View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by UCL Discovery

Reactions of Ruz(CO)1o(p-dppm) with PhzGeH: Ge-H and Ge-C

bond cleavage in Ph3sGeH at triruthenium clusters

Md. Mehedi Mahabub Khan?, Md. Mahbub Alam?, Shishir Ghosh?, Ahibur
Rahaman?, Derek A. Tocher®?, Michael G. Richmond®, Shariff E. Kabir® ¢ *
Herbert W. Roesky ¢ *

& Department of Chemistry, Jahangirnagar University, Savar, Dhaka 1342, Bangladesh

b Department of Chemistry, University College London, 20 Gordon Street, London WC1H
OAJ, UK

¢ Department of Chemistry, University of North Texas, Denton, Texas 76203, USA

d Georg-August University, Institute of Inorganic Chemistry, Tammannstr. 4, D-37077
Gottingen, Germany

*Corresponding authors.

E-mail address: skabir_ju@yahoo.com (S.E. Kabir), hroesky@gwdg.de (H.W. Roesky)

ABSTRACT

The activation of PhsGeH at the dppm-bridged cluster Rus(CO)io(u-dppm) [dppm =
bis(diphenylphosphino)methane] has been investigated. Rus(CO)io(p-dppm) reacts with
PhaGeH at room temperature in the presence of MesNO to give the new cluster products
Ru3(CO)g(GePhs)(u-dppm)(u-H) (1) and Ru3(CO)s(GePhs)z(u-dppm)(p-H)2  (2) via
successive oxidation-addition of two Ge-H bonds. Refluxing 1 in THF furnishes the
diruthenium complex Ruz(CO)s(p-GePhz)(p-dppm) (3) as the major product (44%), in
addition to Ruz(CO)7(u-CO)(GePh3z){z-PhPCH2P(Ph)CeHas}(u-H) (4) and the known cluster
Ruz(CO)g(p-H)(p3-Ph2PCH2PPh) (5) in 7 and 8% vyields, respectively. Heating samples of
cluster 2 also afforded 3 as the major product together with a small amount of
Ruz(CO)s(GePhs)(u-OH)(u-dppm)(u-H)2 (6). DFT calculations establish the stability of the
different possible isomers for clusters 1, 2, and 6, in addition to providing insight into the

mechanism for hydride fluxionality in 2. All new compounds have been characterized by
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analytical and spectroscopic methods, and the molecular structures of 1, 3, and 6 have been

established by single crystal X-ray diffraction analyses.
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1. Introduction

Both germanium [1] and tin [2,3] are employed with transition metals from Group 8-
10 to create composite alloy systems for catalytic reforming processes. The resulting
heterogeneous nanoparticle catalysts may be prepared by the deposition of a metal cluster
containing a Group 14 ligand on an oxide support, yielding systems that exhibit high activity
and selectivity for certain types of hydrogenation and dehydrogenation reactions [4]. We
have been investigating the synthesis and structure of metal carbonyl complexes containing
organogermanium and organotin ligands that can be used as precursors in the synthesis of
such nanoscale catalysts during the last few years [5-8]. Ruthenium combined with the Group
14 elements, such as germanium or tin, continues to dominate the attention of different
research groups with interest in catalysis [9-11]. Notwithstanding the existing literature on
transition metal complexes containing Group 14 elements as ligands [12-14], well-defined
examples of triruthenium clusters with an ancillary germanium ligand(s) remain scarce [15-
20]. The first example of a triruthenium compound containing an organogermanium moiety
e.0. [(Me2Ge)Ru(CO)s]s, was reported by Howard and Woodward in 1971 from the
thermolysis of (MesGe)Ru(CO)s, which in turn was synthesized from the reaction of
Ruz(CO)2with Mes3GeH [15]. Since that initial report, the related ruthenium-germanium
compounds [(u3-Ge{Ru(CO)2(n>-CsMesH)})]2Rus(CO)s and Rus{pu-
Ge(NCH2CMe3)2CsHa}3(CO)g have been isolated from the thermolysis reaction of Ruz(CO)12
with CsMesHMe GeGeMe2CsMesH and 1,3-bis(neo-pentyl)-2-germabenzimidazol-2-ylidene,
respectively [16, 17]. The former cluster exhibits a trigonal-bipyramidal Ge;Rus polyhedral
frame while the latter cluster reveals a triangular Ruz core where each metallic edge is

bridged by a germylene moiety.

Studies have shown that the incorporation of organogermanium/organotin moieties
into the coordination sphere of a metal carbonyl cluster by oxidative addition of the
corresponding hydrides RsEH (where E = Ge, Sn; R = alkyl, aryl) remains a convenient and
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widely used method for the synthesis of new Group 14-substituted metal clusters [6, 7, 21-
24]. Recently, we reported the preparation of new OssSnx and Os3Gex clusters from the
reactions of Os3(CO)io(p-dppm) and the related ligand-activated cluster Os3(CO)s[us-
PhoPCH2P(Ph)CeHa](u-H)with PhaSnH [6] and PhsGeH [7]. This work reinforces the view
that cluster degradation, which is frequently observed during the reaction between metal
carbonyl clusters and organotin/organogermanium hydrides or other tin/germanium sources,
may be significantly inhibited by the presence of a bridging dppm ligand that can impart
additional stabilization to the metallic polyhedron by the ability to hold contiguous metal
centers together. Accordingly, we have examined the functionalization of Ruz(CO)io(p-
dppm) with PhsGeH as a route to new RusGex clusters that can serve as precursors for alloy
and nanoparticle catalysts. Herein we report on our results of the synthesis and

characterization of new germanium-containing Rus(u-dppm) clusters.

