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Cationic 30 VE triple-decker complexes [Cp*Ru(u-n7:m’-
CsBoMegH)ML]* [ML = Co(C4Me,) (3a), RuCp* (4a), Rh(cod)
(7a), and Ir(cod) (8a)] with a bridging hexamethyl-4-borata-
borepine ligand were obtained by electrophilic stacking of
the sandwich compound Cp*Ru(n?-CsB,MegH) (2a) with
[ML]* complex fragments. The reaction of the phenyl-substi-
tuted derivative Cp*Ru(n’-7-PhCsB,MesH) (2b)  with
[(C4Mey)Co(MeCN);]* selectively affords the triple-decker
complex [Cp*Ru(p-n?:n?-7-PhCsB,MesH)Co(CsMey)]* (3b),
whereas a similar reaction with [Cp*RuCl],/TIBF, produces
a 1:3 mixture of cations, the triple-decker [Cp*Ru(u-n7:n7%-7-
PhCsB,MesH)RuCp*|*(4b) and the arene-coordinated
[Cp*Ru(u-n%n7-7-PhCsB,MesH)RuCp*|* (5). Stacking of
Cp*Ru(n’-7-PhCH,CsB,MesH) (2¢) with [CpRu(MeCN);]*
selectively gives the triple-decker complex [Cp*Ru(u-n7:n’-
7-PhCH,CsB,MesH)RuCp]* (6¢). The dinuclear cations 3-8

were isolated as deep-colored air-stable salts with [BF4]~ or
[PFe]™ anions in moderate to high yields. Structures of 3bPFg,
4aBF,, 7aBF,, and 8aBF, were confirmed by X-ray diffraction
studies. Energy decomposition analysis of complexes
CpRu(ring) and [CpRu(ring)RuCp]* (ring = Cp, CsBHsg,
C5sB,H7) revealed that the insertion of BH units makes the
bonding between [ring]” and [RuCp]* more covalent. Accord-
ing to Mulliken population analysis, weakening of m-do-
nation and strengthening of 5-back donation occur in the
same order. The electrostatic character of the bond and the
contribution of c-donation to the covalent bonding are higher
in the case of bifacially bonded rings. The boron-containing
triple-decker complexes are considerably more stable than
the cyclopentadienyl analog.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The 2,3-dihydro-1,3-diborolyl ligand of the formally
16 VE ruthenium complex Cp*Ru(C;B,Mes) (1)1 is simi-
larly folded along the B-B line as that of the structurally
characterized derivative with BCH,SiMes groups (40.7°).1%]
Although the folding promotes the metal atom to complete
its valence shell, compound 1 possesses a unique reactivity
towards various reagents to give classical 18 VE complexes.
In particular, it reacts with CO, RNC, and RPH, to yield
adducts 1-L with much less folded diborolyl rings. The in-
corporation of a BH fragment (from BH;) as well as a sul-
fur atom or a phosphaalkyne leads to ruthenacarboranes.!
Insertion of terminal alkynes into the heterocycle creates
complexes 2 with the novel n’-4-borataborepine ligand
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(Scheme 1).1 However, the analogous reaction with in-
ternal alkynes, dimethyl- and diethylacetylene, affords the
boratabenzene complexes Cp*Ru(2,3-R,CsBMey) (R = Me,
Et) as a result of the elimination of one BMe unit. Surpris-
ingly, the reaction of 1 with di-p-tolylacetylene in CH,Cl,
gave a small amount of the triple-decker cation [Cp*Ru(u-
n’m’-1,2,3,4,6-MesCsB,H,)RuCp*]* having a bridging 4-
borataborepine ligand with two CH groups separated by a
CMe unit. Its structure has been confirmed by X-ray dif-
fraction; however, details of its formation are unknown.®
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Scheme 1. Preparation of the borataborepine complexes 2a—c.
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A straightforward synthetic approach to cationic triple-
decker complexes is based on the electrophilic stacking of
sandwich compounds with [ML]* fragments (in form of
their labile derivatives).l) In particular, complexes with
bridging cyclopentadienyl,l”?  phospholyl,[®1 pentaphos-
pholyl,®! borole,['” and boratabenzenel'!! rings have been
synthesized using this way. Herein we report the electro-
philic stacking of 2 with [ML]* species giving triple-decker
complexes with a bridging 4-borataborepine ligand. Their
structural and bonding features are also discussed.

