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ABSTRACT: Reactions of the CS, and CO, heterocumulene ligands with nido- Ru s

ruthenaborane cluster [1,2-(Cp*Ru),(u-H),B;H,], 1, were explored (Cp* = BZNei \ n

pentamethylcyclopentadienyl). Compound 1 when treated with CS, underwent ond \ < 5Cf,H

metal-assisted hydroboration to yield arachno-ruthenaborane [(Cp*Ru),(B;Hj)- \N\“i\c \ Mn— ;S/

(CS,H)], 2, with a dithioformato ligand attached to it. The chemistry of 2 was Ru B=——pg~

then explored with various transition metal carbonyl compounds under photolytic S‘B// \\B

and thermolytic conditions. Thermolysis of 2 with [Mn,(CO),,] resulted in the H\C/ I / ,

formation of an unprecedented cubane-type cluster [(Cp*Ru),Mn- Ns-Ru B Ru C4S

(CO),(CS,H,)B;H,], 3, with a rare [M;E;] formulation (E = B, S). On the m \ “H

other hand, when compound 2 was photolyzed in the presence of [Mn,(CO);], "l Co) b \

it yielded an incomplete cubane-type cluster [(Cp*Ru),Mn(CO),BH,(CS,H,)], % o] Mﬁ<\S;Ru
«(

4. The room-temperature reaction of 2 with [Fe,(CO),] yielded heterometallic
arachno clusters [(Cp*Ru)(CO),{Fe(CO);},S,CH;], 6 and [(Cp*Ru),(B;Hj)-
(CO){Fe(CO);},(CS,H)], 7. In contrast, photolysis of 2 with [Fe,(CO),]
yielded a tetrahedral cluster [(Cp*Ru)(CO),S(u-H){Fe(CO);};], 8, tethered to an exo-polyhedral moiety [(Cp*Ru)(CO),].
Compound 6 provides an unusual bonding pattern by means of fusing the wing-tip vertex (S) of the [Fe,S,] butterfly core by an
exo-polyhedral [(Cp*Ru)(CO),] unit. Density functional theory calculations were carried out to provide insight into the
mechanistic pathway, electronic structure, and bonding properties.

B INTRODUCTION

The heterocumulene ligands such as carbonyl sulfide (COS),
carbon disulfide (CS,), and carbon dioxide (CO,) interact with S S
transition metal complexes showing a wide range of chemical M / ¢ M M/ \
transformations, for example, insertion, dimerization, dispro- / ” M \

portionation, coupling, and catalytic reactions.'™ Being a M s \ C
potential source of C,-chemistry, investigations of the

chemistry and bonding of these unsaturated electrophiles n
have triggered enormous research activities over the past few
decades.' ™ On the basis of the general concern of the electron
donating/accepting properties of CS, and CO,, various binding
modes with one or more metal atoms have been recognized

(Chart 1). For example, in the titanium-CS, complex, O/
[Cp,Ti(CS,)(PMe,)], (Cp = °-CsHs) the CS, ligand exhibits
a n*-coordination mode, where a 7 back donation can be
observed from the titanium center to the CS, ligand.6 A
number of bimetallic complexes such as [Cp(CO),FeC(SMe)-
SM'L,], (where M'L, = [CpFe(CO),], [Cr(CO);], [Mn-
(CO);], [Re(CO);], or [W(CO),]) are known in literature, in
which CS, acts as a bridging ligand between two metal

Chart 1. Various Coordination Modes of CS, and CO, with
Transition Metals

<
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& M

\o/ C\O/

n’-side on bridging

n'-end on, 1'-C, n*-side on, and bridging coordination modes
(Chart 1).® The reduction of CO, catalyzed by transition metal
complexes has also been reported.”’

centers.®” Apart from this conventional coordination chemistry,
insertion of CS, into metal—alkyl and metal—hydride bonds to
yield dithiocarboxylate or dithioformate complexes have been
well documented.® Unlike CS,, the isostructural CO, reacts
with organometallic complexes in a slightly different way with
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Although the chemistry of heterocumulenes with organo-
metallic complexes have been studied extensively, their
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reactivity toward polyhedral metallaborane clusters remained a
sparsely explored area.'”'" Metallaborane compounds that are
associated with a redox-flexible transition metal center with an
electronically flexible “boron-frame” may permit interesting
chemical impact on these unsaturated species. Earlier, Fehlner
and co-workers described the reactivity of CS, with the
unsaturated chromaborane cluster [(Cp*Cr),B,Hy], (Cp* =
17°-CsMes), which underwent metal-assisted hydroboration and
successively converted to methanedithiolato ligand."" With this
background, we performed the reactivity of heterocumulenes
with nido-[1,2-(Cp*Ru),(u-H),B;H,],"* 1. In this report, we
describe the reaction of CS, with 1 and its subsequent
transformation into [(Cp*Ru),(B;Hg)(CS,H)], 2, which has a
dithioformato ligand (CHS,). In addition, the chemistry of 2
was explored with various transition metal carbonyl compounds
under thermal and photolytic conditions that generated novel
trimetallic cubane-type clusters, which are described.