2. Results and discussion

2.1. Reaction of Ruz(CO)1o(-dppm) with PhsGeH through Ge-H bond activation

The MesNO-initiated reaction between Ruz(CO)1o(u-dppm) and PhsGeH at room
temperature gives Ruz(CO)qe(GePhs)(u-dppm)(u-H) (1) and Rus(CO)s(GePhs)2(u-dppm)(u-
H): (2) in 31 and 19% yield, respectively, after chromatographic separation and
recrystallization (Scheme 1). In a separate experiment, 1 was shown to react with Ph:GeH
under similar reaction conditions to afford 2, thus confirming the sequential formation of 1
and 2 through an oxidative-addition process of the Ge-H bond of the germanium reagent.
Both Rus products are new and they have been characterized by analytical and spectroscopic

methods, and the molecular structure of 1 was determined by single crystal X-ray diffraction

analysis.
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Scheme 1. Reaction of Rus(CO)1o(p-dppm) with PhzGeH.



An ORTEP diagram of the molecular structure of 1 is depicted in Fig. 1, and selected
bond distances and angles are presented in the figure caption. The molecule contains an a
triruthenium core with three formal Ru-Ru single bonds [Ru(1)-Ru(2) 2.8441(3), Ru(2)-
Ru(3) 2.8813(3) and Ru(1)-Ru(3) 3.0148(3) A] that exhibit a mean distance of 2.9134 A,
Nine terminal carbonyl groups are noted, of which three are equally distributed at each
ruthenium center. The dppm and hydride ligands bridge adjacent metallic edges, and the
PhaGe moiety is situated syn to the hydride at the phosphine-free ruthenium center. The
hydride ligand was located from a Fourier map and found to bridge the longest of the three
ruthenium-ruthenium edges defined by the Ru(1)-Ru(3) distance. The triphenylgermanium
ligand is coordinated to Ru(1), occupying an equatorial site as expected, and the Ru(1)-Ge(1)
bond distance of 2.5054(3) A is comparable to the terminally coordinated GeMes ligands in
CsHs[(CO)2Ru(GeMes)]2 (mean 2.487 A) [25]. The gross structural features of 1 are similar
to those displayed in the related trimetallic clusters [Rus(CO)g(SiPhs)(u-dppm)(u-H)] [26]
and [Os3(CO)g(GePhz)(u-dppm)(u-H)] [7] reported by us. The solution spectroscopic data for
1 indicate that the solid-state structure persists in solution. The *H NMR spectrum displays a
upfield doublet at -18.25 ppm (J 30.0 Hz) due to the bridging hydride and a virtual triplet at
4.43 ppm (J 10.0 Hz), integrating for two protons, that is attributed to the methylene protons
of the dppm ligand. The aryl hydrogens appear as three sets of multiplets from 7.26-7.54
ppm. The two 3P doublets centered at 9.0 and 7.3 ppm (Jpp 52.0 Hz) in the 3P{*H} NMR
spectrum are consistent with the non-equivalent phosphorus atoms of the dppm ligand.

Place Figure 1 Here

The preferred disposition of the PhsGe ligand relative to the edge-bridging hydride
was examined by electronic structure calculations. Here we optimized the structure of 1 (Al)
and the corresponding stereoisomer where the PhsGe ligand is situated at the alternative
equatorial site distal to the hydride (A2). These structures are depicted in Fig. 2 and Al is
computed to be 3.8 kcal/mol (AG) more stable than A2. This locus preference for the
ancillary PhsGe ligand follows that recently computed by us for the corresponding PhaSn
derivative [Ruz(CO)g(SnPhs)(u-dppm)(u-H)] [27], whose stereoisomers differ in energy by
2.2 kcal/mol in favor of the syn disposed PhzSn and hydride groups.

Place Figure 2 Here



Attempts to grow single crystals of cluster 2 for X-ray diffraction analysis were met
with failure, yielding either amorphous or highly disordered crystalline material. Therefore, 2
was characterizedby a combination of analytical and spectroscopic methods. The IR spectrum
of 2 exhibits six carbonyl absorptions over the wave number range 2061 to 1971 cm™,
indicating that all of the carbonyl groups are terminally bound in the cluster. The FAB mass
spectrum displays a molecular ion at m/z 1522 in addition to signature ions due to sequential
loss of seven carbonyls, all of which are consistent with the formulated structure in Scheme
1.

The *H and 3P NMR data recorded for 2 provide evidence for hydride fluxionality at
room temperature. The 'H NMR spectrum revealed a pair of broad hydride resonances and
the 3P NMR spectrum exhibited similar behavior, making an unequivocal structural and
spectral assignment problematic. Spectral clarity was achieved when 2 was examined by VT
NMR over the temperature range 298-233 K, and these data are shown in Figs. 3 and 4.
Lowering the temperature to 233 K led to a sharpening of the hydride and the phosphine
resonances in their respective spectra as the limiting spectrum is reached. The observation of
inequivalent hydride doublets and distinct 3P doublets at 233 K rules out a structure that
contains an edge-bridging hydride at the dppm-ligated Ru-Ru edge as an energy minimum.
While the structure of 2 is consistent with that depicted in Scheme 1, alternative structures
may be reconciled with the limiting NMR data and cannot be eliminated from consideration

at this juncture.