Results and Discussion

Synthesis

At the beginning of this study, complexes 2b and 2¢ con-
taining phenyl and benzyl substituents in the 7-position of
the 4-borataborepine ligand were known. However, the ben-
zene ring of these substituents can be attacked by [ML]*
species to give arene-coordinated derivatives, thus compli-
cating the formation of triple-decker complexes. Therefore,
we first prepared the undecamethyl sandwich 2a by inser-
tion of propyne into 1 (Scheme 1). The reactions of 2a with
[(C4Me,y)Co(MeCN);]" and [Cp*Ru(thf);]* (generated in
situ from [Cp*RuCl]y/TIBF, in thf) afford the 30 VE triple-
decker cations 3a and 4a in high yields (Scheme 2). The
analogous reactions with [(cod)M(thf),]* solvates (M = Rh,

Ir)l'2l give complexes 7a and 8a.
-|+

[ML]* Ru
Ru — ==
~S =R ()
—EC__B— >==
>—< M
2a-c L
ML R
+ R
-l 3a[CoCb* Me
@‘ 3b[CoCb* Ph
Ru 4a|RuCp* Me
4b|RuCp* Ph
—B:O:B— Ru 6¢c|RuCp  PhCH,
7a|Rh(cod) Me
8a|lr(cod) Me
5

Scheme 2. Synthesis of p-borataborepine triple-decker complexes.

As expected, the reaction of the phenyl-substituted com-
plex 2b with [Cp*Ru(thf);]" produces a mixture of cations,
the triple-decker 4b and the arene-coordinated 5 in 1:3 ratio
according to 'H NMR spectroscopy. However, a similar re-
action with [(C4Me,)Co(MeCN);]* selectively affords the
triple-decker complex 3b, which is explained by lower reac-
tivity of the cobalt reagent towards arenes. The reaction of
the benzyl-substituted derivative 2¢ with [CpRu(MeCN);]*
also gives the triple-decker cation 6c¢ as a single product.

The dinuclear cations 3-8 were isolated as deep-colored
salts with BF; or PF¢ anions in moderate to high yields.
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They are air-stable both in the solid state and in solution
(acetone, CH,Cl,, or MeNOQO,) at least for several weeks. All
complexes were characterized by 'H and "B NMR spec-
troscopy and elemental analysis. The signals of 4-borata-
borepine ring protons are downfield shifted (Ad = 0.1-
1.6 ppm), and the signals of boron atoms are upfield shifted
(Ao = 12-16 ppm) as compared to the corresponding sig-
nals for the sandwich compounds 2a—c.

X-ray Structures

The structures of complexes 3bPF¢, 4aBF,, 7aBF,, and
8aBF, were studied by X-ray diffraction. The triple-decker
cations (Figures 1, 2, 3, and 4) are formed by three cyclic
ligands held together by two metal atoms. In cations 3b and
4a the central C;sB, ring was found to be disordered. In 3b
disorder is around a pseudo twofold axis perpendicular to
the Ru--+Co line and through C1 (refined occupancies of the
two sets are 0.55 and 0.45). Cation 4a has a crystallographic
mirror plane, which runs through C7 and the two Ru atoms.
In both cases disorder around the (pseudo) symmetry ele-
ment causes a fairly close superposition of partially occu-
pied, chemically not equivalent central ring atoms (boron
and carbon, and differently substituted carbon atoms,
respectively, belonging to different sets). During refinement,
the corresponding atoms of the two disordered sets had to
be constrained to the same positions and anisotropic dis-
placement parameter (ADP) components. Hence, bond
lengths and angles involving these atoms are not reliable.
Likewise, the individual atoms in the periphery of these
seven-membered rings could not be resolved into two dis-

Figure 1. Structure of cation 3b with 50% thermal ellipsoids. Hy-
drogen atoms are omitted for clarity. Selected distances [A]: Ru—
C2/B2 2.364(4), Ru-B7/C7 2.373(4), Ru-B4/C4 2.372(4), Ru-C5/
B5 2.451(4), Ru—C6 2.336(4), Ru-C1 2.367(4), Co-C2/B2 2.295(4),
Co-B7/C7 2.302(4), Co-B4/C4 2.306(4), Co—C5/B5 2.244(4), Co—
C3 2.243(3), Co-Cl1 2.274(3), Ru--Cs 1.797(2), Co--C, 1.716(2),
Ru-+C;B, 1.670(1), Co--CsB, 1.522(2).
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tinct sets and were refined as single atoms (with partial oc-
cupations where appropriate). As expected for such a case,
ADPs are somewhat larger for these atoms.

