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Stabilization of dichalcogenide ligands in the coordination sphere of ruthenium system

Koushik Saha,? Sourav Gayen,? Urminder Kaur,? Thierry Roisnel,? and Sundargopal Ghosh*?

Abstract: Synthesis, structure and electronic properties of the tetraruthenium dichalcogenide complexes displaying
exclusive coordination mode of dichalcogenide ligands have been discussed. The reaction of Li[BH,E3] (E = S or Se)
with [CIRu(u-Cl)(p-cymene)], (p-cymene = n®{p-CsHi(Pr)Me}) at room temperature yielded tetrametallic
dichalcogenide complexes [{Ru:Cly(p-cymene):}(us,n?-E2)], 1-2 (E = S (1) and Se (2)). The solid-state X-ray structure
of 1 shows that two {(p-cymene)RuCl}, moieties are bridged by a S-S bond. In addition to 2, the reaction of
Li[BH,Ses] with [CIRu(u-Cl)(p-cymene)], also yielded a mononuclear tris-homocubane analogue [Ru(p-
cymene){Se;(BH)s}] (3) which is an analogue of 1,3,3-tris-homocubane and possesses D3 symmetry. In order to
isolate the Cp* analogue of 1, reaction of [Cp*Ru(u-Cl)Cl]; with Li[BH,Ss] was carried out that led to the formation
of bis/tris-homocubane derivatives [(Cp*Ru){u-Sn(BH)2}] (n =7 (4) and 6 (5)) along with the formation of ruthenium
disulfide complexes [(RuCp*)a(u,n?*:n?S2)(u,n*:n*-Sz)] and [(RuCp*)(u-SBHS-k*B:k?S:k%S)(u,n:n*-S,)]. Complexes 1-5
have been characterized by multi-nuclear NMR, IR, UV-Vis spectroscopy, mass spectrometry and their molecular
formulations (except 2) have been inferred by single crystal X-ray crystallography. Further, the DFT calculations
were performed that rationalize the stabilization of the dichalcogenide units (E2*) by the tetrametallic systems in
1-2.

Introduction

A continuous interest in developing the transition-metal dichalcogenide complexes is observed due to their use as
suitable precursors for generating binary metal chalcogenide quantum dots and thin films.® The transition-metal
dichalcogenide complexes are comparatively less explored than the transition metal chalcogenide complexes and
the field of dichalcogenide complexes was developed rapidly in the last two decades.? The well-established method
to prepare these species is the oxidative transfer of the chalcogen source to metal complexes. For example, complex
[{(OC)sFe}s(u-S2)(u-SPh),]** was isolated via the SO,Cl, oxidation of [{(OC)sFe},(u-S)(u-SPh)]Li (Chart 1).> Whereas,
thermolysis of the chromium sulfide complex [(CpCr)a(u-S'Bu)a(u-S)2(NO),(Cl)2] led to the formation of
[(CpCr)a(NO)3(Cl)(u-S'Bu)2(u-S2)1,%¢. Other transition metal dichalcogenide complexes featuring {M,E—EM,} core,
listed in Chart 1, were also synthesized using different synthetic strategies.® It was observed that the ancillary
ligand/s (such as Cp, Cp* etc.) stabilize the metal-dichalcogenide complexes. Thus, the metal centers bearing
ancillary ligands have been used to stabilize the dichalcogenide complexes. On the other hand, it becomes apparent
that the sterically bulky and electronegative ancillary ligands, such as Cp*, are not mandatory to stabilize the
lanthanide chalcogenide complexes having Ln—E bonds.* Therefore, inspection on the reactivity of other ancillary
ligand/s (such as p-cymene, cod (n*-C4Hs), etc.) containing transition metal complexes become of particular interest
to synthesize transition metal dichalcogenides. A detailed investigation would be advantageous to comprehend the
prerequisite conditions desired to stabilize the dichalcogenide ligands in the coordination sphere of the transition
metal centers.

In an attempt to isolate the chalcogen-rich transition metal species, the reactivity of chalcogenated ligands
Li[BH,E3)® (E = S, Se and Te), were investigated.® In our earlier report, we have effectively substantiated the utility
of Li[BH.E3] (E = S or Se) to isolate metal chalcogenide complexes of molybdenum, [(OC),MoCp*(n>-SC(Me)S)] and
[(OC).MoCp*(nt-SeEt)].% Further, the reaction of [Cp*MCls] (M = Nb and Ta) with Li[BH,E3] (E =S, Se, or Te) yielded
various metal chalcogenide complexes along with chalcogen rich trimetallic cubane type complexes.” Therefore
over the years, the interest have grown to investigate the reactivity of Li[BH,Es] with heavier metal precursors.® To
investigate the effect of the ancillary ligand as well as chalcogenide ligand on the stability of metal-chalcogenide
complexes of ruthenium, we chose [(p-cymene)Ru(u-Cl)Cl]; as a suitable metal precursor. Herein, we have studied
the syntheses and structural characterizations of dichalcogenide complexes and bis/tris-homocubane analogues of
ruthenium.
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Chart 1. Selected examples of transition metal dichalcogenide complexes featuring an E-E bond (E = S, Se or Te).
All the bond distances mentioned are the E—E bond distances.

Results and Discussion
Synthesis of tetrametallic dichalcogenide complexes, [{Ru,Cly(p-cymene),}2(us,n?-E2)] (E = S or Se)

After the isolation of metal-chalcogenide complexes of early transition metals using Li[BH2Es] (E = S or Se) ligand,
we applied the same approach with late transition metals. As a result, the room temperature reaction of [CIRu(p-
cymene)(u-Cl)]; with Li[BH,Ss] was performed. The color of the reaction mixture turned brown from red during the
progress of the reaction. After the chromatographic separation, a red solid, [{Ru.Cla(p-cymene) }2(us,n?S,)] 1 was
obtained in 6% yield. Note that, some air and moisture sensitive compounds were also formed in this reaction which
could not be isolated due to the lower yields and unstable nature. Due to complexity of the reaction, presently we
don’t have clear idea about the main product/s and we were only able to isolate complex 1. In case of selenium,
the reaction of [CIRu(u-Cl)(p-cymene)]; and Li[BH,Ses] under similar reaction conditions permitted us to isolate red
[{Ru,Cly(p-cymene),}2(us,n?-Sez)], 2 and orange [Ru(p-cymene){Ses(BH)s}], 3 in 5 and 38% yields respectively
(Scheme 1). The reaction of [CIRu(p-cymene)(u-Cl)]; and Li[BH,Tes] led to decomposition of the starting materials.
The H and *C{*H} NMR chemical shifts confirmed the presence of p-cymene units in 1 and 2.