Place Figures 3 and 4 Here

The fluxional behavior displayed by 2 likely originates from a rapid hydride
movement between adjacent Ru-Ru bonds or a turnstile-type rotation that promotes an
exchange of the GePhs ligand between the two equatorial sites at the Ru(CO)s3(GePhas)
moiety. The dynamic NMR properties in related triphenylsilane-substituted clusters have
been attributed to a variant of the latter exchange process [28]. Scheme 2 illustrates the

possible exchange mechanisms.
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Scheme 2. Proposed fluxional processes in Ruz(CO)s(GePhs)z(u-dppm)(u-H)2 (2).

To gain a better understanding of the NMR behavior and to establish the preferred
ligand disposition in 2, we next performed a series of DFT calculations. We successfully
optimized structures of six dihydrides (Fig. 5) whose relative energies are displayed in Fig. 6.
Structures B1-B5 contain inequivalent hydrides and a nonsymmetrical dppm ligand and
could, in theory, give NMR spectral data consistent with that recorded in solution. Of these
five structures, species B1 is computed as the ground-state minimum. The second most stable
structure is B2 which lies 1.9 kcal/mol above B1. The main difference between B1 and B2 is
the migration of one of the hydrides to the dppm-bridged Ru-Ru bond. Species B3 contains a
bridging dppm ligand that is bound at adjacent axial sites relative to B1 whose dppm ligand
occupies adjacent equatorial sites. The energetic penalty associated with such a dppm
conformational change is 9.2 kcal/mol and is in keeping with earlier calculations by us on
ligand fluxional processes in Rus and Osz clusters [29]. Migration of the PhsGe moiety from
its equatorial site in B1 to the other equatorial site at the Ru(CO)3(GePhs) vertex furnishes
B4, and the unfavorable disposition of syn PhsGe ligands is the principal source of the
computed 11.0 kcal/mol destabilization. Species B5 underscores the preference with respect
to hydride migration to the dppm-bridged Ru-Ru bond. Whereas B2 is only marginally less
stable than B1, migration of the second hydride in B1 to the dppm-bridged Ru-Ru bond is
particularly unfavorable by 16.4 kcal/mol. While inconsistent with the limiting NMR spectral
data, we examined the symmetrical species B6 that contains a mirror plane of symmetry

orthogonal to the dppm-bridged Ru-Ru bond. Transposition of the PhzGe moiety in B1 to the



adjacent equatorial site at the Ru(CO)sP moiety is extremely unfavorable based on the 31.4

kcal/mol increase in energy.

Place Figures 5 and 6 Here

The fluxional behavior recorded in the *H and *'P NMR spectra of 2 is best explained
by the hydride movement process depicted in Scheme 2. The AG* value for the hydride
fluxionality is estimated as 13.0 kcal/mol based on the frequency of separation of the hydride
resonances in the slow-exchange spectrum and a coalescence temperature of ca. 300 K.
Rapid hydride oscillation between species B1 and B2 would furnish broadened hydride and
phosphine resonances, and we subsequently confirmed TSB1B2 as a viable transition
structure for this exchange. Fig. 7 shows this process, and the computed energy of activation
(AG' = 10.8 kcal/mol) fits with the experimental data that support the formation of B1 as the
limiting structure at 233 K. The migration of the edge-bridging hydride to an interstitial site
of the triangular cluster furnishes the transition structure TSB1B2, and continued transit of
the hydride affords the edge-bridged hydride B2. Our DFT data for the hydride shuttle
between adjacent Ru-Ru bonds in the isomers of B1 and B2 are consistent with earlier

proposed hydride migration schemes in other trimetallic clusters [30].

Place Figure 7 Here

2.2. Thermolysis of 1: Ge-C, P-C, C—H and Ru—Ru bond cleavage

The cleavage of a phenyl group(s) from the heteroatom in PhsE derived ligands is an
important transformation that can afford edge-bridging and face-capping Ph2E or PhE (E =
Sn, Ge) fragments [21b,g]. For example, the SnPhs ligand in Rus(CO)11(CeHs)(SnPh3)(u-
H)(us-C) undergoes multiple aryl cleavages to yield Rus(CO)11(CeHs)(pa-SnPh)(u-H)(us-
CPh), which contains a quadruply bridging PhSn ligand [21b]. Based on this observation, we
investigated the thermal stability of 1 and the propensity of the PhsGe ligand to undergo
cleavage reactions at elevated temperatures. Refluxing 1 in THF furnished the diruthenium
complex Ruz(CO)s(p-GePh)(u-dppm) (3) in 44% isolated yield. Complex 3 is the major
product, which derives from cleavage of the Ge-C(phenyl) and Ru-Ru bonds. The two minor

products isolated from the thermolysis reaction are the triruthenium clusters Ruz(CO)7(u-



CO)(GePh3){us-PhPCH.P(Ph)CsHs}(u-H) (4) (8%) and the previously reported
Ruz(CO)g(ps-PhoPCH2PPO)(U-H) (5) [31], whose identity was established by spectral
comparison against an independently prepared sample of 5. These thermolysis products are
shown in Scheme 3. While the dppm ligand remains intact in 3, it undergoes both P—C and
C—H bond activation en route to 4 and 5. The new compounds 3 and 4 have been
characterized by analytical and spectroscopic methods, and the molecular structure of 3 was

established by X-ray diffraction analysis.
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Scheme 3. Thermolysis behavior of 1.