Figure 2. Structure of cation 4a with 50% thermal ellipsoids. Hy-
drogen atoms are omitted for clarity. Selected distances [A]: Rul-
C2A 2.382(2), Rul-BIB 2.375(2), Rul-C7 2.367(3), Rul-B3A
2.417(2), Ru2-C2A 2.409(2), Ru2-B1B 2.368(2), Ru2-C7 2.393(3),
Ru2-B3A  2.389(2), Rul-+Cs 1.779(1), Ru2--Cs 1.781(1),
Rul-CsB, 1.676(1), Ru2---CsB, 1.678(1).

Figure 3. Structure of cation 7a with 50% thermal ellipsoids. Hy-
drogen atoms are omitted for clarity. Selected distances [A]: Ru-B1
2.440(4), Ru-B2 2.406(4), Ru-C1 2.317(4), Ru-C2 2.263(4), Ru-C3
2.359(4), Ru-C4 2.320(4), Ru-C5 2.415(4), Rh-B1 2.473(4), Rh—
B2 2.443(4), Rh-C1 2.532(4), Rh-C2 2.479(4), Rh-C3 2.327(4),
Rh-C4 2.603(4), Rh-C5 2.487(4), Ru--Cs 1.800(2), Ru--CsB,
1.625(1), Rh++-CsB, 1.791(1).
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Figure 4. Structure of cation 8a with 50% thermal ellipsoids. Hy-
drogen atoms are omitted for clarity. Selected distances [A]: Ru-B1
2.420(4), Ru-B2 2.392(5), Ru-C1 2.390(4), Ru—C2 2.309(4), Ru-C3
2.323(4), Ru—C4 2.348(4), Ru-C5 2.450(4), Ir-B1 2.442(4), Ir-B2
2.474(4), Ir-C1 2.316(4), Ir-C2 2.458(4), Ir-C3 2.495(4), Ir-C4
2.510(4), Ir-C5 2.448(4), Ru-+Cs 1.795(2), Ru-CsB, 1.645(1),
Ir"'CsBz 1748(1)

In all cases, the planes of the ligands are almost coplanar;
the dihedral angles are equal to 1.6° (CsB,/Cs) and 1.4°
(C5B,/Cy) for 3b, 0.3° and 0.8° (CsB,/Cs) for 4a, 1.4° (CsB,/
Cs) for 7a, and 0.1° (CsB,/Cs) for 8a. The metal atoms are
located above the centers of all the rings. The Ru--Co
(3.19 A), Ru~Ru (3.35A), Ru~-Rh (3.42 A), and Ru-~Ir
(3.39 A) distances are longer than the corresponding sums
of the covalent radii for RuCo (2.78 A), RuRu (2.98 A),
RuRh (2.83 A), and Rulr (2.96 A)['3] suggesting the absence
of direct metal-metal interactions in all cases. In the triple-
decker cations 3b, 4a, 7a, and 8a, the 4-borataborepine li-
gand is significantly less folded along the B---B line than
in mononuclear sandwich complexes 2 due to its bifacial
coordination with two metal atoms. For instance, the fold-
ing angles in 7a (7.0°) and 8a (1.2°) are smaller than in 2¢
(12.1°).1 All bonds in the CsB, ring of 3b are longer than
in 2b as a result of loosening of bonds upon bifacial coordi-
nation.

