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Abstract: The synthesis and structural characterization of a series of heterotrimetallic ruthen-
aborane clusters are reported. The photolytic reaction of nido-[(Cp*Ru)2(µ-H)2B3H7] (nido-1)
(Cp* = 1,2,3,4,5-pentamethylcyclopentadienyl) with [M(CO)5·THF] (THF = tetrahydrofuran, M = Mo
and W) yielded the heterotrimetallic clusters pileo-[(Cp*Ru)2{M(CO)3}(µ-CO)(µ-H)(µ3-BH)B2H5],
M = Mo (2), W (3) and the known arachno ruthenaboranes [1,2-(Cp*Ru)(Cp*RuCO)(µ-H)B3H8] (I) and
[{Cp*Ru(CO)}2B2H6] (II). In an attempt to synthesize the Mn-analog of 2 and 3, we performed a similar
reaction of nido-1 with [Mn2(CO)10], which afforded the heterotrimetallic pileo-[(Cp*Ru){Mn(CO)3}(µ-
H)2(µ3-BH)B2H5] (4) cluster along with the reported trimetallic hydrido(hydroborylene) species
[(Cp*Ru)2{Mn(CO)3}(µ-H)(µ-CO)3(µ-BH)] (III). Ruthenaboranes 2, 3 and 4 are isoelectronic and
isostructural. The geometry of 2–4 can be viewed as a triangle face-fused square pyramidal and
tetrahedral geometry, in which the apical vertex of the tetrahedron is occupied by a µ3–BH moiety. All
of these pileo ruthenaborane clusters obey Mingos’ fusion formalism. Clusters 2–4 were characterized
using multinuclear NMR, IR spectroscopies and electrospray ionization mass spectrometry. The
single-crystal X-ray diffraction studies of clusters 2 and 4 confirmed their structures. Further, density
functional theory (DFT) studies of these pileo ruthenaboranes have been carried out to investigate the
nature of bonding, fusion and electronic structures.

Keywords: cluster; heterometallic; metal-rich; pileo; ruthenaboranes

1. Introduction

In the past few decades, the study of boron cage compounds has emerged as an
innovative and intriguing area of chemistry. This is due to boron’s extraordinary capacity
to form stable, three-dimensional clusters that are covalently bonded rather than chains
and rings [1–4]. This arises from the fact that it has one less valence electron than the
number of valence orbitals, and the variety of ways in which boron seeks to solve the
problem of having fewer electrons than atomic orbitals available for bonding (its “electron
deficiency”) results in its rich chemistry. One solution is to adopt high connectivity with
many boron–boron contacts, leading to polyhedral borane compounds with some unusual
bonding features and unique structural motifs to compensate for this electron deficiency.
Over the years, the synthesis and characterization of such polyhedral borane clusters
with single- and condensed-cage geometries have garnered a lot of attention, built on
the pioneering work of Alfred Stock ninety years ago [5]. By introducing carbon, main
group, or transition-metal fragments to the polyhedral skeletons, many borane, carborane,
metallaborane, metallacarborane and metallaheteroborane species have been isolated and
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characterized [6–12]. These species often demonstrate intriguing properties apart from their
peculiar three-dimensional geometries and typical multicenter bonding interactions [13–15].
Some of them have been utilized in supramolecular design, ceramics, medicines, catalysis,
nanomaterials, and polymer chemistry, for instance [16–27]. In parallel to the polyhedral
clusters, another class of TM boron complexes with low boron content is of interest [2,8].
In particular, following the pioneering work of several people such as Fehlner [4,28],
Kennedy [6,29] or Housecroft [11,30,31], to mention a few, we have contributed to enriching
the library of the metal-rich single-cage and condensed-cage polyhedral clusters of early
and late transition metals (TMs) over the last two decades [8].

