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One-Pot Atmospheric Pressure Synthesis of [HzRu4(CO)q,]”

Cristiana Cesari,*” Marco Bortoluzzi,® Cristina Femoni,* Maria Carmela lapalucci @ and Stefano
Zacchini?
® Dipartimento di Chimica Industriale "Toso Montanari”, Universita di Bologna, Viale
Risorgimento 4 - 40136 Bologna. Italy. E-mail: cristiana.cesari2@unibo.it
® Dipartimento di Scienze Molecolari e Nanosistemi, Ca’ Foscari University of Venice, Via Torino

155 — 30175 Mestre (Ve), Italy.

ABSTRACT:

Reductive carbonylation of RuClz-3H,0 at CO-atmospheric pressure results in the [H3Ru4(CO)12]”
(1) polyhydride carbonyl cluster. This one-pot synthesis involves heating RuCls-3H,0 at 80 °C in
2-ethoxyethanol for 2 h, addition of three equivalents of KOH, heating at 135 °C for 2 h, addition of
a fourth equivalent of KOH and heating at 135 °C for 1 h. The resulting K[1] salt is transformed
into [NEt4][1] upon metathesis with [NEt,]Br in H;O. The IR, *H and *C{*H} NMR spectroscopic
data are in agreement with those reported in the literature. [Rug(CO)15(X)4(COs)s]* (X = CI, Br, I;
2-X) is formed as by-product during the synthesis of 1, and the two compounds separated on the
basis of their different solubility in organic solvents. The nature of the halide of 2-X depends on the
[NEt,]X salt used for metathesis. 2-Br is transformed into [Ruio(CO)20(Br)4(COs)s]* (3) upon
reaction with an excess of HBF4-Et,O. 1 is readily deprotonated by strong bases affording the
previously known [H,Rus(CO)12]> (4). The reaction of 1 with [Cu(MeCN),][BF4] affords
[H3Ru4(CO)12(CuMeCN)] (7), whereas [H,Ru4(CO)12(CuBr),]*~ (8) is obtained from the reaction of
4 with [Cu(MeCN)4][BF4])/[NEt4]Br. All the compounds have been spectroscopically characterized,
their molecular structures determined by single crystal X-ray diffraction (SC-XRD) and
investigated by means of DFT methods in selected cases, in order to confirm the hydride positions
and to study the relative stability of possible isomers.

Introduction
Metal hydrides play a fundamental role in chemistry,*” and are widely investigated for applications
in catalysis and hydrogen storage.>’® In particular, ruthenium forms several hydride compounds,

including coordination and organometallic complexes, molecular clusters and nanoclusters as well

This item was downloaded from IRIS Universita di Bologna (https.//cris.unibo.it/)

When citing, please refer to the published version.



https://cris.unibo.it/

as Ru-H nanoparticles.***® Ru hydride compounds are involved in several catalytic processes.’>%

Moreover, molecular Ru-H complexes and clusters have been employed as models for the location
of hydride ligands in Ru nanoparticles used in hydrogenation processes.?*#

Structurally characterized Ru hydride carbonyl clusters include [HRus(CO)u] %
[HRU4(CO)13],*  HoRus(CO)13,°  [HaRUs(CO)12]*,®  [HsRU4(CO)12], " HaRus(CO)pp,?
[HRUg(CO)a] ", HoRug(CO)15,*  HzRUs(CO)17,>*  [HRuz(CO)a] . [H2Rus(CO)z]™,*
[H2Ru10(CO),s]*,** and [HRu11(CO),7]>.** All of these hydride clusters have been obtained starting
from Ruz(CO)1, or other preformed Ru carbonyls, except [HRu3(CO)11]” which can be directly
obtained by reductive carbonylation of RuCls-3H,O under CO pressure.® In particular,
[H3Ru4(CO)12]™ (1) was originally obtained in a multistep synthesis that involved (Scheme 1): (1)
carbonylation of RuClz-3H,0 to give Rus(C0O):12;**® (2) hydrogenation of Rus(CO);» to give
[HsRU4(CO)1];*** (3) deprotonation of [H4Ru4(CO)12] to give 1.* Step (1) could be achieved by
carbonylation of RuCls-3H,0 under CO at high pressure or at atmospheric pressure. In the latter
synthesis, RuCl3-3H,0 was reduced under CO (1 bar), first, to Ru(ll) carbonyls by heating in 2-
ethoxyethanol (1 h at 80 °C, 1 h at 124 °C). Then, 2 equivalents of KOH per mole of Ru were added

and the mixture heated at 75 °C affording Rus(CO);,.%

CO, 65 atm
CH30H, 125 °C, 8h

2-ethoxyethanol KOH, 2 equiv
: CO, 1 atm CO, 1 atm Y
RUC|3 3H20 . [RU(CO)3C|2]2 —>Ru3(CO)12
pso°c.ih 75 °C, 20 min
i) 124 °C, 45 min H,.1 atm
octane, 120 °C
- KH
[H3RU4(CO)12] ——— [H4RU4(CO)12]

THF

Scheme 1. Current multistep synthesis of [H3Ru4(CO)12]™ (1).

Herein, we report an one-step synthesis at CO-atmospheric pressure of 1 which employs

RuCl3-3H,0 as starting material. The readily availability of 1 prompted the study of some of its
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reactions, which resulted in the synthesis and structural characterization by single-crystal X-ray
diffraction (SC-XRD) of the new hydride clusters [H3Rus(CO);2(CuMeCN)] (7) and
[H2Ru4(CO)12(CuBr).]* (8).