B RESULTS AND DISCUSSION

Reactivity of nido-[1,2-(Cp*Ru),(u-H),BsH;], 1, with
CS, and CO,. As shown in Scheme 1, compound 1 reacts

Scheme 1. Reaction of Ruthenaborane 1 with CS,
Ru = Cp*Ru

Ru Ru
’ CS; A
Ru//2>5//\—\8 Toluene RUS ) B\B\.
\>34 S-S B=——o
j e=H l / \
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1 2

cleanly with CS, at room temperature to form a single product,
[(Cp*Ru),(B;Hy)(CS,H)], 2, in quantitative yield. Compound
2 was isolated as a purple solid and characterized by mass
spectrometry, IR, NMR, and a single-crystal X-ray diffraction
analysis. The room-temperature ''B  NMR spectrum of
compound 2 rationalizes the presence of three boron
environments, which appeared at 6 = 35.6, —3.1, and —13.0
ppm in a 1:1:1 ratio. Besides the BH terminal protons, two B—
H-B, two Ru—H-B, and one Ru—H—Ru protons were
observed in the 'H NMR spectrum. Furthermore, 'H and *C
NMR spectra imply two equivalent Cp* ligands.
Confirmation of the identity of 2 was made on the basis of a
solid-state X-ray crystal structure. As shown in Figure 1, its
molecular structure can be viewed as a diruthenium analogue of
pentaborane(11) with a dithioformato ligand attached to it.
The core structure of 2 can be predicted by electron counting
rules,"> to be a five-vertex, eight-skeletal-electron-pair (sep)
open square pyramidal arachno cluster, very similar to that of
[1,2-{Cp*Ru},(CO),B;H,]."* A dithioformato moiety in 2,
which appears to have originated from the added CS, molecule,
is attached to a [(Cp*Ru),B;H] fragment, forming a five-
membered {Ru—S—C—S—B} metalloheterocycle such that one
sulfur atom is bonded to boron and the other is bonded to basal
ruthenium atom. The formation of arachno-2 from the square
pyramidal nido-1 might be via the coordination of CS, to the
ruthenaborane cluster followed by the breaking of one of the
Ru—B bonds. Compound 1 possesses several potentially active
B—H and Ru—H-B hydrogens. As a result, it reacts
instantaneously with CS, delivering one reducing equivalent
to the bound substrate allowing metal-assisted hydroboration
and partial reduction reaction. Thus, 2 can formally be

Figure 1. Molecular structure and labeling diagram of 2. Selected bond
lengths (A) and angles (deg): B1—B2 1.803(5), B1-S1 1.904(4), B1—
Ru2 2.156(3), B1—Rul 2.266(3), B2—B3 1.872(8), B2—Ru2 2.129(4),
C21-S1 1.668(4), C21—S2 1.651(4), B3—Ru2 2.278(4), S2—Rul
2.2609(7), Rul—Ru2 2.9738(3); B2—B1-S1 114.0(2), B2—B1-Ru2
64.35(18), S1-B1—Ru2 122.38(15), Ru2—B1—Rul 84.50(11), B2—
B1—Rul 129.1(2), S1-B1—Rul 116.64(16), S2—C21—S1 125.4(2).

generated from 1 by the cleavage of one Ru—B bond and
subsequent reduction of the CS, ligand.

The structures of 1 and 2 differ both qualitatively and
quantitatively. In 2, the interatomic distance between Rul and
Ru2 (2.9738(3) A) is in the larger limit of reported Ru—Ru
single bonds.'"* The dihedral angle between the three-
membered rings of Ru2—Rul—Bl and B2—Ru2-Bl1 is
138.5°, which is wider than the corresponding angle observed
in arachno-B,H,, (125.5°: electron diffraction; 117.4°: electron
diffraction and microwave spectroscopy;'> 128.4° (average
(av)): arachno-dimetallaboranes*®).

Encouraged by the X-ray structure of 2, we sought to
establish the reactivity pattern of 1 with other heterocumulenes,
in particular, CO,. Although CO, is structurally very similar to
CS,, its reactivity toward 1 is different. While CS, reacted with
compound 1 instantaneously, the reaction with CO, remained
inert even after heating at 60 °C for several hours, and reaction
for longer time led to the decomposition of 1. The dissimilarity
in reactivity between CS, and CO, is interesting. Although one
can assume this dissimilarity based on the ionization potential
and electron affinity values of CS, and CO,,° theoretical studies
based on density functional theory (DFT) were performed to
shed further light on this account.'”'® Compound 1 reacts
cleanly with CS, to form a single product, 2. This process is
exothermic (—28.96 kcal mol™) and quite exergonic (—20.43
kcal mol™'). CO,, on the other hand, remained inert even in
forcing conditions as the reaction is less exothermic (—5.15 keal
mol™") and only slightly exergonic (—3.09 kcal mol™"). This is
in agreement with our experimental observations. From the
geometrical comparison between 1 and 2, it is understood that
reaction starts with the facile addition of CS, ligand to metal
site and is followed by metal-assisted hydroboration on C—§
bond.

DFT calculations reproduce satisfactorily the experimental
geometries (Table S1, Supporting Information) and ''B
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chemical shifts (Table S2, Supporting Information). The
natural bond order (NBO) analysis shows that the Ru—Ru
bonding strength reduces compared to 1 (Wiberg bond index
(WBI): 0.31 for 1 and 0.26 for 2), which can be explained on
the basis of the number of bridging hydrogen(s) (Ru—H—Ru)
present (two for 1 and one for 2; which is known to pull the
metals closer) as well as a slight effect of S atom coordinated to
basal Ru atom (Table S3, Supporting Information). Figure S1
(Supporting Information) shows localized molecular orbitals
(LMOs) of dithioformato ligand in 2. Electron delocalization
from atom S1 to C21—S2 and SI to Bl was observed from
NBO second-order perturbation energy analysis, which in turn
may strengthen the B1—S1 bond (high WBI value of 0.97).