The electron-counting principles that Wade and Williams [32–35] first proposed for
single-cage boranes and were further developed by Mingos [36] and Jemmis [37,38] for
single and fused polyhedral cages and their metal or main group derivatives have proven
helpful for classifying and rationalizing the structural and electronic properties of these
clusters, connecting the number of vertices n of the cage and the number of skeletal
electron pairs (SEPs) [39,40]. Additionally, these electron-counting rules were useful for
establishing new classes of closed and open polyhedral clusters and, depending on the
number of missing vertices in the pseudo-deltahedral geometry, they were classified as
closo (n + 1 SEP), nido (n + 2 SEPs), or arachno (n + 3 SEPs). Although thousands of such
compounds have been synthesized, examples of clusters with capping vertices are not very
common. The clusters with pileo geometry have a dual role. First, they describe systems
with n SEPs. Second, they describe corresponding n-vertex clusters with a capped closed
polyhedral [41]. Some of the known examples are pileo-[(PPh3)3(CO)2OsB5H5IrH] [42,43],
pileo-[(CpFe)(ML3H)B5H7], and (M = Mo, L = PMe2Ph, M = W, L = PMe3) [44], reported
by Barton’s and Green’s groups, respectively. For such hydride species where several
geometric isomers are possible for a given number of SEPs, the observed isomeric form will
depend on the steric and electronic demands of the bridging hydrogens, which contribute
significantly to the energetics of these species. The specific role of bridging and extra
skeletal hydrogens in cage bonding can give rise to specifications for their arrangement
within the electron counting rules. Essentially, polyhedral metallaboranes can be viewed
as a molecular bridge connecting polyhedral borane cages with transition metal clusters.
This is a result of the Hoffmann’s isolobal principle, which states that a transition metal
fragment can be considered to be isolobal with a BH unit or any monosubstituted boron
center making up polyhedral boron clusters, and may consequently play an important role
in cluster bonding [45].

As part of our research on such clusters, we performed the reaction of preformed
metallaboranes with metal carbonyls in different conditions such as room temperature
and heating [8,46,47]. Using this synthetic strategy, we have isolated and synthesized
a series of metal-rich single- and condensed-cage metallaboranes in recent years. The
reaction of ruthenaboranes, e.g., nido-[(Cp*Ru)2(µ-H)2B3H7] (nido-1) [48] and arachno-
[{Cp*Ru(CO)}2B2H6] (II) [46], with different metal carbonyls afforded metal-rich triply
bridged borylenes, interstitial and semi-interstitial borides and condensed clusters [8,46,47].
Very recently, we reported the formation of heterometallic metal-rich clusters from the reac-
tion of nido-1 with group 7 metal carbonyls [M2(CO)10] (M = Mn, Re). The photolytic reac-
tion afforded the hydrido(hydroborylene) compounds [(Cp*Ru)2M(CO)3-(µ-H)(µ-CO)3(µ-
BH)] (M = Mn, Re), the heterotrimetallic square pyramidal cluster [(Cp*Ru)2Re(CO)3(µ-
H)2(µ-CO)(µ,η2-B2H5)] and the planar heterotrimetallic hydride clusters [Cp*Ru(CO)x
{Re(CO)4}(µ-H)y] (x = 2, y = 1 and x = 1, y = 3) [49]. Herein, we describe the synthesis, struc-
ture and bonding of pileo-[(Cp*Ru)2M(CO)3(µ-H)(µ-E)(µ3-BH)B2H5] (M = Mo, W, E = CO,
and M = Mn, E = H) clusters.
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2. Results and Discussion
Synthesis of the Pileo-Heterotrimetallic Clusters [(Cp*Ru)2M(CO)3(µ-H)(µ-E)(µ3-BH)B2H5]
(M = Mo, W, E = CO, and M = Mn, E = H)

