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ABSTRACT: This work describes the synthesis, structural character-
izations, and electronic structures of a series of novel homometallic
cubane clusters [(Cp*Ru)2{Ru(CO)2}2BH(μ3-E)(μ-H)B(μ-H)3M],
(2, M = Cp*Ru, E = CO; 3, M = Ru(Cp*Ru)2(μ-CO)3(μ-H)BH), E
= BH), [(Cp*Ru)3(μ3-CO)(BH)3(μ3-H)3], 4, and [(Cp*Ru)2(μ3-
CO){Ru(CO)3}2(BH)2(μ-H)B], 5 (Cp* = η5-C5Me5). These cubane
clusters have been isolated from a thermally driven reaction of
diruthenium analogue of pentaborane(9) [(Cp*RuH)2B3H7], 1, and
[Ru3(CO)12]. Structural and spectroscopic studies revealed the
existence of triply bridged hydrogen (μ3-H) atoms that participate
as a vertex in the cubane core formation for compounds 2, 3, and 4. In addition, the crystal structure of these clusters clearly
confirms the presence of an electron precise borane ligand (borylene fragment) which is triply bridged to the trimetallic units.
Bonding of these novel complexes has been studied computationally by DFT methods, and the studies demonstrate that the
cubane clusters 2 and 3 possess 60 cluster valence electrons (cves) with six metal−metal bonds. All the new compounds have
been characterized in solution by mass spectrometry; IR; and 1H, 11B, and 13C NMR studies, and the structural types were
unequivocally established by crystallographic analysis of compounds 2−5.

■ INTRODUCTION

Cubic structures had been observed in inorganic chemistry
before the synthesis of cubane (C8H8) in 1964 by Eaton and
Cole.1 Metal complexes with cubane core have inspired
significant interest due to their potential use as models for
various industrial and biological catalytic processes.2−4 The
cube, aesthetically satisfying for its high symmetry, is well-
characterized in elements in both the p-block and d-block and
in combination of the two. The most common type of cubane
structure is that in which two types of vertices are present, i.e.,
M4E4 (E = S, Se, Te, P, Sb, Bi, CO), a tetrahedral structural
motif with four metal atoms and four main group elements.5−8

While a large number of cubanes in which the E and M
fragments are composed of either main group and transition
metals or exclusively main group elements have been known for
decades,5−8 the search for clusters having boron in the cubane
core have been met with little success.9,10 Despite the
remarkable growth in this field, advances have been slow, and
only a handful of such clusters are reported (I−IV; Chart 1).9,10
Our research group has been interested in the synthesis of

“hybrid” clusters that comprise metal and boron atoms in
comparable numbers and display properties mutual to both the
borane and metal cluster families.11,12 Polynuclear metal
carbonyl compounds have proven to be useful precursors for
many cluster-growth reaction in metallaborane chemistry.13 As
a result, we have extended our studies to transition-metal
carbonyl compounds in association with their versatility in
metal cluster-growth reactions.14,15As a general methodology

for the synthesis of higher-nuclearity metallaborane clusters, we
have carried out the reaction of diruthenium analogue of
pentaborane(9), nido-[1,2(Cp*RuH)2B3H7], 1 , with
[Ru3(CO)12]. In this Article, we present the synthesis,
structural analysis, and electronic structure of a series of
homometallic cubane clusters.
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Chart 1. Known Homo- and Heterometallic Cubane Type
Clusters Containing Boron as a Vertex (Cp = η5-C5H5, Cp*
= η5-C5Me5)
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■ RESULTS AND DISCUSSION

Homometallic Cubane Clusters 2 and 3. As shown in
Scheme 1, thermolysis of 1 with [Ru3(CO)12] generated
homometallic cubane type clusters, [(Cp*Ru)2{Ru(CO)2}2BH-
(μ3-E)(μ3-H)B(μ-H)3M], (2, M = Cp*Ru, E = CO; 3, M =
RuH(Cp*Ru)2(CO)3BH), E = BH) in moderate yields.
Compounds 2 and 3 were separated from the reaction mixtures
by thin-layer chromatography as orange and brown solids,
respectively. They have been characterized by spectroscopic
techniques, elemental analysis, and single crystal X-ray
diffraction study. The 11B{1H} NMR spectrum of 2 displayed
two resonances with equal intensities; the peak at δ = 129.5
ppm was assigned to the borylene boron atom, and the most
downfield resonance at δ = 141.7 ppm that implies a greater
degree of boron−metal interaction was assigned to the boride
boron atom (B1) (Figure 1a). In the case of compound 3 the
11B NMR of 2 shows the presence of three peaks at δ = 151.7,
128.9, and 95.1 ppm. In a comparison of the 11B NMR
chemical shift values of 3 with 2 and other metallaborane-
s,10a,11c,14a the peak at 151.7 ppm has been assigned to the
boride boron atom (B2) (Figure 1b). The 1H NMR spectrum
of 2 features three types of Cp* resonances that appeared at δ =
1.95, 1.78, and 1.64 ppm, indicative of two different Ru
environments.
Besides the Cp* protons, the 1H NMR shows one BH