Reactivity of 2 toward Transition Metal Carbonyl
Compounds. The reactions of transition metal fragment
sources with polynuclear cluster compounds are one of the
most successful ways to attain metal fragment substitutions or
additions."””>! There has been much interest in such
heterometallic transition metal clusters since they can be a
possible source for many novel classes of homogeneous
catalysts. As part of our current research program in the
synthesis and reactivity of early and late transition metal-
laborane clusters, we have been successful in developing high-
yield synthetic routes to many metallaboranes, and as a result,
the reactivity of metallaboranes toward metal carbonyls has
been explored in detail 7> For example, we have recently
reported an arachno-ruthenaborane, [(Cp*Ru),(CO),-
(B,H)],® which acted as a potential precursor for several
triply bridged heterotrinuclear borylene compounds when
treated with [Fe,(CO),].>* Also, the DFT molecular orbital
study of 1 and 2 further shows that the lowest unoccupied
molecular orbital (LUMO) of 2 is significantly stabilized due to
the decrease in the Ru—Ru antibonding interaction and a
strong contribution of S atom of CS, ligand, suggesting a high
degree of reactivity for 2 (Figure S2, Table S3 and $4,
Supporting Information). Therefore, we carried out the
reactions of 2 with metal carbonyl compounds both under
thermolytic and photolytic conditions.

(I). Reactivity of 2 with [Mn,(CO),,l. (a). Under Thermo-
lytic Condition. Thermolysis of 2 with [Mn,(CO),,] yielded
[(Cp*Ru),Mn(CO),;(CS,H,)B;H,], 3, in 40% yield. The ''B
NMR spectrum of 3 shows three distinct chemical shifts
appearing at § = 51.3, 46.1, and 13.7 ppm. The 'H and "*C
NMR spectra indicate 2 equiv of Cp* moieties. Furthermore,
the '"H NMR spectrum shows a sharp signal at 5 = —24.9 ppm
corresponding to a Ru—H proton. The presence of CO ligand
was confirmed by IR and "C NMR spectroscopy. An
unambiguous explanation eluded us until an X—ray structure
study revealed the geometry of 3 (Figure 2). The single crystals
suitable for X-ray diffraction were obtained from a solution of 3
in hexane at —5 °C, allowing for the structural characterization.

The solid-state structure of 3 shows that the CHS, unit
underwent complete reduction to generate a methanedithiolato
ligand [CH,S,] (the LMOs of CH,S, ligand are shown in
Figure S3, Supporting Information). The Rul—Ru2 distance in
3 (2.7738(3) A) is shorter, compared to both 1 and 2. The
Mn—B distances vary from 2.086(3) to 2.373(4) A. In 3, both
C—S bonds of the methanedithiolato bridge are significantly
elongated (av C—S distance 1.8185 A) when compared to 2,
and they are in the range of a C—S single bond.** While one
sulfur atom acts as a bridge between two Ru atoms, the other
one is linked to one boron and one manganese atom resulting

Figure 2. Molecular structure and labeling diagram of 3. Selected bond
lengths (A) and angles (deg): Rul—B33 2.173(3), Rul—B32 2.244(4),
Rul—Ru2 2.7738(3), Ru2—B33 2.201(3), Mn3—B33 2.086(3), Mn3—
B32 2.373(4), Mn3-S5 2.3388(8), S4—C31 1.834(3), S5—C31
1.803(3); Rul—B32—Mn3 113.63(14), Mn3—B33—Ru2 88.80(12),
Rul—-B33—Ru2 78.70(9), S5—C31—S4 114.18(16), S5—B32—Mn3
65.48(11), S5—B32—Rul 116.27(17), B33—B32—SS 114.8(2).

in two unique five-membered metalloheterocycles [Rul—S4—
C31-85-B32] and [Ru2—84—C31—S5—Mn3].

The structure of 3 can be projected in two different ways:
first, by assuming the sulfur atoms as the vertices of the cluster
and second, by considering the CH,S, fragment as a ligand that
donates six electrons to the cluster. In the first approach,
compound 3 displays a heterometallic cuboidal Ru,MnS,B;
cage. When CH,S, is considered as a ligand, compound 3 can
be seen as a boron-capped (B34 in Figure 2) Ru,MnB, nido-
square pyramid (Rul, Ru2, Mn3, B32, and B33 in Figure 2),
with the CH,S, ligand pending below the square face. In 3, the
interatomic separation between two sulfur atoms (3.053 A) is
significantly too long to form a direct S—S bond. A similar
situation is observed in Fe—S cubane-type clusters I—IIL,>’
(Chart 2), where, Fe—S—S bridge/bridges is/are present.
However, the presence of a bridging CH, group that links the
far-flung vertices of the cubane core in 3 is unprecedented.

The cubane-type metal-sulfido clusters have been extensively
investigated.>' Although the shapes of all the cubane structures
are qualitatively the same, the number of M—M bonds may
differ depending on the cluster electron count.”"** The stable
cluster valence electron count for an M;E; cubane is 70, which
is the count predicted for conventional localized 2-center-2-
electron bonding. Each successive two-electron loss is generally
accompanied by the formation of one M—M, M—E, or E—E
bond along some diagonal of the cube.*” With four bonds along
the diagonals, (Figure 2 and Scheme 2) a count of 58 electrons
is expected for 3, which is the same as the actual experimentally
observed one. A substantiall HOMO—LUMO gap of 1.84 eV is
computed for 3’ (Cp analogue of 3) with such an electron
count. To the best of our knowledge, compound 3 is the
second entry to the rare class of structurally characterized
examples of a trimetallic cubane-type cluster.*

(b). Under Photolytic Condition. Photolysis of compound 2
with [Mn,(CO)o] in THF, followed by chromatographic
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Chart 2. Cubane-Type Clusters with Bridging Atom between Two Vertices”
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workup, led to the isolation of [(Cp*Ru),Mn(CO);BH,-
(CS;H,)], 4 and [(Cp*Ru),Mn-(CO);B;H,(CS,H)], 5, in
moderate yields. The ''B NMR spectrum of 4 displays a
downfield chemical shift at § = 126 ppm. The 'H NMR shows a
broad resonance at 6 = 9.9 ppm, which is characteristic of a B—
H proton of a triply bridged borylene ligand. The signals
corresponding to two equivalent Cp* ligands and a terminal
Ru—H proton were also observed in the '"H NMR spectrum. A
perspective view of 4, shown in Figure 3, confirms the presence
of a CH,S, unit that acts as a bridging ligand between Ru and
Mn atoms. The Rul—Ru2 bond distance in 4 has been reduced
by 0.2 A when compared to that of 2. The Mn—B, Ru—B, and
C—S bond distances are in the range of a normal single
bond 2252326