In recent years, we have reported the formation of heterometallic metal-rich clusters
of early and late TMs [8,46,47]. In the past, all of these reactions were carried out under
thermolytic conditions or at room temperature. Interestingly, in the photolytic conditions,
we performed a reaction that led to the formation of a series of metal-rich metallabo-
ranes [49]. So, relying on these results, we explored the chemistry with group 6 and 7
metal carbonyls. In an attempt to isolate similar types of heterometallic metal-rich clusters,
we performed the room temperature photolytic reaction of nido-[(Cp*Ru)2(µ-H)2B3H7]
(nido-1) with [M(CO)5·THF] (M = Mo and W) for 4 h, which led to the formation of pileo-
[(Cp*Ru)2{M(CO)3}(µ-CO)(µ-H)(µ3-BH)B2H5], [M = Mo (2) Rf = 0.52 in CH2Cl2/n-hexane
(10:90 v/v) and W (3) Rf = 0.44 in CH2Cl2/n-hexane (10:90 v/v)] and known arachno-[1,2-
(Cp*Ru)(Cp*RuCO)(µ-H)B3H8] (I) [50] and arachno-[{Cp*Ru(CO)}2B2H6] (II) [46] (Scheme 1).
In an attempt to synthesize the Mn-analog of 2 and 3, we carried out the room temperature
photolytic reaction of nido-1 with [Mn2(CO)10] in hexane for 4 h, which led to the formation
of pileo-[(Cp*Ru)2Mn(CO)3(µ-H)2(µ3-BH)B2H5] (4) [Rf = 0.71 in CH2Cl2/n-hexane (10:90
v/v)], I and the reported hydrido(hydroborylene) [(Cp*Ru)2{Mn(CO)3}(µ-H)(µ-CO)3(µ-
BH)] (III) (Scheme 1). Ruthenaborane clusters 2, 3 and 4 were characterized by multinuclear
NMR, IR spectroscopies and mass spectrometry. Finally, single-crystal diffraction analysis
was performed to determine the structure of clusters 2 and 4.
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Scheme 1. Synthesis of pileo heterotrimetallic clusters 2–4 and I-III. 
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respectively, as air-stable orange solids. The room-temperature 11B{1H} NMR spectra of 
clusters 2–4 show three distinct chemical shifts at δ = 120.7, 15.9, −0.2 (2), 122.3, 21.2, 0.4 (3) 
and 118.0, 21.9, −1.5 (4) ppm in a 1:1:1 ratio. The downfield broad chemical shifts at δ = 
120.7, 122.3 and 118.0 ppm, for 2–4, respectively, indicate the presence of a bridging 
borylene boron atom. The presence of a borylene moiety is also confirmed by the broad 
peaks at δ = 8.71, 9.31 and 8.59 ppm in the 1H NMR spectra of 2, 3 and 4, respectively, 
which are the characteristic peaks of a borylene moiety. Further, clusters 2, 3 and 4 exhibit 
a sharp peak at δ = −12.89, −12.52 and −12.13 ppm, respectively, which may be due to the 
presence of ruthenium hydrides. The 1H spectra of 2–4 indicate the presence of two dif-
ferent Cp* environments, which was further validated by the 13C{1H} NMR spectra of 2 

Scheme 1. Synthesis of pileo heterotrimetallic clusters 2–4 and I–III.

Heterotrimetallic clusters: Clusters 2–4 were isolated in 26%, 22% and 24% yields,
respectively, as air-stable orange solids. The room-temperature 11B{1H} NMR spectra of
clusters 2–4 show three distinct chemical shifts at δ = 120.7, 15.9, −0.2 (2), 122.3, 21.2, 0.4
(3) and 118.0, 21.9, −1.5 (4) ppm in a 1:1:1 ratio. The downfield broad chemical shifts at
δ = 120.7, 122.3 and 118.0 ppm, for 2–4, respectively, indicate the presence of a bridging
borylene boron atom. The presence of a borylene moiety is also confirmed by the broad
peaks at δ = 8.71, 9.31 and 8.59 ppm in the 1H NMR spectra of 2, 3 and 4, respectively,
which are the characteristic peaks of a borylene moiety. Further, clusters 2, 3 and 4 exhibit
a sharp peak at δ = −12.89, −12.52 and −12.13 ppm, respectively, which may be due to
the presence of ruthenium hydrides. The 1H spectra of 2–4 indicate the presence of two
different Cp* environments, which was further validated by the 13C{1H} NMR spectra of 2
and 3. In addition, the 1H spectra display broad upfield resonances at δ = −3.64, −10.37,
−15.06 (2), −3.91, −11.55, −14.37 (3) and −3.98, −15.13 (4) ppm that may be due to B-H-B,
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M-H-B (M = Mo, W and Mn) or Ru-H-B. In 4, the upfield sharp signals at δ = −17.97 ppm
correspond to Mn-H-Ru.