The solid-state structure of 1 revealed the identity as a tetraruthenium disulfide complex where a disulfide unit
bridges two {(p-cymene)Ru(Cl)}, moieties (Fig. 1). Complex 1 resides in a general position in the monoclinic space
group P21/c as similar to that in [{Fe,(CO)s(11s-E)Re2(CO)s(u-PCy2)}a(tts,n?-S2)]° and the two asymmetric moieties i.e.
{(p-cymene)Ru(Cl)},S are arranged in a triangular geometry. All the Ru atoms in 1 are in a distorted octahedral
environment. Two {(p-cymene)Ru(Cl)} fragments in 1 are held together through a Ru—Ru single bond (2.959(2) A).
The metal-metal bond distance in 1 is similar to that of arachno-[(Cp*Ru),BsHs(CS:H)]* (2.9738(3) A) but longer
compared to the bridging boryl borylene complex of ruthenium [(u-SCH,SHB-k?B:kS)(RuCp*).{u-C(Me)(CeHa)B-
K?B:k2CY]™ (2.4608(10) A). The {Ru,SCl} units in 1 are planar and similar to the {Cr,S,Cl} unit in [CI(CpCr)a(NO)s(u-
S'Bu)2(us,n?-S2)1%. Complex 1 contains two planar {Ru,S} units, which are linked by a disulfide bond and with a
dihedral angle of 16.83° between the two {Ru,S} planes. The bridging disulfide ligand in 1 is neither vertical (as that
in [Fe3(CO)s(Ph2PCS)}a(1a,n?S2)1%®) nor parallel as in case of [{(OC)sFex(u-SEt)}2(1a,n?-S2)]*?) to the perpendicular axes
of the two {Ru,S} subunits. The S-S bond distance (2.1089(8) A) in 1 is slightly elongated as compared to the S-S
bonds in Ss molecule (2.037(5) A). However, the S-S bond distance in 1 is comparable to [{Fe2(CO)s(u-SCsHs)}2(1a,n*
S$2)1%? (2.106(3) A) and slightly shorter than [{Fes(CO)e(u-S)}2(1a,n?-S2)][K(benzo-15-crown-5),],* (2.1657(17) A). Two
acute ZRu-S-Ru angles (78.30(2) and 78.52(2)°) confirm that the S;* ligand are positioned with respect to the metal
centers in almost orthogonal direction. The ruthenium—sulfur bond lengths in 1 (avg. 2.325 A) fall in the region of



single bond lengths and comparable with that in [(Cp*Ru)a(u,n*-CHS),]*** (2.3733 A) and [{Ru(p-cymene)},Ru-
(U3,n*:N%-S2) (,n*:0*-S2) (U-S2C2B1oH10)2] *° (2.3733 A).

Fig. 1 Molecular structure of 1. Selected bond lengths (A) and angles (°) are: S1-S2 2.1089(8), Rul-Ru2 2.9392(3),
Ru3-Ru4 2.9395(4), Rul-S1 2.3202(6), Ru2-S1 2.3350(6), Ru3-S2 2.3298(6), Ru4-S2 2.3150(6); Rul-S1-Ru2 78.30(2),
Ru4-S2-Ru3 78.52(2), S1-52-Ru3 110.03(3), S1-S2-Ru4 115.03(3).

Interestingly, similar types of metal complexes with E-E bond are known in the literature, and some of them are
listed in Table 1.32383M121%4 Haying a good number of complexes, similar to that of 1, allowed us to compare the
structural parameters of 1 with relevant species. As shown in Table 1, the E-E bond distances are within the range
of 2.059(3)-2.2573(12) A (for sulfur), 2.3803(7)-2.416(4) A (for selenium) and 2.8319(14) A (for tellurium)
corresponding to the single E=E bond distance. It is interesting to note that, in [{Fe;Se(CO)s}-(t4,n*-Sez)(PPha)2]**,
the Se—Se separation of 2.847(5) A is merely an interaction rather than a single bond. As a result, the E-E distance
of these species provide a preliminary indication of the true nature of the E-E interaction. As presented in Table 1,
it is apparent that the substitution at metal center directly affects the E—E bond distance that generally depends on
the electronic nature of the substituents associated with the metal center. On the other hand, the M—M bond
distance of these complexes directly depends both on the substituents at metal centers and strength of the
chelation between dichalcogenide unit/s and metal centers. Limited availability of the examples of M4E, complexes
containing an E-E bond made complexes 1, 2 a prominent entry in the metal dichalcogenide complexes.

Ru RO lE /

Li[BH,E ~Cl 1
2E3] _ \E—E/ N E B‘H E

Toluene, 6 h { N\
-78 °C to RT R N Ru P H

oA -

‘7’ g H “E
E=S (l); Se (2) E = Se (3)

Scheme 1 Synthesis of tetranuclear dichalcogenide complexes of ruthenium.
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Fig. 2 (a) HOMO, (b) HOMO-13 and (c) LUMO of 1. (d) Contour line diagram of Laplacian of electron density of 1
along the Ru=S1-S2 plane. Solid red lines specify areas of charge concentration (V?p(r) < 0) and dashed black lines
display areas of charge depletion ((V2o(r) > 0). Orange dots show bond critical points and solid brown lines display
bond paths.