The ORTEP diagram of the solid-state molecular structure of 3 is shown in Fig. 8, and
selected bond distances and angles are quoted in the figure caption. Complex 3 is a
diruthenium complex whose ruthenium atoms are bridged by dppm and diphenylgermanium
ligands. Three terminal carbonyl ligands are coordinated to each metal center. The
diphenylgermylene moiety bridges the ruthenium-ruthenium edge in a symmetric fashion,
with a mean Ru-Ge bond distance of 2.4944 A [Ru(1)-Ge(1) 2.5007(8) and Ru(2)-Ge(1)
2.4881(8)A]. The edge-bridging Ph.Ge moiety displays a Ru-Ge-Ru angle of 71.91(2)°, and
the germanium atom is coplanar with the two distally oriented phosphine moieties of the
dppm ligand. The Ru-Ge bond distances are very similar to those distances reported for
Rus(CO)s(u-GeMey)s [Ru-Ge range 2.482(11)-2.500(12) A] [15]. The Ru-Ru distance in 3 of
2.9293(6) A is consistent with its Ru-Ru single-bond designation and is in agreement with the
reported Ru-Ru distance of 2.9072(8) A in Ruz(CO)s(u-SiTolz)(u-dppm), which was obtained
from the reaction of Ruz(CO)10(u-dppm) with Tol2SiH; [32]. The overall architecture of 3 is
similar to the p-silylene analog Ruz(CO)s(p-SiTol2)(u-dppm) [32].

Place Figure 8 Here



The solution spectroscopic data of 3 are consistent with its solid-state structure. The
infrared spectrum shows four carbonyl absorptions from 2062 to 1957 cm™ and confirms the
presence of only terminal carbonyl ligands. The *H NMR spectrum displays a triplet at 3.93
ppm (J 10.0 Hz) assignable to the methylene protons of the dppm ligand, along with
resonances from 7.18-7.66 ppm for the phenyl protons associated with the dppm and
diphenylgermylene ligands. The 3P{*H} NMR spectrum displays a singlet at 31.3 ppm for
the two equivalent phosphorus nuclei of the dppm in keeping with the idealized C,y, exhibited
by the product.

Repeated attempts to grow single crystals of 4 for X-ray diffraction analysis were
unsuccessful, and we had to rely on characterization by analytical and spectroscopic data
only. Fortunately, several closely related silyl analogs have been reported, and we were able
to reconcile the recorded data for 4 against the silyl congeners. The IR spectrum recorded for
4 closely matches the IR data for a series of Ru3(CO)7(u-CO)(SiRs)(u-H){us-
PhPCH2P(Ph)CeHas} clusters [26]. The spectrum exhibits seven carbonyl absorptions, of
which six appear from 2079 to 1932 cm™ and one a weak absorption appears at 1865 cm™,
The former represent terminal v(CO) bands while the latter is assigned to the lone bridging
carbonyl associated with the Ru-Ru bond also bound by the phosphido moiety. Diagnostic *H
resonances include the upfield multiplet at -16.10 ppm due to the bridging hydride ligand and
the two multiplets centered at 4.38 and 3.77 ppm that are attributed to the methylene protons
of the diphosphine ligand. The *'P{*H} NMR spectrum exhibits two doublets at 88.0 and -
0.83 ppm (J 82.0 Hz) due to the phosphorus atoms of the diphosphine ligand, the former is
assigned to the bridging phosphido moiety. The FAB mass spectrum displays a molecular ion
at m/z 1139 together with further ions due to sequential loss of eight carbonyls, which is

consistent with the formulated structure.

2.3. Thermolysis of 2: Ge—C and Ru-Ru bond cleavage

The stability of 2 in refluxing THF was also examined as it would allow us to
compare the product distribution vis-a-vis the thermolysis reaction of 1, which furnishes 3 via
cleavage of the Ge-C and Ru-Ru bonds and gives 4 via activation of the P-C and C-H bonds
of the dppm ligand. Thermolysis of 2 affords the dinuclear complex 3 as the major product
(31%) and the hydroxyl-bridged dihydride cluster Ruz(CO)s(GePhs)(u-OH)(u-dppm)(p-H)2



(6) in 16% vyield as the minor product. The reaction is illustrated in Scheme 4. The yield of 6
could be increased to 25% by the addition of water (one drop) to the reaction before
thermolysis, and this response to added water supports the source of the hydroxyl ligand in 6
originating from residual water present in the solvent. The formation of 6 was significantly
reduced (<3%) when rigorously dried THF was employed, but even under these conditions
trace amounts of 6 were produced, suggesting the extreme sensitivity of this reaction to

adventitious moisture.
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Scheme 4. Thermolysis of 2 in refluxing THF.