proton and three upfield signals at δ = −6.57, −10.0, and
−16.41 ppm in 1:2:1 ratio. The 11B{1H}/1H{11B} HSQC
experiment reveals the most downfield 11B peak (141.7 ppm)
associated with the proton at −6.57 ppm, whereas other two
upfield protons did not couple with any boron unit. The 1H
NMR spectrum of 3 shows three types Cp* resonances in 1:2:1
ratio along with upfield chemical shifts at δ = −1.73, −11.14,
−13.41, −15.72 ppm. Similarly, the 11B{1H}/1H{11B} HSQC
experiment of compound 3 demonstrates that the most
downfield 11B peak (151.7 ppm) is coupled with the proton
at −11.14 ppm, whereas the peak at −1.73 ppm is associated
with the 11B peak at 95.1 ppm.
Solid State X-ray Structures of 2 and 3. The crystal

structures of 2 and 3, shown in Figure 1a,b, clearly display the

presence of the cubane core in which one of the vertices is
occupied by a hydrogen atom. Significant disorder was
observed involving the permutation of the BH and CO
fragments in 2; therefore, the structural parameters discussed
herein are from one of the residues (see X-ray structure details
and Supporting Information for further details of the disorder).
The core geometry of them can be projected in two different
ways. The easiest approach is to categorize them as a cubane
core anchored to an exo-fragment. The cubane core in the case
of 2 is composed of four rutheniums (Ru1, Ru2, Ru4, and
Ru5), two borons (B1, B3), one CO, and one μ3-hydrogen
atom (H1) (Figure 1a). The intriguing feature of 3 is the
presence of a triply bridged borylene unit as an exo-fragment
(Figure S2). In a different view, both compounds 2 and 3 can
be described as a Ru4 tetrahedron, in which all the four
triangular faces of 2 are capped by one CO ligand, two borons,

Scheme 1. Synthesis of Homometallic Cubanes 2−5

Figure 1. (a, b) Molecular structures and labeling diagrams of 2, 3
(only core geometries are shown; Cp* and CO ligands on Ru atoms
are not shown for clarity). Thermal ellipsoids are shown at the 20%
probability level. Selected bond lengths [Å]: (a) 2 B1−Ru2 1.967(9),
B1−Ru4 2.173(9), B1−Ru5 2.176(8), Ru1−C35 2.07(4), Ru1−B3
2.12(5), Ru1−Ru2 2.7282(8), Ru1−Ru4 2.7889(8), Ru1−Ru5
2.7948(9), Ru1−H1 1.93(6), Ru2−C35 2.15(4), Ru2−B3 2.19(5),
Ru2−Ru5 2.7853(8), Ru4−B3 2.50(4), Ru4−Ru5 2.8478(8), Ru4−
H1 1.82(6); (b) 3 B2−Ru6 1.972(6), B2−Ru4 2.180(6), B2−Ru7
2.184(6), B3−Ru5 2.057(7), B3−Ru6 2.117(7), B3−Ru4 2.190(6),
B4−Ru5 2.065(7), B4−Ru6 2.118(7), B4−Ru7 2.195(6), Ru4−H4
1.83(5), Ru5−H4 1.77(5), Ru4−Ru5 2.7691(6), Ru4−Ru6 2.7767(6),
Ru4−Ru7 2.8484(6), Ru5−Ru6 2.7448(7), Ru5−Ru7 2.7644(6),
Ru7−H4 1.84(5).
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and one hydrogen. On the other hand, the triangular faces of 3
are capped by three boron atoms and one hydrogen. The
average M−M−M angle, observed in both 2 (59.76°) and 3
(59.17°), are very close to the regular tetrahedron one (60°).
Thermolysis of nido-1 with [Ru3(CO)12] yielded 60 cve 2

and 3. The reaction pathway whereby these novel cubanes are
formed is unknown; however, the isolation of [(Cp*Ru)3(μ3-
CO)(BH)3(μ3-H)3], 4 (Figure 2a), and [(Cp*Ru)2(μ3-CO)-