Bonding Analysis

For a better understanding of the borataborepine bond-
ing properties, we compared the related [RuCp]* complexes
with the cyclopentadienyl (Cp "), boratabenzene ([CsBHg] ),
and borataborepine ([CsB,H;]") anions using the energy de-
composition analysis (EDA), which has proven to be one
of the best methods for the analysis of chemical bonding.['!
According to this method, the interaction energy between
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the bonding fragments AE;,; can be divided into three main
components:

AEim = AEelslut + AEPauli + AEorb

AE, . 18 the electrostatic interaction energy between the
fragments with a frozen electron-density distribution,
AEp,; presents the repulsive four-electron interactions be-
tween occupied orbitals (Pauli repulsion), and AE,, is the
stabilizing orbital interactions. The ratio AE g /AE,p indi-
cates the electrostatic/covalent character of the bond. The
bond dissociation energy is:

De = (AEjn + AEyrep).
AE,,., (the fragment preparation energy) is the energy
that is necessary to promote the fragments from their equi-
librium geometry and electronic ground state to the geome-
try and electronic state that they have in the optimized
structure. This method has already proven its usefulness for
the analysis of the nature of metal-ligand bonding in ferro-
cene and some other sandwich compounds.['?!

The EDA data for the mononuclear complexes CpRu-
(ring) in terms of interactions between [ring]” and [RuCp]*
are given in Table 1 (Figure S1 in the Supporting Infor-
mation). The energies of different conformers are very close,
suggesting their fast transformation in solution (designa-
tions “ecl” and “stg” correspond to conformers having bo-
ron atoms in eclipsed and staggered positions relative to the
carbon atoms of Cp, respectively). The total bonding ener-
gies for the anions [CsBHg] and [CsB,H,] are very close,
being approximately 11 kcalmol™! lower than for Cp~ (the
differences between average values for all conformers are
cited in the text). Each additional BH group leads to a
weakening of the electrostatic attraction by ca.
16 kcalmol ™!, which correlates with the decrease of the total
NBO charge of the ring atoms (-1.86, —1.76, and —1.68;
Figure S2 in the Supporting Information). The attractive
orbital interactions also decrease, but to a much lower ex-
tent (2-3 kcalmol™!). However, the resulting destabilizing
effect is considerably compensated by the decrease of Pauli
repulsion (ca. 8 and 17 kcalmol ! on addition of the first
and the second BH group, respectively). Most likely, the
main reason for the weakening of AE,, and AEp,,; is the
increase of ring size resulting in poorer overlap of its orbit-

Table 1. Results of EDA for CpRu(ring) complexes with [ring] and
[RuCp]* as interacting fragments (at BP86/TZ2P). Energy values
in kcalmol ™.

Ring: Cp C5BH6 C5B2H7
Conformer:  Ds, Dsq4 Csecl Cgstg Ciecl G stg
E, lative 0 0.06 0 0.64 0.03 0
AE;,, -228.5 2284 -217.5 2174 -216.7 -217.3
AEp i 2224 2172 2121 2125 1932 1939
AE 10 -264.1 -261.0 -246.2 -246.3 -230.1 -230.6
(58.6) (58.6) (57.3) (57.3) (56.1) (56.1)
AE, ., -186.9 -184.5 -183.5 -183.6 -179.8 —-180.6
41.4) (41.4) (@427 (42.7) (439 (439
AE e, 4.9 54 7.6 7.6 11.7 11.8
D, 2237 223.0 2099 209.8 205.0 2054

[a] The values in parentheses give the percentage (%) contribution
to the total attractive interactions.
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als with those of the [RuCp]* fragment. A larger decrease
of AE, ;. compared to AE,,, results in a slight growth of
the covalent contribution (41.4, 42.7, and 43.9% for Cp,
[CsBHg], and [CsB>H-]); however, the electrostatic bond-
ing is still playing a main role. Although the total interac-
tion energies for anions [CsBH¢] and [CsB,H,] are very
close, the dissociation energy D, is lower for borataborep-
ine, which is explained by its larger preparation energy
AE,., as a result of considerable distortion of this ring
upon coordination. This distortion is caused by folding
along the B---B line (8-9°) owing to the larger boron coval-
ent radius vs. carbon and considerable bending of hydrogen
atoms toward the metal atom as a result of reorientation of
the ring m-orbitals for better overlap.['6]

Let us now analyze the bonding in the cationic triple-
decker complexes [CpRu(ring)RuCp]*. The energies of dif-
ferent conformers in this case are also very close. Table 2
and Figure S3 in the Supporting Information show the
EDA data for these cations using [ring]” and [CpRu--
RuCp]** as interacting fragments. The influence of ad-
ditional BH units is very similar to that in mononuclear
complexes. Strong decrease of electrostatic attraction (ca.
56 and 102 kcalmol™! on addition of the first and the sec-
ond BH) is compensated by decrease of Pauli repulsion (ca.
41 and 129 kcalmol™, respectively). Less considerable
change of AE,,, compared to AE,, results in increase of
the covalent character of the Ru-ring bond on insertion of
BH fragments. Interestingly, the strongest orbital interac-
tions are observed for the boratabenzene anion.