The new cluster 6 has been characterized by a combination of combustion,
spectroscopic, and X-ray diffraction analyses. An ORTEP drawing of the molecular structure
of 6 is shown in Fig. 9, whose caption lists selected bond distances and angles. The molecular
structure consists of a ruthenium triangle that exhibits three Ru-Ru bonds that range from
2.7775(3) A [Ru(1)-Ru(2)] to 3.1051(3) A [Ru(2)-Ru(3)] and displays a mean Ru-Ru bond
distance of 2.9113 A. Note in the coordination sphere are seven terminal carbonyls, two
bridging hydrides, one bridging hydroxyl group, an n! PhsGe moiety, and a bridging dppm
ligand. The edge-bridging hydroxy ligand spans the short Ru(1)-Ru(2) bond that also serves
as the site for one of the hydrides. The Ru-O bond distances are comparable to those
distances reported for the triruthenium clusters Ruz(CO)s(u-BINAP)(pu-OH)2 [2.118(13)-
2.102(13) A] [33] and Ruz(CO)s(u-dppf)(u-OH)2 [2.111(3)-2.135(3) A] [34]. The second
hydride bridges the long Ru(2)-Ru(3) edge while the third edge defined by the Ru(1)-Ru(3)
bond thatis ligated by the axially disposed dppm ligand. The triphenylgermanium ligand is
bonded to Ru(2), occupying an equatorial coordination site, and the Ru-Ge bond distance of
2.4654(3) A is slightly shorter than the Ru-Ge bond distance in 1.

Place Figure 9 Here
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The solution spectroscopic data of 6 indicate that the solid-state structure persists in
solution. The *H NMR spectrum shows two upfield doublets at -12.3 (J 17.2 Hz) and -11.8
ppm (J 7.6 Hz) due to hydrides whose splitting derives from the phosphine moiety geminally
situated to the respective hydride (3Jpr). The H two multiplets at 4.50 and 3.50 ppm are
assigned to the methylene protons of dppm ligand, and the doublet at 0.27 (3Jp-n 4.2 Hz) ppm
was verified as the hydroxyl proton based on its integral ratio and response to added D20.
The 3'P{*H} NMR spectrum displays two doublets at 29.1 and 34.0 ppm (J 67.0 Hz) for the

phosphorus atoms of dppm ligands in accord with the solid-state structure.

We have also investigated the structure of 6 relative to the stereochemistry of the
hydride and hydroxyl groups that span the common Ru-Ru edge. DFT optimization of 6 gives
species C1, whose structure is depicted in Fig. 10 and which closely resembles the solid-state
structure. The hydrogen attached to the hydroxyl oxygen occupies a small cavity in the
coordination sphere of the cluster that is created by the equatorial PhsGe and axial dppm
ligands. The stereoisomer C2 is similar to C1 except for the exchange of the hydroxyl and
hydride groups across the shared Ru-Ru bond. C2 is 5.9 kcal/mol less stable than C1, and the
chief perturbation lies in the unfavorable van der Waals contact that exists between the
hydroxyl hydrogen atom and one of the phenyl groups from the PhsGe ligand that is situated
below the metallic plane.

Place Figure 10 Here

3. Conclusions

In summary, new ruthenium-germanium compounds have been prepared from the
functionalization of Ruz(CO)io(p-dppm) with PhsGeH. Depending on the reactions
conditions, the Ru:Ge stoichiometry may be controlled to give Ruz(CQO)g(GePhs)(p-dppm)(u-
H) (1) and Rus(CO)s(GePhs)2(p-dppm)(H-H)2 (2) through stepwise oxidative-addition of one
and two Ge—H bonds, respectively. The thermal behavior of these new clusters has been
examined, and the diruthenium complex Ruz(CO)s(p-GePhz)(u-dppm) (3) has been found as
the major product in the thermolysis of both 1 and 2. The formation of the GePh> ligand in 3
confirms the inherent lability of a Ph-Ge bond in the ancillary PhsGe ligand to undergo
cleavage at elevated temperature. The triruthenium clusters Rus(CO)7(u-CO)(GePhz){us-
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PhPCH2P(Ph)CsHa}(1-H) (4) and Rus(CO)g(ps-Ph2PCH2PPh)(u-H) (5) [31] were isolated as
minor products in these reactions. Trace moisture is effectively captured during thermolysis
cycle and affords the hydroxyl-bridged dihydride Rus(CO)s(GePhz)(p-OH)(u-dppm)(u-H)2
(6). DFT calculations have been performed, and the nature of the ground-state structures

found to coincide with the X-ray diffraction structures that were determined.

4. Experimental section

4.1. General remarks

All reactions were carried under an inert atmosphere of nitrogen using standard
Schlenk techniques unless otherwise stated. Reagent grade solvents were dried by the
standard procedures and were freshly distilledbefore use. Ruz(CO)12 was purchased from
Strem Chemical Inc. and used without further purification. Bis(diphenylphosphino)methane
(dppm) and Ph3GeH were purchased from Acros Chemicals and used as received.
Rus(CO)1o(p-dppm)was prepared according to the published procedure [35]. *H and 3!P{*H}
NMR spectra were recorded on an INOVA-500instrument, and IR spectra were recorded on a
Shimadzu FTIR Prestige 21 spectrophotometer. Elemental analyses were performed by the
Microanalytical Laboratory of Wazed Miah Science Research Centre at Jahangirnagar
University. All products were separated in the air using TLC plates coated with 0.25 mm of

silica gel (HF2ss-type 60, E. Merck, Germany).