The geometry of 4 can also be described as an incomplete
cubane-type M;S,CB cage, when the carbon and sulfur atoms
of the methanedithiolate group are considered as vertices. The
cluster valence electron count for compound 4 is 54. This is
two electrons shorter than expected, considering that an M3E,
“regular” cubane-like cluster is generally stable for a count of
68.°* Indeed, for 4, a count of 56 should be observed since
there are three M—M bonds along the diagonals of the “cube.”
This unsaturation might be due the presence of the triply
bridged borylene unit as one of the vertices. An energy gap of
1.37 eV separates the HOMO from the LUMO in 4/, (Cp
analogue of 4), indicating the stability for such a cluster with
two electrons less than expected. Though it is difficult to

10530

amount the incomplete cubane-type clusters,®! the ones with a
triply bridged borylene unit occupying a vertex is unique.

Alternatively, compound 4 can be considered as a tetrahedral
Ru,MnB cluster, where the CH,S, fragment is emphasized as a
ligand. A count of cluster valence electrons of 50 (13 (Cp*Ru)
X 2+ 13 (Mn(CO);) + 4 (BH) + 1 (H) + 6 (CH,S,)) or six
sep is obtained as expected for an M;E tetrahedral cluster. The
core geometry of 4 is analogous to that observed for the
isoelectronic triply bridged borylene complex [(Cp*RuCO),-
Mn(CO)3BH(CO)(Iu-H)].23 Figure S4 (Supporting Informa-
tion) shows the triply bridged bonding situation of BH. A
comparative DFT-MO study of 4 and [(Cp*RuCO),Mn-
(CO),;BH(CO)(u-H)] shows that the introduction of z-donor
chalcogen atoms into 4 diminishes the HOMO—-LUMO gap
(1.37 eV for 4’ (Cp analogue of 4) as said before and 2.0 eV for
the later).

Compound §, which was isolated as the major product,
maintains the core structure (Figure S13, Supporting
Information) of the parent molecule 2 to form an eight-sep
arachno-pentaborane(11) metal analogue with a manganese
carbonyl fragment anchored to it in 7*-fashion.”* However, a
significant variation can be observed in the B7—Mn1 and B8—
Mnl interatomic distances from 1.913 to 2.355 A. This could
be due to the presence of two bridging hydrogen atoms present
between B7 and Mn.

(). Reactivity of 2 with [Fe,(CO),l. (a). Room Temper-
ature. As shown in Scheme 2, the room-temperature reaction
of 2 with [Fe,(CO),] in hexane led to the isolation of two
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Figure 3. Molecular structure and labeling diagram of 4. Selected bond
lengths (A) and angles (deg): B2—Ru2 2.076(10), B2—Rul 2.081(11),
B2—Mn1 2.179(10), S1—Ru2 2.287(3), S1—Rul 2.333(2), Mn1—Rul
2.7290(14), Mn1—Ru2 2.7973(14), Rul—Ru2 2.7835(11), C21-S2
1.804(12), C21—S1 1.840(12), S2—Rul 2.395(3), S2—Mn1 2.271(3);
Ru2—B2—Rul 84.1(4), Ru2—B2—Mnl 82.2(3), Rul—-B2—Mnl
79.6(4), Ru2—S1—Rul 74.10(7), B2—Mn1-S2 104.5(3), S2—C21—
S1 102.7(6).

exopolyhedral heterometallic clusters, analyzed as [(Cp*Ru)-
(CO),{Fe(CO);},5,CH;], 6 and [(Cp*Ru),(B;H;)(CO){Fe-
(CO);},(HCS,)], 7. In parallel, the reaction also yielded triply
bridged borylene complexes [(u3-BH)(Cp*RuCO),(u-CO)-
{Fe(CO);}], [{(u3-BH)(Cp*Ru)(u-CO)},Fe,(CO) ], and
[{(u5-BH)(Cp*Ru)Fe(CO);},(u-CO)] in low yields.>
Compound 6 was isolated as an orange, air-stable solid. The
mass spectrometric data suggest a molecular formula of
[(Cp*Ru)(CO),{Fe(CO),},S,CH;]. Consistent with this
observation, the 'H and *C NMR spectra also showed a

single Cp* resonance. The IR spectrum exhibited CO
stretching frequencies at 1945 and 1979 cm™". To confirm
the spectroscopic assignments and to determine the full
molecular and crystal structure of 6, an X-ray analysis was
undertaken. The crystal structure of 6 corresponds to discrete
molecules of [Cp*Ru(CO),Fe,(CO)4(15-S)(u-SCH;)] sepa-
rated by normal van der Waals distances (Figure 4a). It shows
an exo-polyhedral fragment {Cp*Ru(CO),} anchored to a
thiometalate cluster. The Rul—S2 bond length of 2.4131(5) A
is longer compared to the normal Ru—S distance reported in
other clusters and complexes.”>* The dihedral angle between
the planes Fel—Fe2—S2 and Fel—Fe2—S1 (100.4°) is much
less than it is in other butterfly structures, indicating that the
wings of the butterfly core are less flattened. One of the C—S
linkages in compound 2 has been broken to form an “open”
Fe,S, unit. This “open” nature may give rise to distinct
reactivity pattern compared to some of the “closed” Fe,S,
clusters shown in Chart 3.*” Although the geometry of the