{Ru(CO)3}2(BH)2(μ-H)B], 5 (Figure 2b), reveals a likely path
for the formation of 2 and 3. Having looked at the molecular
structures of 2−5, one can visualize the formation of 4 from
nido-1 replacing three hydrogens (3e) with one CO (2e) and
one {Cp*Ru} (1e) fragment. Thus, the presence of extra metal
fragments in 2 drives us to carry out reaction of nido-1 with
[Ru3(CO)12] under different reaction conditions. Cluster 5
contains 62 cves with five metal−metal bonds; thus, it is
reasonable to assume that the 60 cve species 2 with six M−M
bonds might have formed during the course of reaction.
Although conversion of 5 to 2 was successful (Figures S15 and
S16), all of our attempts to generate 5 from 4 failed.
Electronic Spectra and Electrochemical Study. The

cubane clusters reported here contain either three or four metal
centers in the cubane core. Thus, to see the difference in the
absorption pattern, the electronic spectra of compounds 2-5 in
the visible region (in a CH3CN solution) has been measured
(Figure 3 and Figure S9). In essence, there are single
absorption bands for 2 and 3 at 206, 209 nm with indications
of several weaker bands at lower energy. The pattern of these
spectra is very similar to that of the homometallic cubane
clusters, [(CpNi)4B4H4]

9 and [(Cp*Mo)4B4H4(μ4-BH)3].
9c As

shown in Table 1, the higher intensity bands at 206 and 209 nm
have been blue-shifted by ca. 80 nm on going from
[(CpNi)4B4H4] to 2 and 3. This may be due to the presence
of the {η5-C5Me5} ligand, which generally produces a stronger
ligand field than the {η5-C5H5} ligand.16 In order to get some
insight into the redox properties of the cubanes, we performed
electrochemical measurements on 2−5. The cyclic voltammo-
grams, shown in Figures S5 and S6, underwent various
irreversible and quasireversible redox processes for these
cubane clusters.

Quantum-Chemical Calculation. The 11B and 1H NMR
chemical shifts were calculated using B3LYP functional (see
Computational Details)22 and compared with the experimental
values of clusters 2−5 (Tables S1 and S2). Good agreement has
been observed both for 1H and 11B chemical shift values. The
theoretical study allowed us to distinguish not only the
difference in connectivity of the hydrogen (μ2 or μ3) but also
the different environments of the boron atoms. The schematic
representation of the μ3-H connectivity in 2, as obtained from
MO analysis, is shown in Figure 4. The natural bond orbital

(NBO) analysis23 calculated for 2 (Table S3) demonstrates that
the triply bridged hydrogen (natural charge −0.24) is more
hydridic compared to the doubly bridged Ru−H−B (−0.12)
and Ru−H−Ru (−0.21). Therefore, the shielded μ3-H atoms
for 2 and 3 appear at the upfield region in 1H NMR. The
Wiberg bond indices23 (WBIs) of Ru−H coupling ca. 0.25
further establish the μ3-H connectivity (Table S4).

Figure 2. (a, b) Molecular structures and labeling diagrams of 4, 5
(only core geometries are shown; Cp* and CO ligands on Ru atoms
are not shown for clarity). Thermal ellipsoids are shown at the 20%
probability level. Selected bond lengths [Å]: (a) 4 B1−B2 1.71(3),
B1−B_1 1.80(5), B_1−Ru1 2.27(2), B1−Ru2 2.30(2), B1−H11
1.15(2), B2−Ru_1 2.34(3), B2−Ru1 2.34(3), B2−H22 1.15(2), Ru−
1−Ru1 2.804(2), Ru1−Ru2 2.8128(16), Ru2−B_1 2.30(2), Ru2−
Ru_1 2.8128(16), C11−Ru1 2.068(18); (b) 5 C24−Ru1 2.035(4),
C24−Ru3 2.508(4), B1−B2 1.660(7), B1−Ru2 2.132(4), B1−Ru1
2.145(4), B2−B3 1.711(7), B2−Ru4 2.101(4), B2−Ru2 2.163(4),
B2−Ru1 2.182(4), B3−Ru2 2.161(4), B3−Ru3 2.214(4), B3−Ru4
2.283(5), Ru1−Ru2 2.7288(4), Ru1−Ru3 2.8619(4), Ru1−Ru4
2.8667(4), Ru2−Ru3 2.7985(4), Ru3−Ru4 2.7796(5).