Results and Discussion

One-pot synthesis of [H3Ru4(CO)12]™ (1)

Seeking a direct synthesis of 1 from RuCls-3H,0 at atmospheric pressure, some modifications of
the above mentioned synthesis of Rus(CO);» were investigated.® In particular, the following
parameters were systematically changed: 1) the amount of KOH added; 2) temperature; 3) reaction
time. Several attempts were made in order to optimize these parameters, and the best conditions
seemed to be the following (1 bar of CO, Scheme 2), which resulted in an overall yield of 1 based
on RuCl3-3H,0 of 82%:

1) RuCl3-3H,0 was heated at 80 °C in 2-ethoxyethanol for 2 h;

2) Three equivalents of KOH per mole of Ru were added and the temperature increased up to 135
°C(2h);

3) An additional equivalent of KOH was added and the temperature maintained at 135 °C for 1 h
resulting in the formation of a solution of K[1];

4) Upon filtration, [NEts][1] was precipitated by addition of a solution of [NEt;]Br in H,O to the 2-
ethoxyethanol solution of K[1].

KOH i .
. CO stream, latm (3 equiv.) KOH (1 equiv.
RuCl; 3H,0 » CO stream, latm , Co strc(eam(,q 1at2n
2-ethoxyethanol 135°C, 2h » K[H3RU4(CO)12]

80°C, 2h 135°C, 1h

i [NEt4]Br, H20

[NEta][H3RU4(CO)12]
Scheme 2. One-pot synthesis of [H3Ru4(CO)12]™ (2).

As previously reported in the literature,*** during step (1) Ru(lll) is reduced to Ru(ll)
carbonyls, which are further reduced to Ru3(CO);2 upon addition of two equivalents on KOH.
Addition of a total of four moles of KOH per mole of Ru in steps (2) and (3) results in the reduction
of Ru3(CO);, to 1. The reduction process is likely to occur through a well-known mechanism in

organometallic chemistry, that is nucleophilic attack of OH™ to CO which is oxidized to CO; or
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COs>, depending on the total amount of base. Indeed, as reported in the next section, some
carbonate-containing side products have been identified.

The nature of 1 was confirmed by comparison of its IR, *H and *C{*H} NMR spectra with
those reported in the literature.?”** Moreover, the structure of the new salt [NEt,][1] was determined
by SC-XRD (Figure 1 and Table 1). The unit cell of [NEt4][1] contains two independent molecules
which differ for the location of the three hydride ligands. One molecule possesses an idealized Cs,
symmetry and the other idealized C, symmetry. Both these isomers of 1 have been previously
structurally characterized, but always as separate salts.”” The present findings confirm that the two
isomers are in equilibrium in solution, as also demonstrated by VT *H NMR studies reported in the

literature.**

(b)
Fig. 1. Molecular structures of (a) the C, and (b) Cs, isomers of 1 as found in [NEt;][1] (orange Ru;
red O; grey C; white H).

Table 1 Main bond distances (A) of [H3Ru4(CO)1,]” (1) (C, and Cs, isomers), [HoRu4(CO).]* (4),
[H3Rus(CO)12(CuMeCN)] (7) and [H2Rus(CO)12(CuBr),]* (8). See Scheme 3 for labelling.

1 (C, isomer) 1 (C,, isomer) 4 7 8
Ru(1)-Ru(2) 2.9032(5) 2.7733(5) 2.9771(4) 2.7844(3) 2.776(4)
Ru(1)-Ru(3) 2.7871(5) 2.7753(5) 2.9558(4) 2.7938(3) 2.791(4)
Ru(1)-Ru(4) 2.7614(5) 2.7841(4) 2.8183(4) 2.7845(3) 2.777(4)
Ru(2)-Ru(3) 2.9423(4) 2.9380(5) 2.7735(4) 2.9469(3) 2.950(4)
Ru(2)-Ru(4) 2.7919(4) 2.9218(5) 2.7842(4) 2.9739(3) 2.958(4)
Ru(3)-Ru(4) 2.9167(5) 2.9191(4) 2.7526(4) 2.9489(3) 2.927(4)
Cu(1)-Ru(2) - - - 2.7327(4) 2.781(5)
Cu(1)-Ru(3) - - - 2.7421(4) 2.718(6)
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Cu(1)-Ru(4) 2.7110(4) 2.698(5)
Cu(2)-Ru(3) 2.619(5)
Cu(2)-Ru(4) 2.630(5)
Cu(1)-Cu(2) 2.590(6)
H(1)-Ru(1) 1.73(4) 1.71(4)
H(1)-Ru(2) 1.77(4) 1.75(4) 1.86(4) 1.70(3) 1.82(2)
H(1)-Ru(4) 1.83(4) 1.84(3) 1.82(2)
H(1)-Cu(1) 1.86(3) 2.02(2)
H(2)-Ru(2) 1.79(4) 1.74(4) 1.87(3) 1.82(2)
H(2)-Ru(3) 1.72(4) 1.76(4) 1.87(4) 1.81(3) 1.82(2)
H(2)-Ru(1) 1.64(4)
H(2)-Cu(1) 1.95(3) 2.02(2)
H(3)-Ru(3) 1.72(4) 1.72(4) 1.79(3)
H(3)-Ru(4) 1.80(4) 1.76(4) 1.87(3
H(3)-Cu(l) 1.79(3)
& &Y &
(DT/ / \\ (1)H/ \\\/H(z)
[ R L7 L
(2)Ru\H /\\EUG) (Z)R/U//\H /‘\'lju(?') (2)Ru Ru(3)
(1)H
@ @ @ @
1-C2 l-C3V 4
4 R
(4)R\J (4)R\u
BANN // AN
(2RU —Ru(3) (QRu7 =Ru(3)
4 I/ / v I/
mH//\(Z) e ‘”H/(W//\\C“@
) )
7 8

Scheme 3. Labelling of 1 (C, and Cs, isomers), 4, 7 and 8 (CO omitted for clarity).