Although, many examples of the tetrametallic complexes featuring an E-E bond are known, lack of theoretical
investigations casted uncertainty on the bonding of these complexes. Therefore, the density functional theory (DFT)
calculations were carried out to analyze the electronic structures of the tetrametallic dichalcogenide complexes 1,
2 and 2' (Te analogue of 1) using B3LYP functional and SDD/6-31G basis set. The symmetrical X-ray structure of 1
has slightly been distorted after the optimization and as a result, the Ru3—Ru4 bond distance was lengthened to
3.074 A. However, the Rul-Ru2 bond distance remained almost same (2.940 A). Although, a bond critical point
between the Ru—-Ru bond is not observed, the HOMO and LUMO of the complexes 1, 2 and 2' showed bonding
interactions between the ruthenium atoms of the {(p-cymene),Ruz(Cl)2E} units (Figs. 2a, 2c and S16). The NBO
calculations revealed the WBI (Wiberg bond indices) values in the range of 0.413-0.293 for these Ru—Ru bonds
which is typical for the formal single bonds between transition metals (0.2-0.3)* and similar to that diruthenium
complexes [(RuCp*).{u-C(Me)CsH4B-k*C:k?B}(u-HBCH,S,-k2S:k%B)]** (0.3753) and [(Cp*-Ru)2(u,n*C2'Buy)(u,n*-P2)]*®
(0.26). Based on the bond distances and WBI values of Ru—Ru separation, we believe the presence of a Ru—Ru single
bond in 1,2 and 2'. The MO analyses of these complexes suggest that the HOMO-LUMO gaps follow the order of 1
<2<2'(0.073 (1), 0.072 (2) and 0.069 eV (2'), Fig. S16) and are considerably smaller as compared to the reported
disulfide species [(Cp*Ru)a(u,n*:n*S2)(u,n*:n*-S2)]* (3.115 eV).

The HOMO-13 of 1, 2 and 2' showed the overlap between the p orbitals of the corresponding chalcogen atoms
(Figs. 2b and S17) that indirectly verifies the presence of a strong E—E single bond. Further, the NBO analysis also
indicate a strong E-E bonding interaction that indirectly verifies the presence of a strong E-E bond (Fig. $18). The
topological analyses for 1 revealed the existence of bond critical point (BCP) between S1 and S2 (0(0.110 amu),
V2p(-0.042 amu)) atoms (Fig. 2d). A decreasing trend is observed in the WBI values of the E-E bonds for 1, 2 and 2"
(1: 0.8096, 2: 0.7832 and 2': 0.7476). In addition, a series of strong bonding interactions between the Ru and E
atoms have been observed that indirectly demonstrate the stabilization of the dichalcogenide ligands by the
tetrametallic system (Fig. S18). The DFT calculations also elaborate the fact that the dichalcogenide ligand acts as a
dianionic E;* species instead of neutral E,. As shown in Tables S2 and S3, a charge transfer from chalcogen centre
to ruthenium centre has been observed. Thus, chalcogen atoms in 1-2' possess positive natural charges and Ru
atoms possess negative natural charges. Thus, one would expect a positive increase in the value of natural charges
on the chalcogen atoms of 1-2' as compared to the free E; ligand. As a result, we have compared the natural charges
on the sulfur atoms in 1 (ge = 0.290), free neutral disulfur (S;) (ge = 0.00) and the dianionic disulfide (S,%) (ge = -1.00)
species. We have observed that the positive increase of natural charges on sulfur atoms is more prominent from
S,* to 1as compared to S; to 1. A similar observation has also been found in case of 2 and 2' (Table S2). The electron
donation from the dichalcogenide ligand to the metal centre has also been supported by the decrease of natural
valance population of the E atom (pe) and increase in Ru atom simultaneously (Table S2). The extent of ligand to
metal charge transfer follows a gradually increasing trend from 1-2' (Table S3). The WBI values of the E-E bonds for
1,2and 2'(1:0.8096, 2: 0.7832 and 2': 0.7476) are closer to free E,* than neutral E; species and follows a decreasing
trend of 1 > 2 > 2' (Table S2). This fact indirectly suggests the presence of an E-E single bond. We believe this could



be one of the main reasons for not able to isolate complex 2' from the reaction of [CIRu(p-cymene)(u-Cl)]; and
Li[BH,Tes)]. The detailed theoretical investigation on 1-2' shed light on the true nature of the E-E bond.

In order to know the nature of Ru,S triangular ring in 1, the investigation of aromaticity has been carried out by
nucleus independent chemical shift (NICS) method. The Ru,S ring in 1 showed negative NICS values both for NICS(0)
and NICS(1). The NICS(0) value is -58.22 which is quite higher as compared to the aromatic cyclic hydrocarbons. On
the other hand, the NICS(1) value of -18.824. Thus, the Ru,S ring shows both the o- and m-aromaticity.

Tris-homocubane analogue, 3

Along with the formation of 2, compound 3 was also isolated as an orange solid in 38% yield. This compound is
characterized by multinuclear spectroscopy and single crystal X-ray crystallography. The B{*H} chemical shift that
appeared at the downfield region (6 -7.2 ppm) indicate the presence of tetracoordinated boron atom. The *H NMR
spectrum displayed a septet at 6 2.04 ppm for the methine proton of the p-cymene unit suggesting the possibility
of one chemically distinct metal environment. The signal at 6 4.28 ppm is attributed to the BHt protons. The
molecular ion [M+CHsCN]* peak at m/z 864.6 corresponds to the molecular formula of Ci;H20BsRuNSe;. This
indicates that the three boron atoms may reside in similar positions and the molecule possesses a symmetry.

Further, the X-ray diffraction analysis was performed on a single crystal to elucidate the structure of 3. The solid-
state X-ray structure of 3 revealed a monometallic tris-homocubane alike core formulated as [Ru(p-
cymene){Se;(BH)s}] (Fig. 3). Compound 3 is isostructural and isoelectronic with another tris-homocubane analogue
[Cp*Co{Se;(BH)3}]Y". Three selenium atoms in 3 are bridged between the edge-shared boron and selenium atoms
of the tris-homocubane core. As a result, the bond separations between the boron and selenium are elongated (for
e.g., B1 and Se5). All the boron atoms in 3 are in symmetrical tetrahedral environment and surrounded by three Se
and one H atom/s. The average B-Se bond length in 3 (2.043 A) is notably longer as compared to that of
[(Cp*Mo),BsSe;Ha]™® (1.923 A). The average £Se-B-Se in 3 (108.3°) is slightly shorter than the tetrahedral angle
(109.3°) with a maximum deviation of 3.6°. This confirms the tetrahedral nature of the boron atoms. On the other
hand, the average B—E and E—E bond distances are in the range of corresponding single bond distance. Compound
3 can be considered as a trisshomocubane analogue of the pentacyclo-[6.3.0.02,6.03, 10.05.9]-undecane and
possesses D3 symmetry. Note that, the known example of smallest rigid organic compound having D3 symmetry is
the Ds-tris-homocubane. On the other hand, compound 3 having a p-cymene unit as an ancillary ligand is prone to
the arene displacement due to the labile nature of the n®-coordinated ligand and susceptible towards the ligand
displacement reactions.®

The cubanes and their derivatives are electron-precise molecules and generally they obey cluster valence electron
(cve) count. The cve count for tris-homocubane Ci;H14 consisting of eight CH vertices and three CH; bridges is 58
[8(CH)x5 + 3(CH;)x6 = 58]. Therefore, the tris-homocubane analogue comprising one transition metal should have
the electron count of 68. Indeed, compound 3 has 68 cve [1{(p-cymene)Ru}x14 + 7(Se)x6 + 3(BH)x4 = 68].