Chart 3. “Open” and “Closed” Fe,S, Cluster Types

(OC)sM

S UL N U B

P OO 2] X<
Fec~————fF¢ Fe Fe Fe Fe Fe Fe
v V R=H,CH; VI n=1-3 Vil M=W, Cr

thiometalate entity in 6 is similar to the range of substituted
Fe,S, clusters reported in the literature,”’ there are only a very
few examples of compounds with a butterfly geometry
anchored to an exo-polyhedral fragment.*®

Considering the {Cp*Ru(CO),} moiety as a one-electron
fragment to the Fe,S, butterfly cluster, a cluster valence
electron count of 42 is achieved for compound 6 (14
(Fe(CO);) x2 + 7 (SMe) + 7 (S-RuCp*(CO),)) as expected.
This is in agreement with a single Fe—Fe bond (2.5231(4) A)
measured experimentally. A substantiall HOMO—-LUMO gap of
2.2 eV is computed for 6’ (Cp analogue of 6) with this electron
count. Inspection of the electron density distribution of the

Figure 4. Selected bond lengths (A) and angles (deg). (a) Compound 6: S2—Rul 2.4131(S), Fel—S1 2.2629(6), Fel—Fe2 2.5231(4), Fe2—S2
2.2896(6), Fe2—S1 2.2452(6) S1—C21 1.824(2); S1—Fel—Fe2 55.635(16), S2—Fe2—Fel 56.309(15), Fe2—S2—Rul 123.86(2), Fel—S2—Rul
119.24(2). (b) Compound 7: B1—B2 1.805(8), B1—S2 1.929(6), B1—Ru2 2.213(5), B2—B3 1.792(8), Rul—Ru2 2.9639(5), Fel—Fe2 2.6326(10),
S1—Fel 2.1776(17), S1—Fe2 2.2616(14), S2—Fe2 2.3301(12), C27—S1 1.784(5), C27—S2 1.795(5), C27—Fel 2.004(5); B2—B1-S2 115.1(3),
B2—B3—Rul 122.2(3), Ru2—B3—Rul 82.57(16), S1-C27—S2 106.8(3). (c) Compound 8: Rul—S1 2.4092(7), S1—Fe2—2.1727(6), S1—Fe3
2.1835(7), S1—Fel 2.1850(6), Fel—Fe2 2.6054(5); Fe2—S1—Fe3 73.35(2), Fe2—S1—Fel 73.43(2), Fe2—S1—Rul 144.08(3).
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frontier molecular orbitals (FMOs, Figure SS, Supporting
Information) shows that, in 6, the HOMO is largely located on
the Fe metals. Further Fe—Fe interaction was shown in
HOMO-8 (WBI = 0.56). A complete bonding picture in the
form of LMOs is given in Figure S6 (Supporting Information).

The ''B NMR of compound 7 displayed three distinct peaks
at § = —28.7, —=8.9, and —0.59 ppm. The 'H NMR spectrum
showed chemical shifts corresponding to B—H, B—H—B, Ru—
H-B, and Ru—H—Ru protons. Its solid-state X-ray structure is
consistent with the spectroscopic results. Compound 7 can be
best described as a conjuncto cluster with an exo-polyhedral
organometallic fragment [{Fe(CO),},S,CH], linked to the
{Ru,Bs} arachno core through one of the boron atoms (Figure
4b). Out of the numerous reports available on the Hieber-type
Fe—S clusters,>* the dominant feature of the exo-Fe—S$
fragment in 7 is the elongated Fe—Fe bond (2.6326(10)
A)>* The C27-S1 (1.784(5) A) and C27—S2 (1.795(5) A)
bond distances are longer compared to those observed in 2. It is
also interesting to note that the Fe—S distances differ unusually
resulting in a highly distorted square pyramidal geometry. The
exo fragment may be viewed as a complex between {Fe,(CO)4}
and a dithioformate ligand, where bonding with the Fe atom
involves 7 electrons and the sulfur lone pair electrons of the
C=S bond. AHOMO-LUMO gap of 1.8 eV is computed for
7' (Cp analogue of 7). Note that this cluster is isoelectronic to
2 and S, which adopted the same Ru,B; arachno cage.

(b). Under Photolytic Condition. Compound 2, when
photolyzed in the presence of [Fe,(CO),], yielded [(Cp*Ru)-
(CO),S(u-H){Fe(CO),};], 8, in which an exo-[(Cp*Ru)-
(CO),] fragment is attached to the sulfur atom (Figure 4c).
The 'H NMR spectrum of 8 includes resonances at 1.9 ppm
assigned to the Cp* methyl protons and —21.2 ppm
corresponding to a hydrido ligand. The heterometallic
compound 8 displays a structure comparable to that of 6
with the count of 50 cluster valence electrons (14 (Fe(CO;)) X
3 + 7 (S-RuCp*(CO),) + 1 (H)) expected for a tetrahedral
M;E cluster. While the Rul—S1 and Fe—Fe distances are found
to be in the normal range of single bonds, the average Fe—S
bond distance in 8 (2.1805 A) appears to be slightly shorter
than in other related compounds.”

H CONCLUSION

In this article, we have established the reactivity trends of two
heterocumulene ligands, namely, CS, and CO, with a nido-
ruthenaborane cluster. The metal-assisted hydroboration of the
CS, ligand resulted in the isolation of diruthenium analogue of
pentaborane(11), 2, having a dithioformato ligand. The
reactivity of 2 toward metal carbonyls such as [Mn,(CO),,]
and [Fe,(CO),y] has been examined. The reaction with the
former leads to the isolation of the first example of trimetallic
cubane-type clusters, where boron is present as one of the main
group constituents. In stark contrast, [Fe,(CO),] shows a
different reactivity pattern with 2 that gives new exo-polyhedral
clusters. Investigations to evaluate the possibility of other early
and late transition metal carbonyl compounds to produce
complexes with rare geometries are underway, and we
anticipate further progress.