The geometries of the two isomers of 1, indicated as C, and Cs, in Table 1, were optimized
by means of DFT calculations. The energy difference between the two species is negligible (0.3
kcal mol™), in agreement with the experimental outcomes. The search for other possible isomers

indicated that one hydride can adopt ps coordination mode, affording the isomer with approximate
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Cs symmetry depicted in Figure 2. The energy of such a species is closely comparable to the values
obtained for the other two isomers. The experimentally observed hydride migration is perhaps
related to the change of hydride coordination mode from p, to ps and vice versa.** No stable
stationary points were instead found for isomers with two us-H ligands, all the attempts affording
the previously described species as stable minima. Finally, the inclusion of one hydride inside the
{Ru,} tetrahedral cavity caused the rise of the relative energy by more than 18 kcal mol™, therefore
isomers with interstitial hydrides can be ruled out. The DFT-optimized geometry of the most stable

species optimized with ps-H is reported in Figure S12 in the ESI.

Fig. 2. DFT-optimized structure of the 1-C, isomer with one pz-H (orange Ru; red O; grey C; white
H).

Synthesis and characterization of [Rug(CO)15(X)4s(COs)]* (X = CI, Br, 1) (2-X) and
[Ru10(CO)20(Br)4(CO3)a]*” (3)

The synthesis of [NEt;][1] was accompanied by the formation of a side-product, which was
separated from [NEts][1] on the basis of their different solubility in organic solvents. Thus,
[NEt,][1] was extracted in CH,Cl,, whereas the side-product was soluble in acetone. The amount of
this side-product increased upon adding all the four equivalents of KOH just in one step, instead of
two steps as for the optimized synthesis of [NEt4][1]. Diffusion of n-hexane on the acetone solution
afforded crystals of K2[NEt4]2[Rug(CO)16(Br)4(CO3)4]-5CH3COCHs3,
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K2[NEt]3[Rug(CO)16(Br)4(CO3)4][Br]-4CH3COCH3 or
[NEt4]4[Rug(CO)16(Br)4(C0O3)4]-2CH3COCH; depending on the crystallization conditions. All these
salts contain the same [Rug(CO):s(Br)s(COs)s]* (2-Br) anion, which closely resembles to
[Rug(CO)16(Cl)4(CO3)a]* (2-CD), previously reported as Nay[NEt4],[2-
Cl]-2CH3COCHj3-0.5CH3;CH,0H-1.5H,0 salt.*® The presence of Br instead of Cl is due to the use
of [NEt,]Br for precipitation, Indeed, by employing [NEt4]Cl or [NEt,]l instead of [NEt]Br, the
salts K3[NEt];[2-Cl]-3MeCN and [NEts]4[2-1]-4CH3COCH; were obtained, respectively.
Conversely, by using [NBu4]Br for precipitation, crystals of K;[NBus],[2-Br]-4CH3;COCH3; were
obtained.

As described in the previous Section, Ru(lll) is initially reduced to Ru(ll), and, then, Ru(ll)
is reduced to Ru(0) after the addition of KOH. Further increasing the amount of the base, eventually
results in 1, which formally contains Ru(-1). It may be that part of Ru(ll) is reduced to Ru(l) and, in
the presence of an excess of COs>~ ions, this is transformed into 2-Cl, as reported in the literature.*
Because of the stability of this complex, the Ru(l) ions trapped in such compound are not further
reduced. CO3%" ions are formed by the reaction of the CO, molecules produced by CO oxidation,
and the OH™ ions. Thus, adding all the KOH at once favours the formation of COs*" and, as a
consequence, more 2-Cl is obtained as side product. Then, metathesis of the halide ions takes place
during precipitation resulting in 2-X.

The anions 2-X display the same structure composed of four {Ru,(CO).}** units which are
joined by four u-X ligands and four COs* anions (Figure 3). Each CO3* anion is bonded to two
{Ru,(CO),}** units via its three O-atoms. Among these, one O-atom is bonded to two Ru-atoms,
whereas the other two oxygens of each COs* are bonded to a single Ru each. These two O-atoms
can be, then, used to further coordinate K* ions, as found in the structures of Kj[NEts]s[2-
Br]-5CH3COCHs, Ko[NEts]5[2-Br][Br]-CH3COCHSs, Ko[NBu4]s[2-Br]-4CH3;COCH; and Ky[NEts]»
[2-Br]-6MeCN-solv.
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(b)

(d)

Fig. 3. Molecular structures of (a) [Rug(CO)s(X)s(CO3)s]*™ (X = CI, Br, 1) (2-X), (b) the
{K,[Rug(CO)15(Br)4(CO3)s]}* unit present in the structure of K,[NEts]o[2-Br]-5CH3;COCHs, (c)
[Ru10(CO)20(Br)4(CO3)a]*” (3) and (d) the {K[Ru1o(CO)20(Br)4(CO3)4]}" unit present in the structure
of K[NEt4]3{[3].} (orange Ru; yellow X; blue K; red O; grey C).

2-Br is transformed into [Ruo(CO)20(Br)a(CO3)s]* (3) upon reaction with an excess of
HBF,-Et,0 (equation 1):

5[Rug(CO)16(Br)a(CO3)a]* + 12H" — 4[Ru10(CO)20(Br)4(COs)s]*™ + 4HBr + 4CO, + 4H,0 (1)

3 has been structurally characterized by SC-XRD as K[NEt;]3{[3].} salt. The 3 anion is
composed of five {Ru,(CO),}** units which are joined by two p-Br, two ps-Br~ ligands and four
COs> anions (Figure 3). Within the crystal structure of K[NEts]s{[3]}, two 3 anions are
coordinated to a K* cation resulting in a {K[Ru1o(CO)20(Br)4(COs)s]2}> unit (Figure 4).
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The structure of 3 formally arises from that of 2-Br by adding a fifth {Ru,(CO)4}** unit via
four O-atoms of two CO3*" ligands. The other two COs*™ ligands are, then, employed to bind the K*
cation. Overall, the 2-X anions can be viewed as multidentate ligands, due to the presence of eight
O-atoms, four on each side of the molecule, belonging to the four CO5>~ anions, which can be used
to coordinate K* ions or {Ru,(CO)s}** units. The addition of two of the latter units would

eventually result in a purported neutral [Ru12(CO)20(Br)s(COs)4] species.