Figure 3. UV−vis spectra of compounds 2−5 in CH3CN (10−3 M).

Table 1. UV−Vis Spectra of 2−5 and Analogous Cubane
Clusters

compd λmax, nm ref

[(CpNi)4B4H4] 543, 423, 335, 284 9a
[(CpNi)4B5H5] 548, 365, 302, 257 9a
[(Cp*Cr(μ-O)]4 596 17
[(MeCp)4Mo4S4] 520 18
[(Cp*Mo)4B4H4(μ4-BH)3] 440, 367, 315, 239 9c
2 513, 368, 248, 206 this work
3 499, 370, 253, 209 this work
4 429, 318, 204 this work
5 481, 372, 258, 204 this work

Figure 4. Molecular orbital scheme showing μ3-H connectivity for 2
and 3.
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The essential difference between the geometries of 2 and 3 is
the moiety attached to the exo-Ru center (Figures S1 and S2).
For 2 it is a Cp* ligand, whereas 3 possesses {(Cp*Ru)2(CO)3-
BH(μ-H)}. To validate if clusters 2 and 3 are isoelectronic, the
MO and NBO calculations were undertaken. The WBI values
signify that Ru3 in the exofragment of 3 is bonded with Ru1
and Ru2. In addition, B1 is bonded to Ru3 through a 3c−2e
bond (Figure S8). Therefore, the total valence electron count
around Ru3 amounts to 13, which is the same as that for
Cp*Ru. As a result, the {(Cp*Ru)2(CO)3BH(μ-H)} moiety
contributes 5 electrons to the Ru center (see Supporting
Information for electron count of 3). Thus, clusters 2 and 3 can
be considered as isoelectronic, and an interpretation of
[(Cp*Ru)2{Ru(CO)2}2BH(μ3-E)(μ3-H)B(μ-H)3}Ru-η

5-
{(Cp*Ru)2(μ-CO)3(μ-H)BH}] may be used to illustrate the
bonding of 3. The calculated HOMO−LUMO gaps for
compounds 2 and 3 reveal that the thermodynamic stability
of 3 predominates over 2 (Table S5)
The core structure of 2 is very similar to that of III (Chart 1)

having 60 cluster valence electrons (cves). The only difference
between these two is the presence of two extra hydrogen atoms
in 2 instead of a CO ligand. Therefore, DFT computations of 2
and III were performed to probe whether the presence of extra
triply bridged hydrogens in 2 plays a significant role imparting
additional stability. The results show that the thermodynamic
stability of 2 is in fact more than III (Table S5). This stability is
more likely due to the fact that there is more effective overlap
for second row transition metals over those of the first row.

■ CONCLUSION
To sum up, this work describes the isolation and structural
characterization of some homometallic cuboidal metallaboranes
having μ3-H as a vertex in the cubane core. Another interesting
feature of these cubane clusters is the attachment of the
borylene ligand to the cubane core. Investigations to evaluate
the possibility of such unusual bonding situations with respect
to other transition metals are underway, and we anticipate
further progress in the future.

■ EXPERIMENTAL SECTION
General Procedures and Instrumentation. All syntheses were

carried out under an argon atmosphere with standard Schlenk and
glovebox techniques. Solvents were dried by common methods and
distilled under Ar before use. Compound nido-1 was prepared
according to the literature method19 while other chemicals were
obtained commercially and used as received. The external reference for
the 11B NMR, [Bu4N(B3H8)], was synthesized with the literature
method.20 Thin layer chromatography was carried out on 250 mm dia
aluminum supported silica gel TLC plates. NMR spectra were
recorded on a 400 and 500 MHz Bruker FT-NMR spectrometer.
Residual solvent protons were used as reference (δ, ppm, CDCl3,
7.26), while a sealed tube containing [Bu4N(B3H8)] in [d6]-benzene
(δB, ppm, − 30.07) was used as an external reference for the 11B NMR.
Infrared spectra were recorded on a Nicolet iS10 spectrometer.
Microanalyses for C and H were performed on PerkinElmer
Instruments series II model 2400. Mass spectra were recorded either
on Bruker Micro TOF-II mass spectrometer in ESI ionization mode or
on Bruker Ultraflextreme using 2,5-dihydroxybenzoic acid as a matrix
on a ground steel target plate in MALDI ionization mode.
Synthesis of 2−5. In a flame-dried Schlenk tube, nido-1 (0.13 g,