Syntheses of diruthenium bis/tris-homocubane analogues, [(Cp*Ru){u-Sn(BH):}] (n = 7 and 6)

Recently, we have reported the synthesis of ruthenium disulfide [(RuCp*)a(u,n%:n*S2)(u,n*:n*-Sz)] and diruthenium
boryl [(RuCp*)(u-SBHS-kB:k?S:k%S)(u,n:n*-S2)] species from the reaction of [Cp*Ru(u-Cl)Cl]; with Li[BH2Ss3]. In a
stark contrast, the reaction of [CIRu(u-Cl)(p-cymene)], with Li[BH,S;] yielded tetrametallic disulfide complex 1. As a
result, we reexamined the chemistry of Cp*Ru-based systems and performed the reaction of [Cp*Ru(u-Cl)Cl]; with
Li[BH,Ss] under various reaction conditions. Although we did not able to isolate the Cp* analogue of 1, i.e.
[(Cp*Ru)2Cla)a(te,n*Ez), the reaction vyielded two inseparable ruthenium bis/trisshomocubane analogues,
[(Cp*Ru)2{u-Sn(BH)2} (n =7 (4) and 6 (5)) with an ~21% combined yield along with [(RuCp*)2(u,n*:n?-S2)(u,n*:n*-S2)]
and [(RuCp*)z(u-SBHS-kB:k?S:k%S)(u,n*:n*-S2)] (Scheme 2). These compounds were characterized by multinuclear
spectroscopy and single crystal X-ray crystallography. The *H chemical shifts at § 1.94 and 1.78 ppm for 4 and 5,
respectively indicated the presence of two Cp* units and this was further confirmed by the *C{*H} NMR spectrum.



Similarly, the presence of three boron environments at 6 -5.4, -12.2 and -12.7 ppm were observed in the 'B{*H}
NMR spectrum. The mass spectra of them revealed molecular ion peaks at m/z 743.8735 ([M+Na]*) and 719.9303
(IM+CHs0H]*) corresponding to the molecular formulae CyH23B2S7Ru;Na and C;1H36B,0SsRuz. The spectrometric
and spectroscopic data were not adequate enough to predict the structures of 4 and 5. Therefore, X-ray quality
crystals were grown from the solution of hexane/CHCl, (70:30).

Sed

Se6 @

Fig. 3 Molecular structure of 3. Selected bond lengths (&) and angles (°): Rul-Sel 2.4730(10), Rul-Se5 2.4767(10),
Rul-Se7 2.4787(11), Sel-Se2 2.3628(12), Se4-Se7 2.3600(12), Se5-Se6 2.3542(12), Sel-B1 2.076(8), Se3-Bl
2.065(8), Se6-B1 2.020(8), Se2-B2 2.013(8), Se3-B2 2.065(8), Se7-B2 2.073(8), Se3-B3 2.054(9), Se4-B3 2.014(9),
Se5-B3 2.099(8); B2-Se2-Sel 89.6(2), B3-Se4-Se7 90.2(2), B1-Se6-Se5 90.4(2).

Table 1. Structural parameters of transition metal dichalcogenide complexes containing {M,E—EM} core.

Dichalcogenide complexes d(E-E)? d(M-M)? ZM-E-MP Ref.
[{Fe2(CO)e(u-SEt)}2(ua,n*S2)] 2.113(2) 2.5183(15) 68.32(5) 12
[{Fe2(CO)s(u-SPh)}a(uta,n*S2)] 2.108(3) 2.525(2) 67.8 3a

[{Fe2(CO)s(u-PPra)}a(ua,n?-Sez)] 2.4220(4)  2.5880(4)  66.174(12) 3h
[{Fe2(CO)s(u-PPra)}a(ua,n?-Tes)] 2.8319(14)  2.624(2) 61.65(5) 3h

[{Fe2(CO)e(u-Se)}a(us,n* 2.847(5) 2.555(6) 65.7(2) 1l4a
Sez)(Ph4P)2]

[{Fe2(CO)e(u-PPh;,)}2(1a,n>-Se>)] 2.4103(11) 2.5799(11) 65.88(3) 1b

[Hga(Se2)2(PSeaq)a]® 2.416(4) - 84.07 14c
[EtsN]4[SesMne(CO)1s] 2.37(2) - 81.14(4) 14d
[EtaN]2[Se10Mng(CO)1s] 2.394(1) 2.695(2) 92.89(7) 14d
[{RuxCla(p-cymene),}a(ua,n>-S2)], 1 2.1089(8) 2.9395(4) 78.41 This
work
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Scheme 2 Reaction of [Cp*Ru(u-CI)Cl]; with Li[BH,Ss].