Fig. 4. Molecular structure of the {K[Ru1o(CO)20(Br)a(COs)al}*> unit present in K[NEty]s{[3].}
(orange Ru; yellow Br; blue K; red O; grey C).

Synthesis and  molecular  structures of  [H3Ru4(CO);2(CuMeCN)] (7)) and
[H2RU4(CO)12(CuBr),]* (8)

As previously reported, 1 can be deprotonated to [H,Ru4(CO):.]* (4) by Na/naphtalene in DMF or
NaOH in DMSO (Scheme 4).%° The nature of 4 has been further confirmed by SC-XRD analyses of
the new [NEty],[4] salt (Figure S11 in ESI).
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- [Cu(MeCN)4][BF4], BT

[H2RUA(CO)12] > [HzRUs(CO)12(CuBN)z”
4 8
NaOH
Ag(IP1)2][PF :
[AQ(IPT)2][HsRUL(CO)r2] VAPl Ruycoyyy CUMECNMIBRA ) RuycOya(CuMech)]
1 7
140 °C
DMF
, (1) Cu(IMes)CI
[RusC(CO)1¢] » [Cu(IMes)2]2[{RusC(CO)16}2CU4Cly]
5 (2) [Cu(MeCN)a][BF4] 6

Scheme 4. Reactions of 1.

Moreover, 1 is transformed into [RugC(CO)16]*" (5) upon thermal treatment at 140 °C in

DMF. 5 does not react with Cu(IMes)Cl, whereas the salt
[Cu(IMes)2]2[{RusC(CO)16}2.CusCl2]-CH,Cl,-solv ([Cu(IMes)].[6]-CH,Cl,-solv) is obtained upon
treatment with Cu(IMes)CIl and [Cu(MeCN)4][BF4]. The molecular structures of these products
have been determined as their [NEt4],[5]-CH,Cl, and [Cu(IMes),]2[6]-CH,Cl,-solv salts (Figure 5).

The cluster anions 5 and [{RugC(CO)16}.CusCl,]* (6) have been previously reported and, therefore,
44,45

they will not be discussed any further.

(b)
Fig. 5. Molecular structures of (a) [RusC(CO)1s]*” (5) and (b) [{RusC(CO)16}.CusCl,]* (6) (orange
Ru; green Cu; yellow CI; red O; grey C).

The neutral [H3Ru4(CO)12(CuMeCN)] (7) cluster was obtained from the reaction of 1 with

[Cu(MeCN),][BF4]. Performing a similar reaction starting from 4 in the presence of Br  ions
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resulted in the dianion [H,Rus(CO)1(CuBr),]> (8). Conversely, the reaction of 1 with
[Ag(IPr),][PFe] resulted simply in a metathesis reaction which afforded the salt [Ag(IPr),][1]-solv.
All the new compounds have been spectroscopically characterized and their molecular structures
determined by SC-XRD as their 7, [NEt]2[8], and [Ag(IPr)2][1]-solv salts. In addition, crystals of
[NEt4]2[H2RU12(CO)34CugBr2]-solv ([NEts]2[9]-so0lv) were obtained as side product during the
synthesis of 7. The two compounds were separated owing to their different solubility in organic
solvents. Thus, 7 was extracted in toluene, whereas [NEt;]2[9]-solv was extracted in acetone.
[Ag(IPr),][1]-solv and [NEt]-[9]-solv contain the clusters 1 and [HRui2(CO)34CusBro]* (9)
(Figure 6) which were previously described in the literature and, thus, they will not be discussed
any further.?’*® The position of the hydrides inside {Rug} cages was corroborated by DFT
calculations on the 9 anion, carried out on a model with imposed C, symmetry, the axis crossing the

two bromine atoms. The RMSD between experimental and computed geometries is only 0.076 A.

Fig. 6. Molecular structure of [H,Ru12(CO)34CugBr,]*~ (9) (orange Ru; green Cu; yellow Br; red O;
grey C; white H).

The molecular structure of 7 (Figure 7 and Table 1) closely resembles those previously
reported for [HaRus(CO)12(CuPMePhy)] *” and [{HsRu4(CO)12}.Cuz(dppe)].*® It consists of a Ru,
tetrahedron capped on a triangular face by a us-{CuMeCN}" fragment. Each Ru atoms is bonded to

three terminal CO ligands, and the three hydrides are us-coordinated on the CuRuj, triangular faces
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of the CuRujz tetrahedron. Alternatively, 7 may be viewed as a trigonal bipyramid with Cu in an
apical position. The Ru-Ru bonding contacts involving the unique apical Ru atom [2.7844(3)-
2.7938(3) A] are significantly shorter than those of the equatorial Rus triangle [2.9469(3)-2.9739(3)
A]. This is in keeping with the presence of three bridging hydride ligands on the equatorial Rus
triangle.

In agreement with the solid state structure, the *H NMR spectrum of 7 shows one singlet in
the hydride region at -17.58 ppm, and a singlet at 2.32 ppm due to the MeCN ligand.