4.2. Reaction of Ruz(CO)1o(u-dppm) with PhaGeH

A CH2ClI> solution (10 mL) of Me3NO (12 mg, 0.16 mmol) was added to a CH2Cl
solution (20 mL) containing Ruz(CO)1o(p-dppm) (50 mg, 0.052 mmol) and PhzGeH (50 mg,
0.16 mmol) using a pressure equalizing dropping funnel over a period of 15 min. The
solution was stirred for 2.5 h at room temperature after the addition was complete, during
which time the color of the reaction mixture changed from orange to deep red. The solution
was then filtered through a short pad of silica (4 cm) to remove excess MesNO, and the
solvent was next removed under reduced pressure. The resulting residue was
chromatographically separated by TLC using cyclohexane/CH2Cl, (7:3, v/v) as the eluent to
give two bands. The faster-moving band afforded Rus(CO)qo(GePhs)(u-dppm)(u-H) (1) (20
mg, 31%) as red crystals while the slower band gave Ruz(CO)s(GePhs)2(u-dppm)(u-H)2 (2)
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(15 mg, 19%) as green crystals after recrystallization from hexane/CH.Cl; at 25 °C.
Analytical and spectroscopic data for 1: Anal. Calcd for CsoH3sGeOgP2Rus: C, 50.17; H,
3.08. Found: C, 50.73; H, 3.13%. IR (vCO, CH2Cl): 2080w, 2044s, 2006vs, 1981sh, 1968w
cm™. *H NMR (CDCls): & 7.54 (m, 6H), 7.42 (m, 12H), 7.26 (m, 17H), 4.43 (t, J 10.0 Hz,
2H), -18.25 (d, J 30.0 Hz, 1H). 3'P{*H} NMR (CDCls): & 9.0 (d, J 52.0 Hz, 1P), 7.3 (d, J 52.0
Hz, 1P). Analytical and spectral data for 2: Anal. Calcd for CegHs4Ge20sP2Rus: C, 54.46; H,
3.58. Found: C, 55.02; H, 3.66%. IR (vCO, CH2Cl,): 2061w, 2044s, 2032sh, 1996vs, 1971sh,
1930w cm™. *H NMR (CDCls): § 7.65 (m, 12H), 7.56-7.37 (m, 20H), 7.32 (m, 8H), 7.28 (m,
4H), 7.11-6.88 (m, 6H), 3.14 (m, 2H), -10.70 (d, J 20.0 Hz, 1H), -14.56 (d, J 60.0 Hz, 1H).
SIPLIHINMR (CDCls): & 14.8 (d, J 28.5 Hz, 1P), -3.9 (d, J 28.5 Hz, 1P). FAB mass: m/z
1522,

4.3. Conversion of 1to 2

To a CH2Cl> solution (20 mL) of 1 (25 mg, 0.020 mmol) and PhsGeH (7 mg, 0.023
mmol) was added a CH2Cl solution (10 mL) of Me3sNO (4 mg, 0.053 mmol) using a pressure
equalizing dropping funnel. The mixture was allowed to stir at room temperature for 2.5 h

and then separated by chromatography as described above to give 2 (6 mg, 33%).

4.4. Thermolysis of 1

Cluster 1 (40 mg, 0.032 mmol) was dissolved in 15 mL of THF and the solution was
heated at reflux for 6 h, during which time the initially red colored solution turned light
yellow. The solvent was removed under vacuum and the residue chromatographed by TLC on
silica gel. Elution with cyclohexane/CH2Cl> (7:3, v/v) developed three bands that yielded the
following compounds in order of elution: Ruz(CO)g(u-H)(ps-PhoPCH2PPh) (5) [31] (2 mg,
7% ) as yellow crystals, Ruz(CO)s(u-GePh2)(u-dppm) (3) (14 mg, 44%) as pale yellow
crystals, and Rus(CO)7(u-CO)(GePhs)(pu-H){Hs-PhPCH2P(Ph)CeH4} (4) (3 mg, 8%) as red
crystals after recrystallization from hexane/CH:Cl, at 25 °C. Analytical and spectroscopic
data for 3: Anal. Calcd for C43H32GeOeP2RU2: C, 52.62; H, 3.29. Found: C, 53.06; H, 3.36%.
IR (vCO, CHCl,): 2062w, 2025s, 1988vs, 1957s cm™. IH NMR (CDCls): & 7.66 (m, 4H),
7.44 (m, 8H), 7.37-7.24 (m, 16H), 7.18 (m, 2H), 3.93 (t, J 10.0 Hz, 2H). 3'P{*H}INMR
(CDClz): & 31.3 (s). Analytical and spectroscopic data for 4: Anal. Calcd for
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CasH32GeOgPoRus: C 47.47; H 2.83. Found: C, 47.98; H 2.88%. IR (vCO, CH2Cly): 2079vs,
2044vs, 2028vs, 1993w, 1975w, 1932w, 1865w cm™. *H NMR (CDCls): § 7.72 (m, 2H), 7.60
(m, 2H), 7.30 (m, 20 H), 7.00 (m, 1H), 6.66 (m, 2H), 6.50 (m, 2H), 4.38 (m, 1H), 3.77 (m,
1H), -16.10 (m, 1H). 3P{*H} NMR (CDCls): & 88.0 (d, J 82.0 Hz, 1P), -0.83 (d, J 82.0 Hz,
1P).