Table 2. Results of EDA for [CpRu(ring)RuCp]* complexes with
[ring] and [CpRu-+RuCp]** as interacting fragments (at BP86/
TZ2P). Energy values in kcalmol .

Ring: Cp C5BH6 C5B2H7
Conformer: Ds, ecl Ds,stg Cooecl Gy, stg Checl Gy, stg
Ru~Ru[A] 3.695 3.696 3.510 3.519 3.408 3.417
Eclative 0 0.15 0.46 0 0.66 0
AE;, -370.8 -369.9 -370.5 -369.8 -365.3 -365.3
AEp,; 557.6  557.1  520.5 5147 386.8  383.2
AE gl -611.1 -610.6 -557.9 -5544 4532 -451.1
(65.8) (65.9) (62.6) (62.7) (60.3) (60.3)
AE, [ -317.3 -3164 -333.1 -330.2 -298.9 -2974
(342) (34.1) (374 (373 (397 (39.7)
AE ey 71.9 72.0 73.2 72.9 72.2 71.9
D, 2989 2979 297.3 2969 293.1 2934

[a] The values in parentheses give the percentage (%) contribution
to the total attractive interactions.

The comparison with mononuclear compexes shows that
the electrostatic interaction in the case of bifacial bonding
of [ring]~ with two [RuCp]* cations is roughly twice of that
for the bonding with only one cation in accordance with
Coulomb’s law. However, the orbital interactions increase
to a lesser extent (70, 80, and 65% for Cp~, [CsBHg], and
[CsB,H], respectively) since the same ring orbitals are
used for the binding with the second [RuCp]* fragment, re-
sulting in lesser overlap populations of the Ru-ring bonds.
The greater increase of AE, ., compared to AE,,, results
in a larger electrostatic character of the Ru-ring bond in
the triple-decker complexes as compared to mononuclear
3323
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analogs.'”l The total interaction energy increases only by
62-70%. Furthermore, the large preparation energy (72—
73 kcalmol™), resulting mainly from a strong electrostatic
repulsion of two [RuCp]* cations in the [CpRu-+RuCp]**
unit, makes the dissociation energy of two Ru-ring bonds
only 34-439% higher than that of one bond in the mononu-
clear analogs. In overall, these data indicate strong weaken-
ing of the Ru-ring bond on bifacial coordination.

To compare the stability of the triple-decker complexes,
we also carried out the EDA analysis using their real pre-
cursors and expected decomposition products, CpRu(ring)
and [RuCp]* (Table 3, Figure S4 in the Supporting Infor-
mation). The total bonding energy increases by ca. 14 and
5 kcalmol™! on addition of the first and the second BH
unit, respectively. However, the increasing preparation en-
ergy slightly reduces the stabilizing effect, making the borata-
benzene and borataborepine complexes more stable than
the cyclopentadienyl analog by ca. 11 and 14 kcalmol ™!,
respectively.

It is worth emphasizing that in the triple-decker [CpRu-
(ring)RuCp]* complexes the CpRu(ring) moiety acts as a
6-¢lectron m-ligand toward the [RuCp]* cation, similar to
benzene in [CpRu(C¢Hg)]*. The bonding character for the
CpRu(ring) moiety and benzene is very close (52-54 and
57% covalent, respectively; Table S1 in the Supporting In-
formation). The total bonding energies for the boron-con-
taining CpRu(ring) moieties (ca. 94 and —100 kcalmol™!

" _HOMO-1 —F— HOMO

—

T T &,

Table 3. Results of EDA for [CpRu(ring)RuCp]* complexes with
CpRu(ring) and [RuCp]* as interacting fragments (at BP86/TZ2P).
Energy values in kcalmol ™.