7 possesses 72 cluster valence electrons (CVE) [3%1 (3H) + 4x8 (4Ru) + 12x2 (12CO) +
1x11 (1Cu) + 2x1 (MeCN)] in agreement with the Effective Atomic Number rule (EAN) for a TBP

cluster.**!

Fig. 7. Molecular structure of [H3Ru4(CO)12(CuMeCN)] (7) (orange Ru; green Cu; blue N; red O;
grey C; white H).

The molecular structure of 8 (Figure 8) can be formally originated from that of 7 by
replacing {CuMeCN}" with one CuBr unit, and one hydride with the second CuBr unit without
altering the stereochemistry of the other ligands. Alternatively, 8 may be viewed as composed of a
trigonal bipyramidal RusCu core with the two hydrides and the second Cu capping the three CuRu,
triangular faces of the CuRuj; tetrahedron. As a consequence, a cuprophilic Cu---Cu contact is
present [2.590(6) A].>? Several neutral clusters of the type [HoRus(CO)»(ML),] (M = Cu, Ag, Au;
L = PPhs, PCys, P(CH,Ph)s, P(0-CsH4CHs)s) and [HaRu4(CO)12(M)2(LL)] (M = Cu, Ag, Au; LL =
Ph,PCH,PPh,, Ph,PCH,CH,PPh,, Ph,P(CH,)3PPh,, Ph,P(CH,)sPPh,, Ph,PCH,CH,AsPh,,

(CsH4PPh,),Fe) are known,>*™* and most of them present structures very similar to that of 8. Only
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in the case of [H,Ru4(CO)12(CuPCys),] and [HoRu4(CO)12(CuP(CH2Ph)3).] the two CuL fragments
display a different coordination, that is one us-bonded to a triangular face of the Ru, tetrahedron
and the second one p-coordinated to an edge of the tetrahedron without any cuprophilic contact.

8 possesses 84 CVE [2x1 (2H) + 4%x8 (4Ru) + 12x2 (12CO) + 2x11 (2Cu) + 2x1 (Br) + 2
(charge)] as expected for a TBP cluster capped on a triangular face on the basis of the EAN rule.>’

Fig. 8. Molecular structure of [H,Ru4(CO)12(CuBr),]*" (8) (orange Ru; green Cu; yellow Br; red O;
grey C; white H).

The localization of the hydrides in 7 and 8 was confirmed by DFT calculations. In both the
clusters the coordination mode is uz-H and involves CuRu, faces, but AIM and Mayer analyses
indicated that the Ru-H interactions are stronger than the Cu-H ones. This would suggest the
unsymmetrical face-bridge model described by Park et al *® for polycopper hydrides, but the fact
that the "triangle™ in the present case is Ru,Cu rather than Cuz makes any consideration on observed
M-H distances more complicated. The properties at M-H bond critical points and the computed M-
H bond orders are slightly different between the two clusters. In 7, the Ru-H interactions are weaker
with respect to 8, while the opposite trend was observed for Cu-H bonds. The differences are
perhaps in part related to the global charge of the complexes, the negative charge of 8 favouring the
Ru-H interactions. Moreover, it seems that the hydride ligands have stronger interactions with more

electron-poor copper fragments. Selected data are summarized in Table 2.
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Table 2. Selected AIM (a.u.) and Mayer data for [H3Rus(CO)12(CuMeCN)] (7) and
[H2Ru4(CO)12(CuBr),]* (8)
PRuH VruH BOru.+ PeuH Veun BOcu
average average average average average average
0.074 -0.085 0.351 0.050 -0.056 0.159
0.077 -0.087 0.369 0.042 -0.041 0.108

Conclusions

In summary, it has been shown that 1 can be obtained with a straightforward one-pot synthesis
starting from RuCls-3H,0 and operating at CO atmospheric pressure with an overall yield of 82%,
rather than using the multistep synthesis previously reported in the literature.***! The atmospheric
pressure reductive carbonylation procedure herein described results from the optimization of the
RuCl3-3H,0O/KOH ratio as well as reaction time and temperatures. At the end of the reaction, 1 can
be precipitated as [NEt,]" salt, but also other organic cations can be employed following a similar
procedure. Formation of 1 is accompanied by 2-X as side product, and the two compounds are
separated on the basis of their different solubility in organic solvents. The amount of 2-X depends
on the reaction conditions and, in general, its formation is favoured by adding KOH just in one step
rather than two-steps as in the optimized synthesis of 1.

Since ruthenium hydrides are very important for fundamental and applicative purposes,**??
the readily availability of 1 might promote further studies. Indeed, 1 can be used for the preparation
of new homo and heterometallic polyhydride carbonyl clusters, the preparation of heteroleptic
complexes for catalytic applications, or as precursor for Ru nanoparticles. As an example, it has
been herein reported that the reactions of 1 with copper complexes lead to the synthesis of

heterometallic polyhydride clusters such as 7 and 8.

Experimental

General procedures.

All reactions and sample manipulations were carried out using standard Schlenk techniques under
nitrogen and in dried solvents. All the reagents were commercial products (Aldrich) of the highest
purity available and used as received. Analyses of C, H and N were obtained with a Thermo Quest
Flash EA 1112NC instrument. IR spectra were recorded on a Perkin Elmer Spectrum One

interferometer in CaF, cells. *H, and *C{*H} NMR measurements were performed on a Varian
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Mercury Plus 400 MHz instrument. The proton and carbon chemical shifts were referenced to the
non-deuterated aliquot of the solvent. Structure drawings have been performed with
SCHAKAL99.”