As shown in the Fig. 4a, the single-crystal X-ray structures of 4 and 5 revealed a tris-homocubane and bis-
homocubane alike cores, respectively. The occupancy ratio of molecules 4 and 5 in the structure is 0.62:0.38. The
structures of 4 and 5 match well with the spectroscopic and mass spectrometric data that displayed the presence
of two trithioborate (HBSs) units. The presence of both types of sulfur atoms (two-coordinated sulfur and three-
coordinated sulfur atoms) are observed and the two-coordinated sulfur atoms bridged over the three longer B-S
edges in compound 4. The average S-S bond length of 2.059 A in 4 is smaller as compared to that of 1 (2.1089(8)
A). The ruthenium atoms draw the sulfur atoms towards them more closely in 1 as compared to 4 and resulting the
elongation of disulfide bond. The average Z/B-S-S in 4 is 106.93° and is consistent with the obtuse sulfur bridge.
The square Ru1-S3—Ru2-S4 face is slightly deviated from the plane with a dihedral angle of 9.60°. The Ru—Ru bond
distance of 2.7804(5) A is longer as compared to the ruthenium boryl complex [(Cp*Ru).(u,n*n*BHS)(u-
SCH,SBH)]™* (2.6388(10) A) but smaller than the ruthenaborane complex [(RuCp*){u-Ses(BH)2}1% (2.877(4) A). On
the other hand, compound 5 resembled the 1,3-isomer of [(RuCp*).{u-Ses(BH)2}]%°, in which six sulfur atoms are
two and three coordinated. The average S-S bond distance of 2.0275 A of the disulfide units is shorter than Sg
(2.037(5) A). Two boron centers in 5 are tetrahedrally bonded by three sulfur and one hydrogen atoms. The Rul—
Ru2 bond distance of 2.7804(5) A in 5 is shorter as compared to that of another bis-homocubane analogue
[(RuCp*).{u-Ses(BH)2}1%° (2.877(4) A). The average B-S distance in 5 (1.9518 A) is shorter than the boryl complex
[(RuCp*)2(u-SBHS-k'B:k2S:k%S)(1,n*:n*-S2)]* (1.8235 A). Unlike 1,3-bis-homocubane isomer core, the core of 1,4-
isomer comprising ruthenium, boron and chalcogen atoms are exceptional and therefore 5 is a distinguished entry
to the family of bis-homocubane derivatives.

(a) (b)

Fig. 4. Molecular structures of (a) 4 and (b) 5. Selected bond lengths (&) and bond angles (°). 4: B1-S1 1.932(5), B1-
S5 1.946(11), B1-S7 1.868(6), B2-S2 1.866(13), B2-S3 2.095(12), B2-S6 1.866(14), S1-S2 2.013(2), S5-S6 2.052(14),
S4-S7 2.1130(15), Ru1-512.3637(11), Ru1-S3 2.2976(11), Rul-54 2.2927(10), Ru2-S3 2.3049(11), Ru2-54 2.2875(10),
Ru2-S5 2.356(12), Rul-Ru2 2.7804(5), S1-B1-S5 108.8(5), S1-B1-S7 106.6(3), S5-B1-S7 104.8(5). 5: B1-S1' 1.932(5),
B1-S5' 1.91(2), B2'-S1' 2.165(16), B2'-S5' 2.02(3), B2'-S8' 1.816(17), S3-S8' 1.942(5), Rul-S1' 2.3637(11), Ru2-S5'
2.39(2); S1'-B2'-S5' 92.5(8), S5'-B2'-S8' 114.0(10).



Table 2 Selected spectroscopic and structural parameters of bis- and tris-homocubane analogues.

Bis/tris- Compound CVE UB NMR (in ppm)  dayB-E (inA)®  daeM-E (inA)®  Ref.
homocubane core
B E~-E
. Y| g ) 72 (S) 5.4,-4.9 () 1.968 (S) 2.3515 (S)
"E_—th E 20
N S’ Se 72 (Se) 4.1,-6.8 (Se) 2.0777 (Se) 2.4656 (Se)
1,3 isomer
B. £ E
|
S |\\B‘H : 70 (S) 8.8,-4.0 () ; - 20
E—FRu sI’ESe
N 70 (S) 1.7,-10.2 (Se) 2.0912 (Se) 2.4353 (Se)
1,3 isomer
bis
SB\S_?\BH
““s__Ju X 70 -5.4,-12.2,-12.7  1.9568 2.3153 This Work
N 8
1,4 isomer
¢ NeE g H 72 (S) 3.5,0.9 (S) 1.9488 (S) 2.2427 (S) 21
.
Q \l S'Se 72 (Se) -4.7,-10.1 (Se) - -
(o]
1,3 isomer
Co E
l\EzE} _H 68 (S) 6.3(S) 1.8991 (S) 2.246 (S) 17
s E~
Eji—B\i S’ se 68 (Se) 0.2 (Se) - -
“H
1,3,3 isomer
Ru Se
\séseé\\B'H
i 51 3 68 8.3 2.0531 2.4763 This Work
Se—|—B
Se-- S ~ e
1,3,3 isomer
SeLN _H
. Sﬁ,e\s ~p
tris J l 78 -2.0,-4.3 - - 21
h E’a -Se
B
1,3,3 isomer
...... S
s Ns— L B-H
AN 78 43,22 1.902 2.3375 21
N
1,2,4 isomer
B S ..... S
1
\S/Sl\B’H
76 -5.4,-12.2,-12.7° 19287 2.3148 This Work

1,2,3 isomer

a E= chalcogen, CVE = cluster valence electron count, avg = average, - = data is not available, » = combined spectrum of 4 and 5.



HOMO-3 LUMO+6

Fig. 5 Selected frontier molecular orbitals of tris-homocubane analogues 3 (a) and 4' (b, c) and bis-homocubane
analogue 5' (d).

In order to understand the bonding situation, the DFT based theoretical calculations were performed for 3, 4' and
5' (4' and 5' are the Cp analogues of 4 and 5, respectively). The experimental data were compared with the
theoretical ones of 3, 4' and 5' that revealed similar bond lengths. The molecular orbital (MO) analysis revealed that
the nonbonding d orbitals of metal and p orbitals of two-coordinated Se atoms were localized in HOMO and HOMO-
3 of compound 3 (Fig. 5a). The HOMO of 4' displayed the presence of non-bonding metal d orbitals along with two
types of interactions. For example, (i) o-bonding interaction between the p orbitals of two-coordinated S and B
atoms and (ii) the m-antibonding interaction between the two-coordinated S and three-coordinated S atoms (Fig.
5b). In addition, the o-antibonding overlaps along the three disulfide bonds were observed in LUMO+6 of 4' (Fig.
5c). In case of 5', the HOMO-1 revealed the presence of nonbonding orbitals on each sulfur atoms where the size
of the lobe of two connected atoms were bigger than three-coordinated S atoms. Considering all these interactions,
we believe that the two-coordinated E atoms in 3, 4' and 5' are more potential to react with electrophiles as
compared to the three-coordinated E atoms. Along with the localized d orbitals of ruthenium centers, delocalization
of the electron density over the non-planar S—-B—S—B square face was observed in HOMO of compound 5'. Likewise,
the LUMO of 5' also comprised an extrapolated m-antibonding interaction among the d and p orbitals of the metal
and sulfur atoms, respectively throughout the Ru—S—Ru-S square face (Fig. 5d). These interactions play a prominent
role when any kind of bond making or bond breaking has been taken place due to further inclusion of the ligands.
The theoretical calculations suggest that 3 can react through its labile S—S bonds, whereas 4 and 5 can react both
through its square faces and reactive disulfide bonds.
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Fig. 6 Combined UV-vis spectraof 1, 2, 3,4 and 5 in CH,Cl;