The IR spectra exhibit bands for terminal BH, terminal and bridging CO ligands of
clusters 2 and 3, whereas cluster 4 shows peaks for only terminal BH and terminal CO
ligands. The ESI-MS spectra of clusters 2–4 show isotopic patterns at m/z = 720.0142,
810.0559 and 653.0523 that correspond to C23H38O4B3Ru2Mo [M]+, C23H39O4B3Ru2W
[M + H]+, and C23H38O4B3Ru2Mn [M]+, respectively. Although the broad resonances in 1H
and 11B{1H} suggest the presence of a borylene species (µ-BH), their exact core geometries
were not anticipated from these spectroscopic data. In order to interpret the structures
and to confirm the spectroscopic assignments, a single-crystal X-ray diffraction study was
performed on crystals from 2 and 4.

Suitable crystals for X-ray diffraction were obtained from the hexane/CH2Cl2 solu-
tion of clusters 2 and 4 at 5 ◦C. Both clusters 2 and 4 crystallize in the monoclinic system
with space group P21/n. As shown in Figure 1, clusters 2 and 4 can be considered as
adopting a nido-square pyramidal geometry capped by a BH fragment. The geometry of
cluster 3 was established through the comparison of its spectroscopic data with cluster
2 and other similar pileo-trimetallic metallaboranes (Table 1) [47,51,52]. The structure of
3 seems similar to 2, and can also be considered as having a capped nido-square pyrami-
dal Ru2MB3 (M = Mo, W) geometry. Alternatively, the core geometry of these clusters
can also be viewed as a face-fused polyhedron composed of an Ru2MB2 (M = Mo, W,
Mn) distorted square pyramid and an RuMB (M = Mo, W, Mn) tetrahedral framework
(Figure 2). This kind of cluster can be referred to as a pileo structure with a monocapped
square pyramidal geometry analogous to that of pentaborane(9). One interesting feature
of clusters 2–4 is the presence of a bridging borylene ligand (µ3-BH). The generation of
clusters 2–4 can be described by the geometry rearrangement of nido-1. One BH moiety
might be replaced from the basal position to the capped position to produce clusters 2 and
3 by introducing one {M(CO)3} fragment and a bridging CO ligand in the basal position,
followed by the elimination of a H2 unit. However, in 4, there is no bridging CO ligand
between Ru and Mn to satisfy the electron count. Three endo hydrogens and one CO in
2 and 3 bridge the distorted open square face [Ru2MB2] (M = Mo, W) and one hydrogen
bridges two Ru atoms, whereas in 4, four endo hydrogens bridge the distorted open square
face [RuMnB2]. Similar to clusters 2 and 3, one hydrogen bridges one apical and one basal
Ru atom in 4. The distorted square pyramidal core of 2–4 is similar to that encountered
in [(Cp*Ru)2{Re(CO)3}(µ-H)2(µ-CO)B2H5] [49] and [{Ru(CO)3}3(µ-H)B2H5] [53,54]. The
existence of clusters 2–4 allows us to draw a structural comparison with the reported clus-
ters with a similar geometry, but with different transition metals (Table 1) [47,51,52]. The
axial Ru atom of the distorted square pyramid is situated approximately 1.804 Å (2) and
1.784 Å (4) above the RuMB2 square plane, which is comparable to distances measured in
the similar types of clusters shown in Table 1. The two ruthenium atoms (apical and basal)
are separated by an intermetallic distance of 2.7738(3) Å (2) and 2.7536(5) Å (4), which is in
the typical range for a Ru-Ru single bond, but less compared to distances in homometallic
pileo-[(Cp*Ru)3(µ-H)2(µ3-BX)B2H5] (X = H (2.807 Å) [51], Cl (2.8323 Å) [47]. In addition, the
observed B-B bond distances of 1.796(3) Å (2) and 1.781(8) Å (4) suggest the presence of
B-B single bonds in 2 and 4 and comparatively less than in the similar clusters reported in
Table 1 [47,51,52]. The core geometry of 2–4 is also comparable to the homo- and hetero-
metallic clusters pileo-2,3-[{Fe(PMe3)2}2(µ-H)B4H9] [55], pileo-2,3-[(Cp*Ru)2(µ-H)B4H7] [48],
pileo-[(Cp*Rh){Ru(CO)3}4(µ-Cl)B] [56], pileo-[(Cp*TaCl){Ru3(CO)8}(µ-Cl)B2H4] [8], differ-
ent geometrical isomers of pileo-2,3-[(Cp*Ru)2(µ-H)B4H5Cl2] and pileo-2,3-[(Cp*Ru)2(µ-
H)B4H4Cl4] [57]. The average Ru-B bond length in 4 (2.170 Å) is comparable with that
in pileo-[(Cp*Ru)3(µ-H)2(µ3-BX)B2H5] (X = H [51], Cl [47], whereas this bond length is
longer in the case of 2 (2.320 Å). As shown in Figure 1, the orientations of the {Mo(CO)3}
and {Mn(CO)3} fragments are different in 2 and 4. The orientation in 2 is similar to
pileo-[(Cp*Rh)2{Cr(CO)3}(µ-CO)(µ3-BH)B2H4] [47], whereas in 4, it is similar to that in pileo-
[(Cp*Rh)2{M(CO)3}(µ-CO)(µ3-BH)B2H4] (M = Mo, W) [52]. In 2, the average Mo-B (2.383 Å)
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and Ru-Mo (2.849 Å) bond lengths are in accordance with those reported in molybdabo-
ranes [52,58]. Also, the average Mn-Ru (2.768 Å) and Mn-B (2.236 Å) bond distances in
4 are in the range of those reported for the related clusters [59,60]. The qualitative shape
of clusters 2 and 4 is similar and the only significant geometrical difference is the slight
deviation of the dihedral angle between Ru2M′ and RuB2 planes from 114.6◦ (2) to 115.9◦