One-Pot Synthesis of [NEts][H3Ru4(CO)1,] (1) from RuCls-3H,0

CO stream, latm KOH (3 equiv.) KOH (1 equiv.)
RuClz*3H,0 > CO stream, latm CO stream, latm
2-ethoxyethanol - » K[H3RU4(CO)12]
80°C, 2h 135°C, 2h 135°C, 1h

metathesis reaction
K[H3RU4(CO)12] * [NEt4]Br >  [NEt][H3RU4(CO)12]

RuCl3-3H,0 (1.50 g, 5.73 mmol) and 2-ethoxyethanol (70 mL) were introduced in a 500 mL flask.
The solution was deaerated by stirring under reduced pressure for a few minutes then, connected to
reflux condenser and filled with CO gas. The temperature was first raised to 80°C and the mixture
was stirred vigorously under a fast CO stream for 2h, during which the colour of the solution
progressively turned red. After that, the temperature was increased up to 135°C and 3 equivalents of
KOH (0.966 g, 17.2 mmol) were added to the solution. After 2h at reflux, one more equivalent of
KOH (0.322 g. 5.73 mmol) was added and the mixture was stirred under CO atmosphere at 135°C
for another hour. The colour of the solution appeared orange red with a brown solid on the bottom
of the flask. The solid was eliminated by filtration. Metathesis of K[1] with [NEt;]Br in H,O
generates [NEt,][1] that, after washing with H,O (3x20 mL) and toluene (20 mL), was extracted in
CH.CI; (15 mL)*. Crystals of [NEt4][1] suitable for SC-XRD were obtained by slow diffusion of n-
hexane on the CH,Cl solution (yield 1.16 g, 82% based on Ru).

Ca0H23NO12Ru, (873.67): caled. (%): C 27.49, H 2.65, N 1.60; found: C 27.71, H 2.33, N 1.87. IR
(CH,Cly, 298 K) veo: 2036(s), 2016(s), 1997(vs), 1975(m) cm™. *H NMR (acetone-d°, 298 K) &: -
17.06 ppm. “C{*H} NMR (acetone-d®, 298 K) &: 198.4 ppm.

* The residue not soluble in CH,Cl, was extracted in acetone and crystals of
K2[NEts]2[Rug(CO)16(Br)4(CO3)4]-5 CH3COCH3 were obtained by slow diffusion of n-hexane.

IR (acetone, 298 K) vco: 2020(vs), 1975(w), 1945(s), 1902(w) cm™.
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Synthesis of K2[NEt4]2[Ru8(CO)16(Br)4(C03)4] (2-Br)

CO stream, latm KOH (4 equiv.)
RuCl3*3H,0 » CO stream, latm
2-ethoxyethanol > [NEts]Br [NEta][H3RU4(CO)12]
80°C, 2h 135°C, 6h _ " +

K2[NEts]2[Rug(CO)16(Br)4(CO3)4]
RuCl3-3H,0 (1.50 g, 5.73 mmol) and 2-ethoxyethanol (70 mL) were introduced in a 500 mL flask.
The solution was deaerated by stirring under reduced pressure for a few minutes then, connected to
reflux condenser and filled with CO gas. The temperature was first raised to 80°C and the mixture
was stirred vigorously under a fast CO stream for 2h, during which the colour of the solution
progressively turned red. After that, the temperature was increased up to 135°C and 4 equivalents of
KOH (1.28 g, 22.9 mmol) were added to the solution. After 4h at reflux the colour of the solution
appeared deep red with a brown solid on the bottom of the flask. The solid was eliminated by
filtration. A saturated solution of [NEt4]Br in H,O was added to the mixture and the obtained
precipitate was isolated by filtration and washed with H,O (3x20 mL) and toluene (20 mL).
[NEt4][1] was extracted in CH,Cl, (15 mL) as described above. Then the residue was extracted in
acetone (15 mL) and layered with n-hexane affording crystals of K;[NEts],[2-Br]-5CH3COCHj;
suitable for SC-XRD* (yield 0.26 g, 15% based on Ru).
Cs1H70BrsK;N,033RuUg (2445.49): caled. (%): C 25.05, H 2.89, N 1.15; found: C 24.86, H 2.61, N
1.32. IR (acetone, 298 K) veo: 2020(vs), 1975(w), 1945(s), 1902(w) cm™. IR (Nujol, 298 K) vco:
2020(s), 1974(m), 1937(s), 1900(m) cm™. *C{*H} NMR (acetone-d®, 298 K) &: 211.3, 210.6,
205.9, 205.7 (CO), 170.3 (COs*) ppm
* Depending on the crystallization conditions, sometimes crystals of K;[NEt,]s[2-
Br][Br]-4CH3;COCH; or [NEts]4[2-Br]-2CH3;COCH3; were obtained instead of Kj[NEts],[2-
Br]-5CH3COCHs;. If [NBu]Br is used for precipitation instead of [NEt;]Br, crystals of
K2[NBug]2[2-Br]-4CH3COCH3; suitable for SC-XRD are obtained. If [NE]Cl is used for
precipitation instead of [NEts]Br, crystals of K;[NEts],[2-Cl]-3MeCN suitable for SC-XRD are
obtained. If [NEts]l is used for precipitation instead of [NEts]Br, crystals of [NEts]4[2-
1]-4CH3COCHgssuitable for SC-XRD are obtained.