0.25 mmol) and [Ru3(CO)12], (1.2 g, 3.27 mmol) were thermolyzed
in toluene at 90 °C for 3 h. The solvent was evaporated in vacuo;
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 hexane/CH2Cl2

(80:20 v/v) yielded orange 2 (0.05 g, 18%) and brown 3 (0.11 g,
29%). Same reaction at 60 °C for 2 h yielded yellow 4 (0.03 g, 15%),
red-orange 5 (0.08 g, 35%), and trace amounts of 2 and 3.

Data follow for 2. 11B NMR (128 MHz, CDCl3, 22 °C): δ = 141.7
(br, 1B), 129.5 (br, 1B). 1H NMR (400 MHz, CDCl3, 22 °C): δ =
4.86 (br, 1H, BHt), 1.95 (s, 15H, Cp*), 1.78 (s, 15H, Cp*), 1.64 (s,
15H, Cp*), −6.57 (br, 1H, Ru−H−B), −10.00 (s, 2H, Ru−H−Ru),
−16.41 (s, 1H, μ3−H). 13C NMR (100 MHz, CDCl3, 22 °C): δ =
195.7, 192.3 (CO), 106.8, 101.1, 99.7 (s, C5Me5), 11.1, 10.9, 9.5 (s,
C5Me5). IR (hexane, cm−1): 2007, 1977, 1684, 1669 (CO). Anal. Calcd
(%) for C36H49BO6Ru5: C, 39.52; H, 4.51. Found: C, 40.25; H, 4.69.

Data follow for 3. MS (MALDI): m/z 1501 [M + H]+. Isotope
envelope C47H68B4O7Ru7 requires 1501.86. 11B NMR (128 MHz,
CDCl3, 22 °C): δ = 151.7 (br, 1B), 128.9 (br, 2B), 95.1 (br, 1B). 1H
NMR (400 MHz, CDCl3, 22 °C): δ = 9.84 (br, 1H, BHt), 8.67 (br,
2H, BHt), 1.95 (s, 15H, Cp*), 1.88 (s, 30H, Cp*), 1.76 (s, 15H, Cp*),
−1.73 (br, 1H, Ru−H−B), −11.14 (br, 1H, Ru−H−B), −13.41 (s,
1H, μ3-H), −15.72 (s, 2H, Ru−H−Ru). 13C NMR (100 MHz, CDCl3,
22 °C): δ = 198.1, 191.7 (CO), 103.4, 100.9, 98.4 (s, C5Me5), 10.7,
10.1, 9.2 (s, C5Me5). IR (hexane, cm−1): 2470 w (BHt) 1984, 1943,
1832, 1755 (CO). Anal. Calcd (%) for C47H67B4O7Ru7: C, 37.75; H,
4.52. Found: C, 38.42; H, 4.79.

Data follow for 4. MS (MALDI): m/z 779 [M + H]+. Isotope
envelope C31H52B3ORu3 requires 779.14. 11B NMR (128 MHz,
CDCl3, 22 °C): δ = 91.4 (br, 2B), 82.3 (br, 1B). 1H NMR (400 MHz,
CDCl3, 22 °C): δ = 5.81 (br, 1H, BHt), 5.29 (br, 2H, BHt), 1.81 (s,
30H, Cp*), 1.68 (s, 15H, Cp*), −14.70 (s, 1H, μ3-H), −22.98 (s, 2H,
μ3-H).

13C NMR (100 MHz, CDCl3, 22 °C): δ = 194.9 (CO), 101.1,
99.3 (s, C5Me5), 10.6, 9.5 (s, C5Me5). IR (hexane, cm−1): 2449 w
(BHt), 1740 (CO). Anal. Calcd (%) for C31H51B3ORu3: C, 47.99; H,
6.62. Found: C, 48.72; H, 6.39.

Data follow for 5. MS (MALDI): m/z 726 [M + H − 6CO]+.
Isotope envelope C21H34B3Ru4 requires 726.91.