In order to compare the structural properties of the bis/tris-homocubane analogues and find out the influence of
chalcogen atoms on the stability of these species, we have listed the spectroscopic and structural parameters of
some selected bis- and tris-homocubane analogues in Table 2.17:202! Among the bis-homocubanes analogues, the
1,3-isomer of bis-homocubanes containing metal, chalcogen and boron atoms is generally known. However,
compound 5 is a unique example of bis-homocubane analogue which was isolated as a 1,4-isomer. On the other
hand, the tris-homocubane analogues (3 and 4) are observed as 1,3,3- and 1,2,3-isomers of the tris-homocubane
analogues. The organic bis-homocubane (CioH12) and tris-homocubane (Ci1H14) are electron-precise compounds
with the valence electron counts of 52 and 58, respectively. Generally, the main group element and the transition
metal follow the octet and 18-electron rule, respectively for these cubane derivatives.?? Most of the compounds
listed in the Table 2 possess the expected electron counts. However, 4 and 5 possess 76 and 70 electrons, two lesser
than 78 and 72, respectively (4: 2(Cp*Ru)x13 + 2(BH)x4 + 7(S)x6 = 76; 5: 2(Cp*Ru)x13 + 2(BH)x4 + 6(S)x6 = 70). The
loss of two electrons is balanced due to the presence of one Ru—Ru bond. The !B chemical shifts of these
compounds lie within the range of 6 -12.7 to 8.8 ppm that is typical for the trichalcogenato borate unit/s. The
average B—E and M—-E distances in these bis- and tris-homocubane analogues lie within the single bond distances.

The dichalcogenide complexes 1 and 2 show intense red color which can be explained by UV-Vis absorption
spectroscopy. The UV-Vis absorption spectra for 1-5 were recorded in CH,Cl; that show three absorption bands
each (Fig. 6). An intense high energy absorption band around 291 nm is observed for both 1 and 2, which is assigned
for the spin-allowed n—rt* ligand-centered transitions localized in the p-cymene ligands.2® On the other hand, the
low energy absorption bands in the range of 315-484 nm for 1 and 2 correspond to the spin-allowed metal to ligand
charge transfer (MLCT) transitions.?* The ligands in 1 and 2 might have allowed an extended delocalization of the
acceptor orbital of MLCT excited states. The intense lower energy peak at 529 nm for 1 can be useful for optical
limiting applications.?®> The energy of the HOMO associated with the metal centers followed a decreasing trend
from 1 to 2 and that is reflected in the blue-shifted UV-Vis spectrum of 2. Moreover, the high-energy absorption
bands around 230-270 nm correspond to the r-rt* transition for the p-cymene and the Cp* ligands for 3 and 4/5,
respectively. Fig. 6 displayed an intense absorption around 500 nm for 1-2 and this adsorption due to the interaction
between the Ru; centres through the bridging dichalcogenide ligand. The low-energy bands around 341 and 436
nm were also observed for 3 and 4/5, respectively, that may be assigned to the charge transfer bands.

Conclusions

In this article, we have synthesized different ruthenium dichalcogenide species using different synthetic methods.
We have efficiently demonstrated the reactivity of Li[BH.Es] (E = S or Se) with [(p-cymene)Ru(u-Cl)Cl]; that
generated tetrametallic dichalcogenide complexes. In these complexes, the dichalcogenide (E,*) unit is stabilized
by {(p-cymene)Ru}s unit. The detailed theoretical investigation on 1-2' explicitly revealed the bonding and shed light
on the true nature of the E—E bond. The theoretical studies revealed the dianionic nature of the E-E ligand in these
tetrametallic complexes and also confirmed the presence of subtle metal-metal bonding interactions in these
complexes which indicated lability of the Ru—Ru bonds. The intrinsic electronic properties of these species were
demonstrated by UV-Vis spectroscopy that reveals a low-energy absorbance due to MLCT transitions. Investigations
to evaluate the scope of synthesis of dichalcogenide complexes concerning early transition metals are underway.
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Experimental Details
General procedures and instrumentation

All the syntheses were performed under argon atmosphere using standard Schlenk line and glove box techniques
and all the solvents were purified by distillation method in presence of proper drying agents. CDCl; was degassed
through three freeze-pump-thaw cycles. The starting materials [(p-cymene)RuCl,]2,%® [Cp*RuCl],,%” and Li[BH,Es]®
were synthesized following the corresponding literature. All the syntheses reported here are reproducible. These
reactions were performed multiple times which gave same product distribution. Thin-layer chromatography was
performed using 250 mm aluminium supported silica gel TLC plates. Chemical shifts are referenced to residual
solvent signals (*H/**C{*H}; CDCls: § = 7.26/77.16 ppm). For the 'B{*H} NMR, [BusN(BsHs)]* prepared in de-benzene
was taken in a sealed tube (d, ppm, —30.07) and used as an external reference. The 6545 Qtof LC/MS instrument
was used for recording mass spectra. The infrared spectra and UV—vis spectra of all compounds were recorded on
a Jasco FTIR-4100 spectrometer and a Thermo Scientific Evolution UV-vis spectrometer, respectively.

Synthesis of 1

A freshly prepared solution of four equivalents [LiBH,Ss;] was added dropwise in the toluene (20 mL) solution of [(p-
cymene)Ru(u-Cl)Cl],, (0.05g, 0.082 mmol), taken in a flame dried Schlenk tube, over 15 min at -78 °C. The reaction
mixture was stirred vigorously and kept in room temperature for 6 hours. Then, the solvent was dried using vacuum
and the solid deposit was extracted using the hexane/THF (95:5 v/v) solution mixture and ran through a G3 sintered
frit partially filled with celite. Then, the volatiles were removed under vacuum and the chromatographic workup
was carried out on a silica gel TLC plates using the solid residue. The hexane was used as an eluent and that allowed
us to isolate red 1 (0.006 g, 6%).