Synthesis of K[NEt]3{[Ru10(CO)20(Br)s(COs)4]2} (3)

HBF,* Et,O
K2[NEta]2[Rug(CO)16(Br)4(CO3)4] S > K[NEt4]3{[Ru10(CO)20(Br)a(CO3)4]2}
r.t., 1h
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An excess of HBF4-Et,O was added in small portions (80 uL each time) to a solution of
K2[NEty],[2-Br] (0.320 g, 0.148 mmol) in acetone and the reaction monitored by IR spectroscopy.
The resulting mixture was stirred at room temperature for 1h and then, the solvent removed under
reduced pressure. The residue was washed with H,O (2x10 mL), toluene (10 mL), CH,Cl, (10 mL)
and extracted in acetone (15 mL). The acetone solution was layered with n-hexane affording
crystals of K[NEt4]3{[3].} suitable for SC-XRD (yield 0.14 g, 48% based on Ru).
CaoHa6BraKosN1s033RU10 (2403.58): calcd. (%): C19.49, H 1.51, N 0.87; found: C 19.68, H 1.27, N
1.01. IR (acetone, 298 K) vco: 2063(w), 2040(vs), 1970(s) cm™. IR (Nujol, 298 K) vco: 2036(s),
1975(ms), 1948(m) cm™. C{*H} NMR (acetone-d®, 298 K) &: 206.8, 205.9, 203.8, 203.4, 202.9,
202.8, 201.7, 201.4 (CO), 171.3 (COs*) ppm.

Synthesis of [NEt;]2[RusC(CO)16] (5)

140°C >~ [NEta]Br
[NEt][H3RU4(CO)12] ——> [RusC(CO)16]° — > [NEt4]2[RusC(CO)1]
DMF

A solution of [NEt4][1] (0.300 g, 0.343 mmol) in 10 mL of DMF was heated at 140°C for 5h, and
the reaction monitored by IR spectroscopy. Then, a saturated solution of [NEt;]Br in H,O (40 mL)
was added to complete precipitation. The resulting solid was recovered by filtration, washed with
H,O (3x15 mL) and toluene (15 mL), then extracted in CH,Cl, (10 mL) Crystals of
[NEt,]2[5]-CH.CI, suitable for SC-XRD were obtained by layering n-pentane on the CH,Cl,
solution (yield 0.26 g, 15% based on Ru).

C34H42CIN,016RUg (1412.01): caled. (%): C 28.92, H 3.00, N 1.98; found: C 29.08, H 2.77, N 2.11.
IR (acetone, 298 K) veo: 1977(vs) cm™.

Synthesis of [Cu(IMes),].[{RusC(CO)15}.CusCl;] (6)

Cu(IMes)Cl
[NEta]2[RusC(CO)s] gceton)e > [Cu(MeCN)4][BF4] —  [Cu(IMes)2]2[{RusC(CO)16}2CUsCly]
reflux CH,CI, r.t. o

Solid Cu(IMes)CI (0.152 g, 0.377 mmol) was added in small portions to a solution of [NEt4],[5]
(0.250 g, 0.188 mmol) in acetone. The reaction mixture was stirred at reflux temperature under
nitrogen atmosphere and monitored by IR spectroscopy. No change in the IR spectrum was
observed over 2h, thus the solvent was removed in vacuum and the residue dissolved in CH,Cl,. At
this point, 3 equivalents of [Cu(MeCN),][BF4] (0.178 g, 0.565 mmol) were added in small portions
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to the mixture and stirred at room temperature for 2h. Then, the solvent was removed in vacuum
and the residue washed with water (20 mL), toluene (10 mL), and extracted with CH,Cl, (10 mL).
The dichloromethane solution was layered with pentane affording crystals of
[Cu(IMes)].[6]-CH,Cl, suitable for SC-XRD (yield 0.12 g, 34% based on Ru).
C119HgsCl4CusNgO32RuU;2 (3887.93): caled. (%): C 36.76, H 2.54, N 2.88; found: C 36.52, H 2.34, N
3.05. IR (CH.Cly, 298 K) vco: 2021(vs) cm™.

Synthesis of [NEt,],[H2Ru4(CO)12] (4)

8)  [NEt][HsRUs(CO)1z] SRS treRugcopel’ N ey Rus o)
r.t.,2f‘1
NaOH 2 [NEts]Br RU

b) INE][HsRUA(CO)12] —Brisg—> [H2RUs(CO)zl? ———3  [NEta]2[HzRU4(CO)1z]
r.t., 3h

Method (a)

[NEt;][1] (0.300 g, 0.344 mmol) was dissolved in DMF (10 mL) under nitrogen atmosphere. A
solution of Na/Naphthalene in DMF was added dropwise over 2h to the solution of the cluster. The
reaction was monitored by IR spectroscopy until the IR spectrum corresponded to that of 4. The
crude product was precipitated by addition of a saturated solution of [NEts]Br in H,O (40 mL) and
the solid recovered by filtration, washed with H,O (30 mL) and toluene (15 mL). The residue was
dried under reduced pressure and extracted with acetone (15 mL).

Method (b)

NaOH (0.500 g) was added as a solid to a solution of [NEt;][1] (0.250 g, 0.286 mmol) in DMSO
(10 mL), and the resulting mixture was stirred at room temperature for 3h. The crude product was
precipitated by addition of a saturated solution of [NEt;]Br in H,O (40 mL) and the solid recovered
by filtration, washed with H,O (30 mL), and dried under reduced pressure. The orange solid was
further washed with toluene (15 mL) and extracted with acetone (15 mL). The IR spectrum on the
solution confirmed the formation of [NEt,],[4] cluster (yield 0.21 g, 74% based on Ru).
CasH42N201,Ru4 (1002.91): caled. (%): C 33.53, H 4.22, N 2.79; found: C 33.74, H 4.01, N 2.28. IR
(CH.Cls, 298 K) veo: 2035(w), 1992(s), 1956(vs), 1750(m) cm™. *H NMR (acetone d®, 298 K) &: -
19.17 ppm.
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Synthesis of [H3Ru4(CO)12(CuMeCN)] (7)

H»

[NEta][H3RU4(CO)12] + [Cu(MeCN)4][BF4] C—?;» [H3RU4(CO)12(CuMeCN)]

