N and 1.53 A for C-C in [NEt,]’; 1.9 for
Ru-H and Rh-H in the cluster anion.

Computational details

Geometry optimizations were performed using the PBEh-3c
method, which is a reparametrized version of PBE0>® (with
42% HF exchange) that uses a split-valence double-zeta basis
set (def2-mSVP)*>*®® with ECPs on heavy atoms (28 electrons
were included in the core for Ru and Rh and 60 electrons for Ir)
and adds three corrections considering dispersion, basis set
superposition and other basis set incompleteness effects.®*¢* IR
simulations were carried out using the harmonic approximation,
from which zero-point vibrational energies and thermal correc-
tions (T = 298.15 K) were obtained.®* The software used was ORCA
version 5.0.3.°> The output was elaborated using MultiWFN,
version 3.8.%° Cartesian coordinates of the DFT-optimized struc-
tures are collected in a separated.xyz file.
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