B EXPERIMENTAL SECTION

General Procedures and Instrumentation. All the syntheses
were carried out under argon atmosphere with standard Schlenk and
glovebox techniques. Solvents were dried by common methods and
distilled under N, before use. Compound 1 was prepared according to

literature method,'? while other chemicals ([Cp*RuCl,],, LiBH, THF,
[Fe,(CO),], [Mn,(CO),,], were obtained commercially and used as
received. The external reference for the 'B NMR, [Bu,N(B,H;)], was
synthesized according to the literature method.®® Thin-layer
chromatography (TLC) was done on 250 mm diameter aluminum-
supported silica gel TLC plates (Merck TLC Plates). The NMR
spectra were recorded on a 400 and 500 MHz Bruker FT-NMR
spectrometer. Residual solvent protons were used as reference (5,
ppm, benzene-dg, 7.16, CDCl;, 7.26), while a sealed tube containing
[Bu,N(B;H;)] in benzene-ds (85 ppm, —30.07) was used as an
external reference for the !'B  NMR measurements. The infrared
spectra were recorded on a Nicolet iS10 spectrometer. MALDI-TOF
mass spectra of the compounds were obtained on a Bruker
Ultraflextreme using 2,5-dihydroxybenzoic acid as a matrix and a
ground steel target plate. The photoreactions described in this report
were conducted in a Luzchem LZC-4 V photoreactor, with irradiation
at 254—350 nm. Microanalyses for C and H were performed on
PerkinElmer Instruments series II model 2400.

Synthesis of 2. In a Flame-dried Schlenk tube, compound 1 (0.5 g,
0.97 mmol) was suspended in toluene (20 mL), and CS, (0.58 mL,
0.97 mmol) was added via syringe. The reaction mixture was stirred
slowly over S min at room temperature. After removal of solvent, the
residue was subjected to chromatographic workup using silica-gel TLC
plates. Elution with hexane yielded pure purple 2 (0.56 g, 97%). 2:
MS(MALDI): m/z 589 (M), isotope envelope C,H;,B;S,Ru,
requires 590.2464; ''B NMR (22 °C, 128 MHz, CDCly): § = 35.6
(d, Jy_u = 128 Hz, 1B), —3.1 (d, Jy_y = 131 Hz, 1B), —13.0 (br, 1B);
'H NMR (22 °C, 400 MHz, CDCL,): 5 = 4.8 (br, 1H, BH,), 3.3 (br,
2H, BH,), 3.7 (s, 1H, CH), 1.8 (s, 1SH, Cp*), 1.7 (s, 15H, Cp*),
—0.69 (br, 1H, B—H-B), —2.9 (br, 1H, B—H-B), —11.2(br, 1H, Ru—
H-B), —15.1 (br, 1H, Ru—H-B), —15.4 (s, 1H, Ru—H—Ru); *C
NMR (22 °C, 100 MHz, CDCL,): § = 101.2 (s, CsMes), 103.3 (s,
CsMes), 36.1 (s, CH), 9.7 (s, CsMes), 11.2 (s, CsMes); IR (hexane,
cm™): 2490 (BH,), 2444 (BH,), 2501 (BH,); Elemental analysis calcd
(%) for CyH;39B;S,Ru,: C, 42.73; H, 6.65; found: C, 42.44; H, 6.68.

Synthesis of 3. In a flame-dried Schlenk tube, the purple solution of
2 (0.50 g, 0.84 mmol) and 2 equiv of [Mn,(CO),o] in toluene (15
mL) were thermolyzed at 80 °C for 36 h. The volatile components
were removed under vacuum, and the remaining residue was passed
through Celite. After removal of solvent, the residue was subjected to
chromatographic workup using silica-gel TLC plates. Elution with a
hexane/CH,Cl, (90:10 v/v) mixture yielded brown 3 (0.24 g, 40.8%).
3: MS(MALDI): m/z 725 [M"], isotope envelope.
C,,H;¢B;0,8,MnRu, requires 726.1819; "B NMR (22 °C, 128
MHz, CDCly): 6 = 51.3 (d, Jg_y = 131 Hz, 1B), 46.1 (br, 1B), 13.7
(br, 1B); '"H NMR (22 °C, 400 MHz, CDCL,): 6 = 5.9 (br, 1H, BH,),
S.1 (br, 1H, BH,), 4.3 (br, 1H, BH,), 2.6 (s, 2H, CH,), 1.8 (s, 15H,
Cp*), 1.7 (s, 15H, Cp*), —24.9 (s, 1H, Ru—H); *C NMR (22 °C,
100 MHz, CDCL): & = 188.9 (s, CO), 96.0 (s, CsMe;), 94.7 (s,
CsMes), 21.7 (s, CH,), 11.5 (s, CsMeg), 11.1 (s, CsMes); IR (hexane,
cm™): 2443 (BH,), 2425 (BH,), 2403 (BH,), 1991 (CO); Elemental
analysis calcd (%) for C,,H34B;05S,MnRu,: C, 39.69; H, 4.99; found:
C, 39.50; H, 4.38.