Solid [Cu(MeCN),][BF4] was added in small portions (108 mg each time, 0.343 mmol) to a CH,CI,
(20 mL) solution of [NEt4][1] (0.300 g, 0.343 mmol). The mixture was stirred at room temperature
under nitrogen for 30 min after each addition, and the reaction was monitored by FT-IR
spectroscopy. After an overall addition of 3 equivalents of [Cu(MeCN),][BF4], the solvent was
removed in vacuum. The residue was washed with water (20 mL) and extracted with toluene (10
mL), and CH,Cl, (10 mL). Crystals of 7 suitable for SC-XRD were obtained by layering pentane on
the toluene solution (yield 0.15 g, 53% based on Ru).*

C14HsCuNO;,Ru, (848.02): calcd. (%): C 19.83, H 0.71, N 1.65; found: C 20.04, H 0.98, N 1.33. IR
(CH.Cls, 298 K) vco: 2086(w), 2056(s), 2047(vs), 1997(m) cm™. *H NMR (acetone-d®, 298 K) &: -
17.58 (hydride), 2.32 (MeCN) ppm. *C{*H} NMR (acetone-d°, 298 K) &: 194.9 (CO), 189.7 (CO),
118.2 (CN), 2.2 (CH3) ppm.

* The residue not soluble in toluene was extracted in acetone and some crystals of
[NEts]2[H2RU12(CO)34CugBr2]-solv  ([NEt4]2[9]-solv) were obtained after slow diffusion of n-

hexane.

Synthesis of [NEt4]2[H2RU4(CO)12(CUBr)z]'CH2C|2 (8)
CH,Cl,
r.t., 2h

[NEta]2[H2RU4(CO)12] * [Cu(MeCN)4][BF4] * [NEta]Br [NEta]2[H2RU4(CO)12(CuBr)2]

Solid [Cu(MeCN)4][BF4] was added in small portions (2 equivalents, 39 mg each time, 0.125
mmol) to a CH,Cl, (20 mL) solution of [NEts].[4] (0.250 g, 0.249 mmol) and [NEt,]Br (0.100 g,
0.477 mmol). The mixture was stirred at room temperature for 2h, and then the solvent was
removed in vacuum. The residue was washed with water (20 mL) and toluene (10 mL), dried under
reduced pressure, and then extracted with CH,Cl, (15 mL). %. Crystals of [NEts].[8]-CH.CI,
suitable for SC-XRD were obtained by layering n-pentane on the CH,Cl; solution (yield 0.14 g,
41% based on Ru).

Ca9H44Br,Cl,Cu;N2012RuU, (1374.74): caled. (%): C 25.34, H 3.23, N 2.04; found: C 25.11, H 3.58,
N 1.85. IR (CH,Cly, 298 K) vco: 2053(w), 2017(s), 1998(s) cm™. *H NMR (acetone-d®, 298 K) &: -
16.73 ppm.
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Synthesis of [Ag(IPr).][H3Ru4(CO)12]

[NEta][H3RU4(CO)12] * [Ag(IPr)2]PFs L [Ag(IPr)2] [HaRU4(CO)12]
reflux,
2h

A solution of [Ag(IPr)2][PFe] (0.643 g, 0.585 mmol) in THF (5 mL) was added to a solution of
[NEt][1] (0.1270 g, 0.195 mmol) in THF (10 mL) over a period of 30 minutes. The resulting
mixture was stirred at reflux temperature for 2h and then the solvent removed in vacuo. The residue
was washed with water (20 mL), toluene (10 mL), and extracted with CH,Cl, (10 mL). Crystals of
[Ag(IPr),][1] suitable for SC-XRD were obtained by layering n-pentane on the CH,CI, solution
(yield 0.26 g, 81% based on Ru).

CesH72AgN4O12R U, (1625.42): caled. (%): C 48.77, H 4.46, N 3.45; found: C 48.53, H 4.19, N 3.88.
IR (CH.Cl5, 298 K) vco: 2035(s), 2016(s), 1997(vs), 1977(m) cm™. *H NMR (acetone-d®, 298 K) &:
-17.06 ppm.

X-ray Crystallographic Study.

Crystal data and collection details for [NEts][1], K:[NEts]2[2-Br]-5CH3COCH3, K;[NEts]3[2-
Br][Br]-4CH3COCHj3, [NEt;]4[2-Br]-2CH3COCH3;, K3[NBug]2[2-Br]-4CH3COCH3, K3[NEt],[2-
Cl]-3MeCN,  [NEty]4[2-1]-4CH3COCH3;,  K[NEt]s{[3]2}, [NEt]:[4], [Ag(IPr)2][1]-solv,
[NEt4]2[5]-CH.CI,, [Cu(IMes).]-[6]-CH.Cl,-solv, 7, [NEt4]-[8], and [NEt,]2[9]-solv are reported in
Table S1 in the ESI. The diffraction experiments were carried out on a Bruker APEX Il
diffractometer equipped with a PHOTON?2 detector using Mo-Ka. 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 F2.%! Hydrogen atoms were fixed at calculated positions and refined by a riding model. All
non-hydrogen atoms were refined with anisotropic displacement parameters, unless otherwise
stated.

CCDC 2082095-2082104 and 2082111-2082115 contain the supplementary crystallographic data
for this paper.

Computational details
Geometry optimizations of the clusters were performed in the gas phase using the range-separated
hybrid DFT functional ®B97X.%? The basis set used was the Ahlrichs’ def2 split-valence, with
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relativistic ECP for Ru.®® The “restricted” approach was used in all the cases. The software used

was Gaussian 09.°* The output was used for AIM and Mayer analyses,®® performed with the

software Multiwfn, version 3.5.% Cartesian coordinates of the DFT-optimized structures are

collected in a separated.xyz file.
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