(4) upon moving from group 6 to 7 (Figure 2). The corresponding dihedral angle between
the planes M2M′ and MB2 in the reported pileo-trimetallic metallaboranes ranges from 114
to 119◦ (Table 1).
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Table 1. Selected spectroscopic and structural parameters of pileo-trimetallic metallaboranes.
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a M = Cp*Rh, Cp*Ru, M′ = Cp*Ru, Cr/Mo/W/Mn(CO)3, b angle between planes Ru2M and RuB2, av = average,
d = distance.

A series of metal-rich metallaboranes with a condensed geometry is documented in
the literature with different structural motifs of borons and metals. As discussed earlier,
Wade, Mingos, Jemmis, and others proposed various complementary electron-counting
rules for rationalizing the geometries of the main group and TM condensed clusters with
respect to their cluster valence electron count (cve) and skeletal electron pairs (SEPs) [32–38].
According to polyhedral skeletal electron pair theory (PSEPT) [36], clusters 2–4 share the
same skeleton electron pairs (7 SEPs), i.e., (n + 1) (2, 3: 2Cp*Ru (2 × 1 = 2) + 3BH (3 × 2 = 6)
+ 4H (4) + Mo(CO)3/W(CO)3 (0) + CO (2) = 14 electrons = 7 SEPs), 4: 2Cp*Ru (2 × 1 = 2) +
3BH (3 × 2 = 6) + 5H (5) + Mn(CO)3 (1) = 14 electrons = 7 SEPs) as that of nido-1, despite
having pileo geometry. The electron count for clusters 2–4 was justified using Mingos’
fusion formalism, which is equal to the electron count for the parent cluster minus the
electron count of shared units. Thus, the total cve count accessible for 2–4 is 56 {square
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pyramid [Ru2MB2] (54 e) + tetrahedron [Ru2MB2] (50 e)—triangle [Ru2M] (48 e) = 56 e},
which is the same if one uses the fused polyhedral model (2, 3: 2Cp*Ru (2 × 13 = 26) + 3B
(3 × 3 = 9) + 7H (7) + M (6) + 4CO (4 × 2 = 8) = 56 e, 4: 2Cp*Ru (2 × 13 = 26) + 3B (3 × 3 = 9)
+ 8H (8) + Mn (7) + 3CO (3 × 2 = 6) = 56 e).
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Figure 2. Schematic representation of the cluster fusion in clusters 2–4 (a = distance of apical Ru from
square plane RuMB2, b = dihedral angle between planes Ru2M′ and RuB2).