4.5. Thermolysis of 2

A THF solution (15 mL) of 2 (40 mg, 0.026 mmol) was heated to reflux for 2 h, after
which time the solution was allowed to cool, and the solvent was removed under reduced
pressure. The residue was separated by TLC on silica gel, furnishing three bands using
cyclohexane/CHxCl, (7:3, v/v) as the mobile phase. The first band afforded Ruz(CO)e(p-
GePhy)(u-dppm) (3) (8 mg, 31%), and the second band gave Rus(CO)s(GePhs)(u-OH)(u-
dppm)(u-H)2 (6) (5 mg, 16%) as yellow crystals after recrystallization from hexane/CHClI; at
25 °C. The contents of the third band were too small for complete characterization. Analytical
and spectroscopic data for 6: Anal. Calcd for CsoH40GeOsP2Rus: C, 49.76; H 3.34. Found: C
50.17; H 3.39%. IR (vCO, CHCly): 2059vs, 2022m, 2005vs, 1983sh, 1952m cm™. 'H NMR
(CDCl3): & 7.7 (m, 5H), 7.75 (m, 3H), 7.45 (m, 15H), 7.21 (m, 3H), 7.19 (m, 3H), 6.45 (m,
6H), 4.50 (m, 1H), 3.50 (m, 6H), 0.27 (d, J 4.2 Hz, 1H), -12.3 (d, J 17.2 Hz, 1H), -11.8 (d, J
7.6 Hz, 1H). 3'P{"H}INMR (CDCls): & 29.1 (d, J 67.0 Hz, 1P), 34.0 (d, J67.0 Hz, 1P).

4.6. Thermolysis of 2 in the presence of H.O

One drop of water was added to a THF solution of 2 (10 mg, 0.007 mmol) and the
resulting mixture was heated to reflux for 2 h. The solvent was removed under vacuum and
the residue chromatographed by TLC on silica gel. Elution with cyclohexane/CH2Cl, (7:3,
v/v) developed one major and two very minor bands. The major band corresponded to
Ruz(CO)s(u-OH)(u-dppm)(u-H)2 (6) (2 mg, 25%), while the contents of the two other trace

bands were too small for characterization.

4.7. X-ray structure determination

Single crystals of 1, 3,and 6 suitable for X-ray diffraction analyses were grown by
slow diffusion of hexane into a dichloromethane solution containing each product at 4 °C.
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Suitable single crystals of 1, 3, and 6 were mounted on an AgilentSuperNova dual
diffractometer (Agilent Technologies Inc., Santa Clara, CA) using a Nylon Loop and the
diffraction data were collected at 150(1) K using Mo-Ka radiation (A = 0.71073). Unit cell
determination, data reduction, and absorption corrections were carried out using CrysAlisPro
[36]. The structures were solved with the ShelXS [37] structure solution program by direct
methods and refined by full matrixleast-squareson F? using SHELX 2013 [38] within the
OLEX2 [39] graphical user interface. Non-hydrogen atoms were refined anisotropically, and
hydrogen atoms were included in the refinement using a riding model (except for the
hydrides in 1 and 6 which here located in the electron density difference map of each cluster).
The asymmetric unit of 3 contains a disordered dichloromethane in two sites and disordered
water molecules in two sites. The hydrogen atoms of these molecules were not included in

the refinement.

4.8. Computational Methodology

The DFT calculations were carried out with the Gaussian 09 package of programs
[40] using the B3LYP hybrid functional. This functional is comprised of Becke's three-
parameter hybrid exchange functional (B3) [41] and the correlation functional of Lee, Yang,
and Parr (LYP) [42]. The ruthenium and germanium atoms were described with the Stuttgart-
Dresden effective core potential and SDD basis set, [43] and the 6-31G(d’) basis set [44] was
employed for all remaining atoms.

All reported geometries were fully optimized, and the analytical Hessian was
evaluated at each stationary point to determine whether the geometry was an energy
minimum (no negative eigenvalues) or a transition structure (one negative eigenvalue).
Unscaled vibrational frequencies were used to make zero-point and thermal corrections to the
electronic energies, and the resulting free energies are reported in kcal/mol relative to the
specified standard. Intrinsic reaction coordinate (IRC) calculations were performed on all
transition-state structures in order to establish the reactant and product species associated
with each transition-state structure. The geometry-optimized structures have been drawn with

the JIMP2 molecular visualization and manipulation program [45].
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Table 1. Crystallographic and structure refinement data for 1, 3, and 6

Compound 1 3 6

Empirical formula Cs2H3sGeOgP2Ru3 Ca4.5H32Cly5GeO7P2RU, CsoH10GeOsP2RuUs

Formula weight 1244.56 1174.89 1206.56

Temperature (K) 151(1) 150(1) 150.0(1)

Wavelength (A) 0.71073 1.54184 0.71073

Crystal system Monoclinic Monoclinic Monoclinic

Space group P2i/c C2/c P 2i/c

Unit cell dimensions

a(A) 19.3490(4) 36.9809(3) 11.19783(18)

b (A) 10.26517(18) 12.09412(11) 14.7835(2)

c(A) 25.0369(5) 21.9992(2) 29.2473(4)

a (°) 90 90 90

B(°) 102.3642(18) 97.9923(9) 99.5847(15)

7 (°) 90 90 90

Volume (A3) 4857.50(16) 9743.57(16) 4774.10(12)

Z 4 8 4

Density (calculated) (g/cm?) 1.702 1.602 1.679

Absorption coefficient (mm™) 1.650 8.964 1.674

F(000) 2464.0 4652.0 2392.0

Crystal size (mm?) 0.29 x 0.20 x 0.12 0.30 x 0.04 x 0.03 0.28 x 0.12 x 0.04

20 range for data collection (°) 5.834 t0 58.776 8.116 to 148.278 5.828 to 56.006