11B NMR (128 MHz,
CDCl3, 22 °C): δ = 94.2 (br, 1B), 50.9 (br, 1B), 43.8 (br, 1B). 1H
NMR (400 MHz, CDCl3, 22 °C): δ = 9.87 (br, 1H, BHt), 9.54 (br,
1H, BHt), 4.62 (br, 1H, B−H−B), 1.87 (s, 15H, Cp*), 1.81 (s, 15H,
Cp*). 13C NMR (100 MHz, CDCl3, 22 °C): δ = 191.5, 189.8 (CO),
103.7, 101.6 (s, C5Me5), 10.7, 10.2 (s, C5Me5). IR (hexane, cm−1):
2482 w (BHt), 2040, 1974, 1948, 1711 (CO).

X-ray Structure Determination. The crystal data for 2−5 were
collected and integrated using a Bruker AXS Kappa Apex2 CCD
diffractometer, with graphite monochromated Mo Kα (λ = 0.710 73
Å) radiation at 296 K. The structures were solved by heavy atom
methods using SHELXS-97 or SIR9221a and refined using SHELXL-
97.21b Crystallographic data and structure refinement information for
2−5 are listed in Table S6.

Significant disorder was observed involving the permutation of BH
and CO fragments in 2. The structure of 2 has been refined by
incorporating BH along with CO in both triply bridged sites. The
disorder was suitably partitioned, and the site occupancies were refined
during the initial stage of refinement. As site occupancy converges
nearly 50% for each CO and BH, the same was fixed as 0.5 at final
stages of refinement. The result can be interpreted as the molecule is
having one triply bridged site CO and the other triply bridged site as
BH for any individual molecule. In the case of compound 4, the
residual factor is on the higher side. The possible reason could be the
vibrational motion of the Cp* ligands that led to the large thermal
parameters of the Cp* moieties (thermal disorder). Even though the
refinement program suggested splitting these atoms positions, such
positions may be thermal artifacts rather than true atom position.

Computational Details. Geometry optimizations and electronic
structure calculations were carried out on Gaussian09 (rev. C.01)
program package22 using BP86 functional23 (composed of the Becke
1988 exchange functional and the Perdew 86 correlation functional)
and def2-TZVP24 basis set from EMSL Basis Set Exchange Library.
The 28 core electrons of ruthenium were replaced by the
quasirelativistic effective core potential def2-ECP.25 To save
computing time all the calculations were carried out with Cp (Cp =
η5-C5H5) model compounds instead of Cp* (Cp = η5-C5Me5). The
model compounds were fully optimized in gaseous state (no solvent
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effect) without any symmetry constraints. Frequency calculations were
performed at the same level of theory to characterize the nature of the
stationary point. All structures were found to be minima on the
potential energy surface with real frequencies (zero negative
eigenvalues of the Hessian matrices). The NMR chemical shifts
were calculated on the BP86/def2-TZVP optimized geometries using
the gradient corrected hybrid functional Becke−Lee−Yang−Parr
(B3LYP).26 Computation of the NMR shielding tensors employed
gauge-including atomic orbitals (GIAOs).27−29 The 11B NMR
chemical shifts were calculated relative to B2H6 (B3LYP B shielding
constant 84.23 ppm) and converted to the usual [BF3·OEt2] scale
using the experimental δ(11B) value of B2H6 16.6 ppm.30 TMS
(SiMe4) was used as internal standard for the 1H NMR chemical shift
calculations (B3LYP H shielding constant 31.92 ppm). Population
analysis was performed using natural bond orbital (NBO)31 and
Mulliken as implemented in Gaussian09. For NBO analysis, BP86
functional and 6-311g* basis set32 (SDD-ECP33 on Ru) were
employed. Wiberg bond indices (WBIs)34 and NBO second order
perturbation energy values of some selected bonds were obtained on
natural bond orbital (NBO) analysis. Calculations of absorption
spectra were accomplished using time-dependent density functional
theory (TD-DFT)35 method at B3LYP/SDD-6-31g* level, and 50
monoexcitations were calculated for each species. Solvent effects were
included via the polarizable continuum model (PCM).36 The B3LYP
Hamiltonian was chosen because it was proven to provide accurate
structures and reasonable UV−vis spectra for a variety of
chromophores37 including organometallic complexes.38 The assign-
ment of the excitation energies to the experimental bands was
performed on the basis of the energy values and oscillator strengths.
GaussSum 3.0 was used to draw the absorption spectra.39 The full
width at half-maximum value used for the simulated spectrum was
3000 cm−1. All the optimized structures and orbital graphics were
generated using the Gauss view40 and the Jmol41 visualization
programs.
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