Density functional theory (DFT) calculations were performed at the BP86/def2-TZVP
level of theory on clusters 2, 3 and 4 to gain some insights into their bonding and electronic
properties. The molecular orbital analyses of 2 (Figure 3a), 3 (Figure 3c) and 4 (Figure 3e),
indicate that the HOMOs are essentially localized on the metal atoms. In cluster 4, there
is also some presence of a weak bonding interaction involving the H 1s orbital and d
orbitals of Ru1 and Mn1 centers. Further, the LUMO of 2 (Figure 3b), 3 (Figure S17e) and
4 (Figure S18e) display antibonding interactions between the metal atoms (Ru, Mo for 2,
Ru, W for 3 and Ru, Mn for 4). Additionally, HOMO-9 of 2 (Figure S16c), 3 (Figure 3d) and
4 (Figure 3f) shows strong bonding interaction between the capped boron atom and the
Ru2M triangle, which suggests a µ3-bonding mode for the boron atom. Let us note that
HOMO-12 and HOMO-13 in 4 show extended overlap involving metal d-orbitals and boron
p-orbitals, as shown in Figures 4a and S18c (not shown in the case of clusters 2 and 3).
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topological analysis showing that the contour line map displays bond-critical points 
(BCPs) between Ru1-H1 and Mn1-H1 bonds in the Ru1-H1-Mn1 plane, as depicted in Fig-
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A Natural Bond Orbital (NBO) analysis indicated the existence of a three-center-two-
electron bond along the Ru1-H1-Mn1 in 4 (Figure 4b). This was further confirmed from a
topological analysis showing that the contour line map displays bond-critical points (BCPs)
between Ru1-H1 and Mn1-H1 bonds in the Ru1-H1-Mn1 plane, as depicted in Figure 4c.
Surprisingly, the NBO analysis unexpectedly revealed that the capped boron atom has a
very high positive natural charge in the case of clusters 2–4 (0.74, 0.68 and 0.72 for 2, 3 and
4, respectively), while the other two planar boron atoms possess small negative natural
charges (−0.11 and −0.10 for 2, −0.13 and −0.10 for 3, and −0.06 and −0.10 for 4), as
shown in Table S2, indicating that the capped boron should be very prone to nucleophilicity.

3. Materials and Methods
3.1. General Methods and Instrumentation

All of the reactions were accomplished under an argon atmosphere with standard
Schlenk line and glove box techniques. All of the solvents were distilled using appropriate
drying agents prior to use. CDCl3 was degassed and distilled before recording all NMR
spectra and stored over molecular sieves. Nido-1,2-[(Cp*RuH)2B3H7] (nido-1) [48] was
prepared according to literature methods, while [LiBH4·THF], [Mo(CO)6], [W(CO)6] and
[Mn2(CO)10] were obtained commercially and used as received. Thin-layer chromatography
(TLC) was performed on 250 mm aluminum-supported silica gel TLC plates. The NMR
spectra were recorded on 500 MHz Bruker FT-NMR spectrometers. The residual solvent
protons were used as a reference (δ, ppm, CDCl3, 7.26) and the residual solvent carbon
for 13C{1H} NMR spectra was used as a reference (δ, ppm, CDCl3, 77.16 and δ, ppm, d6-
benzene, 128.07). A sealed tube containing [Bu4N(B3H8)] (δB, -30.07 ppm) in C6D6 was
used as external reference in 11B NMR, which was synthesized according to the method
in the literature [61]. The 11B-decoupled 1H spectra were obtained with inverse gated
decoupling (zgig) pulse sequences. All pulse sequences are available in a commercial
Bruker spectrometer. 1H-decoupled 11B spectra were processed with a backward linear
prediction algorithm to remove the broad 11B background signal from the NMR probe
and NMR tube [62,63]. The ESI-MS spectra were recorded on 6545 Qtof LC/MS and Qtof
Micro YA263 HRMS instruments. The IR spectra were recorded on a JASCO FT/IR-1400
apparatus using a dichloromethane (CH2Cl2) solvent. The photoreactions described here
were conducted in an LZC-4 V Luzchem photoreactor (Luzchem Research, Inc., Gloucester,
ON, Canada) with 14 UVA lamps (8 W HITACHI FL8BL-B; λ = (350 ± 50) nm).