Synthesis of 4 and 5. In a flame-dried Schlenk tube, a purple
solution of 2 (0.50 g, 0.84 mmol) and 3 equiv of [Mn,(CO),] in
THF (15 mL) were irradiated for S h at room temperature. The
volatile components were removed under vacuum, and the remaining
residue was extracted into hexane and passed through Celite. After
removal of solvent, the residue was subjected to chromatographic
workup using silica-gel TLC plates. Elution with a mixture of hexane/
CH,Cl, (80:20 v/v) yielded green 4 (0.08 g, 13%) and red 5 (0.13 g,
21%). 4: MS(MALDI): m/z 702 [M'—H], isotope envelope.
C,,H3,BMnO;Ru,S, requires 702.3520; B NMR (22 °C, 128
MHz, CDCL): § = 126.0 (d, Jy_y = 134 Hz, 1B); '"H NMR (22 °C,
400 MHz, CDCL,): 6 = 9.9 (br, 1H, BH,), 2.2 (s, 2H, CH,), 1.8 (s,
15H, Cp*), 1.7 (s, 15H, Cp*), —19.1 (s, 1H, Ru—H); 3C NMR (22
°C, 100 MHz, CDCl,): § = 192.6 (s, CO), 100.5 (s, CsMe;), 99.6 (s,
CsMes), 22.7 (s, CH,), 12.2 (s, CsMe;), 11.6 (s, CsMes); IR (hexane,
cm™): 2473 (BH,), 1945 (CO); Elemental analysis caled (%) for
C,,H;,BMnO;Ru,S,: C, 41.03; H, 4.87; found: C, 41.50; H, 5.68; §:

dx.doi.org/10.1021/ic501623f | Inorg. Chem. 2014, 53, 10527—10535



Inorganic Chemistry

MS(MALDI): m/z 727 [M"], isotope envelope. C,,H33B;055,MnRu,
requires 728.1978; ''B NMR (22 °C, 128 MHz, CDCl,): § = 54.2 (br,
1B), 54.6 (br, 1B) 43.6 (s, 1B); "H NMR (22 °C, 400 MHz, CDCL,):
&= 4.6 (br, 1H, BH,), 3.4 (s, 1H, CH), 1.8 (s, 15H, Cp*), 1.7 (s, 15H,
Cp*), —2.03 (br, 1H, B—H-B), —10.11 (br, 2H, Mn—H-B),
—11.6(br, 1H, Ru—H—-B), —14.5 (s, 1H, Ru—H—Ru), —15.5 (br,1H,
B—H—Ru); *C NMR (22 °C, 100 MHz, CDCl,): § = 198.1 (s, CO),
1042 (s, CMey), 102.8 (s, CsMes), 35.8 (s, CH), 9.9 (s, CsMey), 102
(s, CsMes); IR (hexane, cm™'): 2490w (BH,), 2472 (BH,), 2466
(BH,), 1986 (CO); Elemental analysis caled (%) for C,H;sBs-
0;S,MnRu,: C, 39.58; H, 5.25; found: C, 39.33; H, 5.63.

Synthesis of 6 and 7. In a flame-dried Schlenk tube, the purple
solution of 2 (0.50 g, 0.84 mmol) and 4 equiv of [Fe,(CO),] in
hexane (15 mL) were stirred for 2 h at room temperature. The volatile
components were removed under vacuum, and the remaining residue
was extracted into hexane and passed through Celite. After removal of
solvent, the residue was subjected to chromatographic workup using
silica-gel TLC plates. Elution with a hexane/CH,Cl, (90:10 v/v)
mixture yielded orange 6 (0.07 g, 12.6%) and yellow 7 (0.2S g, 37.5%).
6: MS(MALDI): m/z 651 [M*], isotope envelope. C,oH,303S,Fe,Ru
requires 651.2367; '"H NMR (22 °C, 400 MHz, CDCL;): 6 = 0.9 (s,
3H, CH;), 1.7 (s, 15H, Cp*): 3C NMR (22 °C, 100 MHz, CDCL,): §
=201 (s, CO), 198 (s, CO), 100.5 (s, CsMes), 19.4 (s, CH,), 12.1 (s,
CsMe); IR (hexane, cm™): 1945, 1979 (CO). 7: MS(MALDI): m/z
832 [M'], isotope envelope. C,gH;oB;0,S,Fe,Ru, requires 897.9981;
B NMR (22 °C, 128 MHz, CDCL,): 5 = 28.7 (br, 1B), 8.9 (d, Jy_u =
130 Hz, 1B), 0.5 (br, 1B); 'H NMR (22 °C, 400 MHz, CDCL,): § =
5.4 (br, 1H, BH,), 4.8 (br, 1H, BH,), 4.1 (br, 1H, BH,), 3.9 (s, 1H,
CH), 2.0 (s, 15H, Cp*), 1.7 (s, 15H, Cp*), —1.8 (br, 1H, B-H-B),
—2.0 (br, 1H, B-H—B), —11.5 (br, 1H, Ru—H-B), —12.7 (br, 1H,
Ru—H-B), —17.0(s, 1H, Ru—H—Ru); *C NMR (22 °C, 100 MHz,
CDCly): § = 196.5 (s, CO), 188.3(s, CO), 187.2(s, CO), 104.2 (s,
CsMes), 103.5 (s, CsMes), 39.3 (s, CH), 10.1 (s, CsMes), 10.9 (s,
CsMe;); IR (hexane, cm™): 2513 (BH,), 2497 (BH,), 2443 (BH,),
1998 (CO), 1899 (CO); Elemental analysis calcd (%) for C,sH3oB5-
0,S,Fe,Ru,: C, 37.44; H, 4.3775; found: C, 37.56; H, 4.30.

Synthesis of 8. In a flame-dried Schlenk tube, a purple solution of 2
(0.50 g, 0.84 mmol) and 2 equiv of [Fe,(CO),] in THF (20 mL) were
irradiated for 2 h at room temperature. The volatile components were
removed under vacuum, and the remaining residue was extracted into
hexane and passed through Celite. After removal of solvent, the
residue was subjected to chromatographic workup using silica-gel TLC
plates. Elution with a mixture of hexane/CH,Cl, (80:20 v/v) yielded
brown 8 (0.01 g 15.8%). MS(MALDI): m/z 744 [M'], isotope
envelope. C,;H,;0,,SFe;Ru requires 745.0151; 'H NMR (22 °C, 400
MHz, CDCL): 1.9 (s, 15H, Cp*), —20.7 (s, 1H, Fe—H-Fe); *C
NMR (22 °C, 100 MHz, CDCL,): § = 188.1 (s, CO), 179.2 (s, CO),
177.5 (s, CO) 100.9 (s, CsMes), 13.5 (s, CMes); IR (hexane, cm™):
1985, 1926, 1957 (CO).