1: 'H NMR (500 MHz, CDCls, 22 °C): 6 = 7.11 (d, 3Jun = 4.5 Hz, 2x1H; Har(p-cym)), 6.91 (d, *Ju = 6.4 Hz, 2x1H; Har(p-cym),
6.12 (d, *Jum = 5.3 Hz, 2x1H; Harp-cym), 5.63 (d, 3w = 4.5 Hz, 2x1H; Harpcym)), 5.46 (d, 3w = 6.4 Hz, 2x1H; Harjp-cym),
5.23 (d, 3Jun = 5.8 Hz, 2x1H; Harp-cym)), 4.53 (d, ¥y = 5.8 Hz, 2x1H; Harp-cymy), 4.31 (d, 3Jun = 5.3 Hz, 2x1H; Harp-cym),
3.30 (sept, *Jun = 6.8 Hz, 2x1H; HCpp), 2.93 (sept, *Jun = 6.7 Hz, 2x1H; HCip), 2.72 (s, 2x3H; HsC), 1.68 (s, 2x3H; HsC),
1.65 (d, 3-/HH =6.6 HZ, 3H; H3C,’pr), 1.61 (d, 3-/HH =6.6 HZ, 3H,' ch,‘pr), 1.46 (d, 3-/HH =6.6 HZ, 3H,' ch,‘pr), 1.36 ppm (d, 3-/HH
= 6.7 Hz, 3H; HsCper); C{*H} NMR (125 MHz, CDCls, 22 °C): & = 111.3, 108.3, 107.7, 94.9 (s; Cpeym), 93.3, 89.4, 88.7,
88.4, 82.3, 81.4, 80.4, 78.3 (s; HCpcym), 32.9, 31.7 (s; HCipr), 25.1, 25.0 (s; HsCpr), 20.4, 19.6 ppm (s; HsC); UV-Vis
(CH4Cly, A, nm): 291, 315, 463, 529.

Synthesis of 2 and 3

A freshly prepared solution of four equivalent [LiBH,Ses] was added dropwise in the toluene (20 mL) solution of [(p-
cymene)Ru(u-Cl)Cl],, (0.05g, 0.082 mmol), taken in a flame dried Schlenk tube, over 15 min at -78 °C. The reaction
mixture was stirred vigorously and kept in room temperature for 6 hours. Then, the solvent was dried using vacuum
and the solid deposit was extracted using the hexane/thf (95:5 v/v) solution mixture and ran through a G3 sintered
frit partially filled with celite. Then, the volatiles were removed under vacuum and the chromatographic workup
was carried out on a silica gel TLC plates using the solid residue. The hexane was used as an eluent and that allowed
us to isolate red 2 (0.005 g, 5%) and orange 3 (0.026g, 38%).

2: MALDI-TOF calcd for CaoHssRusSerCla?* [M+2H]?* m/z 1245.8, found 1245.8; *H NMR (400 MHz, CDs, 22 °C): 6 =
7.75 (d, ¥t = 7.9 Hz, 2x1H; Harpoym), 7.71 (d, Y = 7.4 Hz, 2x1H; Harpeym), 5.01 (d, ¥t = 5.7 Hz, 2X1H; Har(p-cym)s
4.88 (d, ¥ = 5.4 Hz, 2x1H; Har(pcym), 4-75 (d, 3Jn = 5.4 Hz, 2x1H; Harppcym), 4.59 (d, 3wt = 5.7 Hz, 2x1H; Harp-cym),
4.56 (d, *Jun = 5.9 Hz, 2x1H; Har(p-cym)), 4.49 (d, 3Jun = 5.2 Hz, 2x1H; Har(p-cym)), 2.69 (sept, 3Jun = 6.6 Hz, 2x1H; HCp),



1.98 (s, 2x3H; HsC), 1.78 (s, 2x3H; HsC), 1.70 (d, 3w = 5.4 Hz, 3H; HsCpr), 1.62 (d, 3w = 5.9 Hz, 3H; H3Cpr), 1.08 (d,
3Jun = 6.9 Hz, 3H; H3Cier), 1.05 ppm (d, 3y = 6.4 Hz, 3H; HsCr); C{*H} NMR (100 MHz, C¢Ds, 22 °C): 6 = 88.6 (s; Cp.
oym), 88.3 (5; HCpocym), 37.6 (s; HCipr), 32.4 (s; HsCir), 27.6 ppm (s; HsC); UV-Vis (CH,Cl, A, nm): 291, 396, 484.

3: ESI-MS calcd for C12H20BsRuNSe;* [M+CHsCN]* m/z 864.5, found 864.6; 1'B{*H} NMR (160 MHz, CDCls, 22 °C): 6 =
-7.2 (br, 3B); *H NMR (400 MHz, CDCls, 22 °C): 6 = 7.73 (d, *Jun = 5.0 Hz, 1H; Harp-cym)), 7.72 (d, 3Jun = 5.7 Hz, 1H; Har(p-
o)), 7.54 (d, 3y = 5.1 Hz, 1H; Harp-eymy), 7-53 (d, st = 5.5 Hz, 1H; Harp-cym)), 4.28 (br, 3H; BHe), 2.04 (sept, 3wy = 6.8
Hz, 1H; HC»/), 0.99 ppm (d, 3/uy = 6.7 Hz, 3x3H; H3C and H3Cp/); 3C{*H} NMR (100 MHz, CDCls, 22 °C): § = 167.9,
132.6 (s; Cp-eym), 131.1, 129.0, 77.4, 71.9 (s; HCp-cym), 27.9 (s; HCipr), 23.0 (s; H3Cirr), 19.3 ppm (s; H3C); UV-Vis (CH,Cl,,
A, nm): 240, 253, 341; IR (CH,Cl, 7, cm™): 2437 (BH,).

Syntheses of 4 and 5

A freshly prepared solution of four equivalents [LiBH,Ss;] was added dropwise in the toluene (20 mL) solution of
[Cp*Ru(u-Cl)Cl],, (0.05g, 0.081 mmol), taken in a flame dried Schlenk tube, over 15 min at -78 °C. The reaction
mixture was stirred vigorously and kept in room temperature for 24 hours. Then, the solvent was dried using
vacuum and the solid deposit was extracted using the hexane/CH,Cl, (70:30 v/v) solution mixture and ran through
a G3 sintered frit partially filled with celite. Then, the volatiles were removed under vacuum and the
chromatographic workup was carried out on a silica gel TLC plates using the solid residue. The hexane/CH,Cl, (60:40
v/v) mixture was used as eluent and that allowed us to isolate yellow mixture of 4 and 5 (0.012 g, 21%) along with
[(RuCp*)a(1,n*:n*-S2)(1,n*:n*-S>)] and [(RuCp*),(u-SBHS-k'B:k*S:kS)(1,n*:n*-S>)].