Synthesis of 2 and 3: In a flame-dried Schlenk tube, a yellow solution of nido-1 (0.1 g,
0.19 mmol) was taken and a freshly prepared yellow solution of [Mo(CO)5·THF] (UV
irradiation of Mo(CO)6 (0.07 g) in 10 mL of THF for 20 min) was added dropwise using
a cannula at ambient temperature. The reaction mixture was UV-irradiated for over 4 h
and the color change from yellow to red was observed. The solution was subjected to
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evaporation under reduced pressure and subjected to thin-layer chromatography using
silica gel TLC plates for the separation of the reaction mixture. Elution with CH2Cl2/hexane
(10:90 v/v) yielded air-stable pure orange solid 2 (0.037 g, 26%) and known yellow I (0.019 g,
19%) [50] and II (0.009 g, 7%) [46]. Note that the treatment of nido-1 with [W(CO)5·THF]
(UV irradiation of W(CO)6 (0.07 g) in 10 mL of THF for 20 min) afforded orange 3 (0.035 g,
22%) along with clusters I (0.019 g, 19%) and II (0.009 g, 7%).

2: MS (ESI+) calcd. for C23H38O4B3Ru2Mo [M]+ m/z 720.0155, found 720.0142; 11B
NMR (22 ◦C, 128 MHz, CDCl3): δ = 120.7, 15.9, −0.2 ppm; 1H NMR (22 ◦C, 500 MHz,
CDCl3): δ = 3.42 (br, 1H, BHt), 4.62 (br, 1H, BHt), 8.71 (br, 1H, BHt), 1.92 (s, 15H, Cp*),
1.79 (s, 15H, Cp*), −3.64 (1H, B-H-B), −10.37 (1H, Ru-H-B), −12.89 (1H, Ru-H-Ru), −15.06
(1H, Mo-H-B) ppm; 13C{1H} NMR (22 ◦C, 100 MHz, CDCl3): δ = 10.4, 11.0 (s, C5Me5),
98.7 (s, C5Me5) (accidental overlapping of two Cp* ligands’s chemical shifts), 251.2 (CO)
ppm; IR (CH2Cl2, cm−1): 2489, 2455 (BHt), 1994, 1933, 1875 (terminal CO), 1788 (bridging CO).

3: MS (ESI+) calcd. for C23H39O4B3Ru2W [M + H]+ m/z 810.0695, found 810.0559; 11B
NMR (22 ◦C, 128 MHz, CDCl3): δ = 122.3; 21.2, 0.4 ppm; 1H NMR (22 ◦C, 500 MHz, CDCl3):
δ = 3.46 (br, 1H, BHt), 4.12 (br, 1H, BHt), 9.31 (br, 1H, BHt), 1.78 (s, 15H, Cp*), 1.93 (s, 15H,
Cp*), −3.91 (1H, B-H-B), −11.55 (1H, Ru-H-B), −12.52 (1H, Ru-H-Ru), −14.37 (1H, W-H-B)
ppm; 13C{1H} NMR (22 ◦C, 100 MHz, CDCl3): δ = 10.4, 11.0 (s, C5Me5), 98.8, 95.8 (s, C5Me5)
249.4 (CO) ppm; IR (CH2Cl2, cm−1): 2468, 2435 (BHt), 1994, 1936, 1875 (terminal CO), 1794
(bridging CO).

Synthesis of 4: In a flame-dried Schlenk tube, a yellow solution of nido-1 (0.100 g,
0.19 mmol) and [Mn2(CO)10] (0.045 g, 0.11 mmol) in hexane (15 mL) was taken. Then, the
mixture was UV-irradiated for over 4 h. The volatile components were removed under
vacuum. After the removal of the solvent, the residue was subjected to chromatographic
workup using silica gel TLC plates. Elution with CH2Cl2/hexane (10:90 v/v) yielded
air-stable pure orange 4 (0.031 g, 24%) and III (0.008 g, 6%) [49].

4: MS (ESI+) calcd. for C23H38O4B3Ru2Mn [M]+ m/z 653.0602, found 653.0523; 11B
NMR (22 ◦C, 128 MHz, CDCl3): δ = 118.0, 21.9, −1.5 ppm; 1H NMR (22 ◦C, 500 MHz,
CDCl3): δ = 2.32 (br, 1H, BHt), 4.07 (br, 1H, BHt), 8.59 (br, 1H, BHt), 1.86 (s, 15H, Cp*), 1.93 (s,
15H, Cp*), −3.98 (1H, B-H-B), −12.13 (1H, Ru-H-Ru), −15.13 (2H, Mn-H-B, Ru-H-B), −17.97
(1H, Ru-H-Mn) ppm; IR (CH2Cl2, cm−1): 2485, 2448 (BHt), 2001, 1929, 1902 (terminal CO).