X-ray Structure Determination. The crystal data for 2—8 were
collected and integrated using an APEXII Bruker-AXS diffractometer
equipped with a CCD camera and a graphite-monochromated Mo Ka
(A =0.71073 A) radiation source at T = 173 K (2, 4, 7, and 8) and
150 K (3, S, 6). The structures were solved by heavy atom methods
using SHELXS-97 or SIR92 and refined using SHELXL-97.3%%7

Crystal Data for 2. C,;H;sB;Ru,S,, M, = 589.20, monoclinic, P2,/
n, a = 85324(4) A, b = 13.7662(7) A, ¢ = 21.9638(9) A, B =
99.7430(10)°, V = 2542.6(2) A3, Z = 4, F(000) = 1196, R, = 0.0290,
wR, = 0.0636, 7385 independent reflections [20 < 60.00°] and 295
parameters.

Crystal Data for 3. C,,H33B;MnO;Ru,S,, M, = 723.13, monoclinic,
P2,/n, a = 9.8408(4) A, b = 14.9804(7) A, ¢ = 19.2336(8) A, B =
98.532(2)°, V = 2804.0(2) A3, Z = 4, F(000) = 1444, R, = 0.0413, wR,
= 0.1034, 12220 independent reflections [260 < 69.88°] and 332
parameters.

Crystal Data for 4. C,,H;;BMnO;Ru,S,, M, = 701.51, monoclinic,
P2,/n, a = 8.6665(11) A, b = 17.252(2) A, ¢ = 18.468(2) A, B =
100.854(4)°, V = 2711.8(6) A3, Z = 4, F(000) = 1404, R, = 0. 0574,
wR, = 0.1349, 4761 independent reflections [20 < 50.00°] and 421
parameters.

Crystal Data for 5. C,,H;sB;0;S,MnRu,, M, = 728.17,
orthorhombic, P2,2,2;, a = 11.7260(8) A, b = 13.8766(7) A, ¢ =
18.0847(11) A, f=90°, V =2942.7(3) A%, Z = 4, F(000) = 1464, R, =
0.0204, wR, = 0.043, 6715 independent reflections [26 < 54.90°] and
354 parameters.

Crystal Data for 6. C4H gFe,O4RuS,, M, = 651.22, monoclinic,
P2,/n, a = 11.1094(4) A, b = 13.4574(4) A, c = 16.8649(6) A, p =
103.0930(10)°, V = 2455.82(14) A3, Z = 4, F(000) = 1296, R, =
0.0234, wR, = 0.0503, 5627 independent reflections [20 < 54.94°] and
295 parameters.

Crystal Data for 7. C,sH;9B;Fe,O,Ru,S,, M, = 935.02, Triclinic,
PI, a = 11.2880(4) A, b = 13.4733(5) A, ¢ = 142504(5) A, a =
78.851(2)°, 8 = 80.369(2)°, 7 = 71.156(2)°, V = 1999.55(12) A3, Z =
2, F(000) = 938, R, = 0.0339, wR, = 0.0910, 7026 independent
reflections [20 < 50°] and 446 parameters.

Crystal Data for 8. C,;H,40,,;SFe;Ru, M, = 745.02, monoclinic,
P2,/c, a = 9.7443(2) A, b = 9.2221(2) A, ¢ = 30.2214(9) A, B =
96.694(2)°, V = 2697.27(11) A3, Z = 4, F(000) = 1472, R, = 0.0255,
wR, = 0.0616, 5291 independent reflections [20 < 52°] and 343
parameters.

Computational Details. DFT computations were carried out on
simplified models 1’4" and 6'—7’, that is, Cp analogues of 1—4 and
6—7 using the GAUSSIANO9 package.'"” Gas-phase geometry (no
solvent effect) optimizations were carried out with the BP86
functional®® (composed of the Becke 1988 exchange functional and
the Perdew 86 correlation functional) in combination with a mixed
basis set: Stuttgart/Dresden (SDD) effective core potentials (ECPs)>
for Ru-metal center and split valence double-¢ 6-31G** basis set for
the remaining atoms.*’ Geometry optimizations were performed
under no symmetry constraints, using initial coordinates derived from
the X-ray data of the parent molecules. This level of calculation
provides geometrical parameters that are in good agreement with the
experimental values. Harmonic vibrational frequency calculations were
done to ensure that the calculated geometries were minima on the
potential energy surface (PES) and to compute zero-point energy
(ZPE) corrections. Single-point calculations were also performed with
the highly parametrized Zhao & Truhlar M06-2X hybrid density
functional*’ and a larger combined basis set: triple-c with diffuse
functions, 6-311+G(2d,p), for C, H, O, S, and B the newly developed
LANL2TZ+f basis set* for Ru for computing energy differences.
Solvent effects were taken into account in single-point calculations on
the gas-phase optimized structures using the polarizable continuum
solvation model (cPCM).** The gauge including atomic orbital
(GIAO)* method was used to compute the NMR chemical shifts
using the hybrid Becke—Lee—Yang—Parr (B3LYP) functional* on the
BP86/SDD-6-31g** optimized geometries. The IB NMR chemical
shifts were calculated relative to B,Hs (B3LYP B shielding constant
94.88 ppm) and converted to the usual [BF;-OEt,] scale using the
experimental §(''B) value of B,H, 16.6 ppm.*® The NBO**® analyses
were performed on the electron densities computed on the optimized
geometries with the same basis sets (used for geometry optimizations),
using the NBO routine within the Gaussian09 package. Molecular
orbitals and vibrational modes were visualized using the GaussView
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program.
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