Combined spectroscopic data for 4 and 5: HR-MS (ESI)* calcd. for CxH33Ru,S;B,Na* [M+Na]* m/z 743.8742, found
743.8747 (8); calcd. for CaiHs7RuS6B2" [M+H+CHsOH]* m/z 721.9465, found 721.9436 (5); 'B{*H} NMR (160 MHz,
CDCl3, 22 °C): 6 =-5.4 (br, 2B), -12.2 (br, 1B), -12.7 (br, 1B); *H NMR (500 MHz, CDCl3, 22 °C): § = 1.79, 1.74 (s, 2x30H,
Cp*); 3C{*H} NMR (125 MHz, CDCls, 22 °C): § = 99.4, 97.8 (s, CsMes), 10.5, 10.4 (s, CsMes); UV-Vis (CH,Cl, A, nm):
232,271, 436; IR (CH,Cl,, 7, cm™): 2448 (BH,).

Computational Details

All molecules were fully optimized with the Gaussian 16 program? using the gradient-corrected B3LYP functional
in conjunction with the 6-31g(d)-SDD basis set from EMSL Basis Set Exchange Library. The model compounds were
fully optimized in gaseous state (no solvent effect) starting from the X-ray crystallographic coordinates. Frequency
calculations were performed at the same level of theory to verify the nature of the stationary state and the absence
of any imaginary frequency confirmed that all structures represent minima on the potential energy hypersurface.
Further, gauge including atomic orbital (GIAO)3*® method has been employed to compute the !B chemical shifts.
The NMR chemical shifts were calculated using the hybrid Becke-Lee-Yang-Parr (B3LYP) functional®! and 6-31g(d)-
SDD basis set on the B3LYP/6-31g(d)-SDD optimized geometries. The !B NMR chemical shifts were calculated
relative to B,He (B3LYP B shielding constant 80.05 ppm) and converted to the usual [BFs;.0Et;] scale using the
experimental §(*!B) value of B,He, 16.6 ppm.3? Natural bonding analyses were performed with the natural bond
orbital (NBO) partitioning scheme as implemented in the Gaussian 16 suite of programs.®* Wiberg bond indexes
(WBI) were obtained on natural bond orbital analysis. In order to understand the nature of bonding in the
synthesised molecules in greater detail, the topological properties of the resultant electron density, p, obtained
from the wave functions of all the optimized structures were analyzed with the quantum theory of atoms in
molecules (QTAIM).2* The QTAIM analysis were carried out utilizing Multiwfn V.3.6 package3> whereas the wave
functions were generated with Gaussian09 at the same level of theory as was used for geometry optimization. All
the optimized structures and orbital graphics were generated using the Gaussview?® and Chemcraft®’ visualization
programs.



X-ray Analysis Details

Suitable crystals were grown through slow diffusion process of respective hexane-CH,Cl; solutions of 1, 3 and 4, 5.
D8 VENTURE Bruker AXS diffractometer with graphite monochromated Mo-Ka (A = 0.71073 A) radiation was used
for collection and integration of crystal data of 1 at 150(2) K. Bruker AXS Kappa APEX2 CCD diffractometer with
graphite monochromated Mo-Ka (A = 0.71073 A) radiation was used for collection and integration of crystal data
of 3 at 296(2) K. Bruker APEX2 CCD diffractometer with graphite monochromated Mo-Ka (A = 0.71073 A) radiation
was used for collection and integration of crystal data of 4 and 5 at 150(2) K. The structure of 1 was solved by heavy
atom methods using SHELXT-2015 and refined using SHELXL-2018/3.38 The structure of 3 was solved by heavy atom
methods using SIR923% and refined using SHELXL-2014/7. The structures of 4 and 5 were solved by heavy atom
methods using SHELXS-97 and refined using SHELXL-2018/3. Olex? software was used for drawing the molecular
structures.* The non-hydrogen atoms were refined with anisotropic displacement parameters. All the hydrogen
atoms were fixed geometrically at chemically meaningful positions and were allowed to refine by riding model
restraint. The C—H distances used for fixing the hydrogen atoms of methine, aromatic and methyl groups are 1.0,
0.95, 0.98 A respectively. The thermal parameters of methine and aromatic hydrogen atoms were assigned 1.2
times the Ueq Of the respective carbon atoms while the methyl hydrogen atoms were assigned 1.5 times Ueq of the
parent carbon. The distances B2—H2 and B2'-H2' of cocrystal 4 and 5 are fixed at 1.15(0.02) A while all other B-H
hydrogen atoms were allowed to refine with their thermal parameters restrained to be equal to the Ueq of the
respective boron atoms within the limits of standard deviations.

Table 3 Crystal data and structure refinement details for 1, 3, 4 and 5.

Complex 1 3 4and5
CCDC no. 1974958 1974959 2073890
Empirical formula CaoHs6ClaRU4S; Ci0H17B3RuSe; C20H32B2RU;S6.62
Formula weight 1147.04 823.45 708.45
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2./c P2./c P2:/n

a(A) 14.8508(15) 8.264(3) 9.7476(10)
b (A) 17.5180(18) 17.571(7) 14.5175(16)
c(A) 18.851(2) 14.898(5) 18.5731(18)
o (%) 90 90 90

6 (°) 106.413(4) 101.254(16) 95.722(4)

v (°) 90 90 90

Vv (A%) 4704.4(9) 2121.9(13) 2615.2(5)

z 4 4 4

Pealca (8/cm?) 1.620 2.578 1.799

u (mm) 1.601 12.735 1.692
F(000) 2288 1496 1424



Ri 0.0257 0.0311 0.0332

wR; 0.0637 0.0828 0.0786
Independent 9868 3162 5113
reflections

20<(°) 55.086 50.140 50.484
Parameters 451 202 330
Goodness of fit (S)  1.126 0.812 1.294
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