3.2. Single-Crystal X-ray Diffraction Analysis

The crystallographic and structural refinement data of 2 and 4 are given in Table 2.
Suitable X-ray-quality crystals of 2 and 4 were grown via the slow diffusion of a n-
hexane/CH2Cl2 solution at 5 ◦C. The crystal data were collected and integrated using
a Bruker APEX-II CCD diffractometer for 2, and Bruker APEXII CCD for 4, with graphite
monochromated Mo Kα (λ = 0.71073 Å) radiation at 296(2) K. The structures of these com-
pounds were solved using heavy atom methods with SHELXS-97 and SHELXT-2014 [64–66]
and refined with SHELXL-2014, SHELXL-2017 and SHELXL-2018 [65]. All molecular struc-
tures were drawn using Olex2 [67].

Table 2. Crystallographic and structural refinement data for 2 and 4.

Compound 2 4

CCDC No. 2192116 2192115
Empirical formula C24H37B3MoO4Ru2 C23H38B3MnO3Ru2

Formula weight 720.04 652.04
Crystal system monoclinic monoclinic

Space group P21/n P21/n
a (Å) 10.9696(12) 9.3964(13)
b (Å) 13.7372(17) 14.3307(17)
c (Å) 18.383(2) 20.306(2)
α (◦) 90 90
β (◦) 100.328(4) 94.870(5)
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Table 2. Cont.

Compound 2 4

γ (◦) 90 90
Volume (Å3) 2725.3(5) 2724.4(6)

Z 4 4
ρcalc (g/cm−3) 1.755 1.590

µ (mm−1) 1.575 1.572
F (000) 1432 1312

2θ range for data collection (◦) 55.028 50
Independent reflections 6153 4792

Final R indices [I ≥ 2σ (I)] 0.0226 0.0644
Parameters 338 331

3.3. Computational Details

The optimization of clusters 2–4 was carried out using the Gaussian 16 program [68] with
the BP86 functional [69,70] and the def2-TZVP basis set [71] from the EMSL (Environmental
Molecular Sciences Laboratory) Basis Set Exchange Library [72]. The model compounds
were thoroughly optimized without any solvent effect in the gaseous state, starting with
X-ray crystallographic structures. Frequency calculations were carried out to check the
nature of the stationary states and to confirm the absence of any imaginary frequency,
which eventually confirmed energy minima on the potential energy hyper surface for
all structures. A natural bond orbital (NBO) [73] analysis was performed with the NBO
partitioning scheme implemented in the Gaussian 16 code. The Chemcraft [74] visualization
program was used to plot all of the optimized structures and orbital pictures. The Multiwfn
V.3.6 package [75] was used to create two-dimensional electron density and Laplacian
electronic distribution plots.

4. Conclusions

In this article, we have demonstrated the isolation and structural characterization
of new pileo heterotrimetallic clusters 2–4 in the coordination sphere of group 6, 7 and
8 transition metals. Clusters 2–4 possess a pileo geometry with 7 SEPs (n + 1). One of the
interesting features of all of these clusters is the existence of a triply bridging borylene ligand
(µ3-BH), which is stabilized by the heterotrimetallic transition metal (Ru2M, M = Mo, W
and Mn) framework. The geometry of these clusters can also be considered as the outcome
of the fusion of a trimetallic tetrahedron with a square pyramid, following Mingos’ fusion
formalism. Furthermore, we observed that the insertion of TM carbonyl fragments can
generate relatively air-stable clusters.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics12010007/s1, 1H, 11B{1H}, 13C{1H} NMR, IR and mass
spectra (Figures S1–S14); X-ray analysis details and CIF and checkCIF files as well as the xyz co-
ordinates of the DFT-optimized model clusters, calculated HOMO and LUMO energy levels and
HOMO-LUMO gaps, selected bond parameters and their Wiberg bond indices (WBI) for clusters 2–4
(Figure S15–S21).
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