Index ranges —26<h2>25 —45<h>45 -14<h>14
-13<k>14 -14<k>15 -19<k>18
—34<1>34 —27<1>24 -37<1>37

Reflections collected 67613 78139 55306

Independent reflections 9518 [Rint = 0.0441] 9784 [Rint = 0.0639] 9360 [Rint = 0.0255]

Data/restraints/parameters 9518/0/608 9784 /0/535 9360/0/589

Goodness-of-fit on F? 1.069 1.030 1.061

Final R indices [1>24(1)] R1=0.0242, R1=0.0690, R1 =0.0253,
WR; = 0.0542 wR; = 0.1853 WR; = 0.0606

R indices (all data) R1 =0.0283, R1=0.0763, R1 =0.0291,
wR2 = 0.0568 WwR2 =0.1941 WR2 = 0.0632

Largest diff. peak and hole (eA) | 1.10 and —0.62 2.57 and —2.39 0.69 and —0.62
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Fig. 1. ORTEP diagram of the molecular structure of Ruz(CO)o(GePhs)(u-dppm)(u-H) (1), showing 50%
probability thermal ellipsoids. Hydrogen atoms omitted for clarity except for the bridging hydride associated
with the Ru(1)-Ru(3) vector. Selected bond lengths (A) and angles (°): Ru(1)-Ru(2) 2.8441(3), Ru(2)-Ru(3)
2.8813(3), Ru(1)-Ru(3) 3.0148(3), Ru(1)-Ge(1) 2.5054(3), Ru(2)-P(2) 2.3173(6), Ru(3)-P(1) 2.3488(6),
Ru(1)-Ru(2)-Ru(3) 63.544(7), Ru(1)-Ru(3)-Ru(2) 57.626(6), Ru(2)-Ru(1)-Ru(3) 58.830(6).
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Fig. 2. DFT-optimized structures of the isomeric clusters Al (left) and A2 (right) based on Rus(CO)q(GePhs)(p-
dppm)(p-H) (1).
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Fig. 3. Variable-temperature *:P{*H} NMR spectra of Rus(CO)s(GePhs)2(1-dppm)(u-H)2 (2) recorded (bottom
to top) at 298 K, 263 K, 253 K, and 233 K.
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Fig. 4. Variable-temperature *H NMR spectra of the hydride region of [Rus(CO)s(GePhs).(p-dppm)(1-H)-] (2)
recorded (bottom to top) at 298 K, 263 K, 253 K, and 233 K.
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Fig. 5. Optimized structures of the different isomers based on cluster 2.
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Fig. 6. Ground-state energy ordering for the optimized structures B1-B6. The quoted energies (AG) are in kcal/mol relative toB1.
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Fig. 7. Optimized B3LYP potential energy surface for the hydride exchange between the ground states B1 and
B2 and TSB1B2. The quoted free energies (kcal/mol) are relative to species B1.
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Fig. 8. ORTEP diagram of the molecular structure of Ru2(CO)s(u-GePhy)(p-dppm) (3), showing 50%
probability thermal ellipsoids. Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and angles (°):
Ru(1)-Ru(2) 2.9293(6), Ru(1)-Ge(1) 2.5007(8), Ru(2)-Ge(1) 2.4881(8), Ru(1)-P(1) 2.3704(15), Ru(2)-P(2)
2.3712(15), Ge(1)-Ru(1)-Ru(2) 53.84(2), Ge(1)-Ru(2)-Ru(1) 54.24(2), Ge(1)-Ru(1)-P(1) 140.61(4), Ge(1)-
Ru(2)-P(2) 148.20(5.
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Fig. 9. ORTEP diagram of the molecular structure of Rus(CO)7(GePhs)(u-OH)(u-dppm)(u-H)2 (6), showing
50% probability thermal ellipsoids. Hydrogen atoms are omitted for clarity except for the hydrides associated
with the Ru(1)-Ru(2) and Ru(2)-Ru(3) vectors and the hydroxyl oxygen atom O(8). Selected bond lengths (A)
and angles (°): Ru(1)-Ru(2) 2.7775(3), Ru(1)-Ru(3) 2.8513(3), Ru(2)-Ru(3) 3.1051(3), Ru(2)-Ge(1) 2.4654(3),
Ru(1)-P(1) 2.3318(6), Ru(3)-P(2) 2.3726(7), Ru(1)-O(8) 2.0985(17), Ru(2)-0(8) 2.0884(17), Ru(1)-Ru(2)-
Ru(3) 57.663(6), Ru(2)-Ru(1)-Ru(3) 66.945(7), Ru(1)-Ru(3)-Ru(2) 55.392(6).
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Fig. 10. Optimized B3LYP potential energy surface for the isomers based on species C1 and C2. The quoted

free energies (kcal/mol) are relative to species C1.
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Graphical Abstract

Reactions of Ruz(CO)1o(p-dppm) with Ph3GeH: Ge-H and Ge-C

bond cleavage in PhsGeH at triruthenium clusters

Md. Mehedi Mahabub Khan, Md. Mahbub Alam, Shishir Ghosh, Ahibur
Rahaman, Derek A. Tocher, Michael G. Richmond, Shariff E. Kabir, Herbert
W. Roesky

Structure and bonding of several dppm-ligated ruthenium-germanium complexes isolated
from the reactions between Ruz(CO)1o(u-dppm)and PhaGeH have been investigated.
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