Ring: Cp C5BH() C5B2H7
Conformer: Ds, ecl Ds,stg Ch,ecl Ch,stg Cyecl G, stg
AE; -81.0 -80.7 947 943 -100.1 -99.6
AEp,ui 189.6  189.1 189.3  187.2 147.7 152.3
AE 0™ —125.1 -124.8 -135.6 -1344 -1148 -1174
(46.2) (46.3) (47.8) (47.7) (46.3) (46.6)
AE, [ -145.5 -145.0 -1484 -147.1 -133.0 -134.5
(53.8) (53.7) (52.2) (52.3) (53.7) (53.4)
AEp.e, 5.6 5.9 8.5 7.5 12.0 10.5
D, 75.4 74.8 86.2 86.8 88.2 89.2

[a] The values in parentheses give the percentage (%) contribution
to the total attractive interactions.

for ring = CsBHg and CsB,H, respectively) are also very
close to that for benzene (ca. 97 kcalmol™).

Figure 5 compares main orbital interactions of the
anions Cp-, [CsBHg] ", and [CsB,H-]” with the [RuCp]* cat-
ion. Addition of each BH group results in decreasing of
energies of m and d [ring] frontier orbitals in accordance
with better electron delocalization, whereas the energies of
lower lying c-orbitals remain almost the same. This sug-
gests a decrease of m-donation [ring]” — [RuCp]* and an
increase of 3-back donation [RuCp]" — [ring]™ in the same
sequence in accordance with better energy matching of in-
teracting orbitals.

[RuCp]*

Figure 5. Main orbital interactions of the anions Cp-, [CsBHg] ", and [CsB,H,] with [RuCp]* at BP86/def2-TZVPP//BP86/TZ2P (MO

isodensity surface 0.05).
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In order to estimate contributions of m, ¢, and & interac-
tions, we analyzed fragment orbital (FO) occupancies in the
complexes determined by Mulliken population analysis. For
instance, in ruthenocene the unoccupied ¢; (LUMO,
LUMO++1) and a; (LUMO+2) FOs of [RuCp]* have 0.276
and 0.155 occupancies, respectively. The occupied e,
(HOMO, HOMO-1) FOs have 0.911 occupancy in the
complex, suggesting that contribution of each of them to
the bonding is equal to 0.089. Thus, the contributions of
n-, 0-, and d-interactions are estimated to be 62.3, 17.5, and
20.2%, respectively. Similar data for the CpRu(ring) and
[CpRu(ring)RuCp]* complexes, determined both from
[RuCp]* and [ring]” FO contributions to occupied MOs, are
given in Table 4 (Figure S5 in the Supporting Information).

Table 4. Ruthenium NBO charges (a.u.) and the percentage (%)
contributions of 1t-, 6-, and d-interactions for CpRu(ring) (normal)
and [CpRu(ring)RuCp]* (italics) at BP86/def2-TZVPP//BP86/
TZ2P.

Ring qru Contribution (%) Comment
b c 1)

Cp (ecl)t? 0.07 623 17.5 20.2 [b]
44.9 33.5 21.6

0.12  60.1 20.5 19.4 [l
48.4 314 20.2

66.2 13.8 20.0 [d]
51.1 22.5 26.5

CsBHj (stg)l?! 0.10 56.2 18.0 25.9 [b]
39.6 35.4 25.1

0.12 559 19.9 24.2 [l
44.3 32.6 23.1

CsB,H; (stg)l@l 0.15 521 17.0 30.9 [b]
379 32.7 295

0.15 524 17.3 30.4 [l
43.1 29.9 27.0

[a] Orientation of Cp rings relative to a central ring. [b] From the
[RuCp]* FO contributions to occupied MOs. [c] From the [ring]
FO contributions to occupied MOs. [d] According to EDA at
BP86/TZ2P.

As expected, for the sandwich compounds CpRu(ring)
the contribution of n-donation decreases, whereas that of
d-back donation increases on insertion of BH groups. The
role of o-donation remains almost unchanged. Although ©
(HOMO, HOMO-1) ring orbitals play the main role in -
donation, a weak interaction of m(c) orbitals (Figure 6
shows such orbitals for the borataborepine anion) with ¢,
(LUMO, LUMO++1) of [RuCp]™ is also observed (4.6, 6.1,
and 8.4% from the total n-donation for Cp~, [CsBH¢] ", and
[CsB,H/], respectively). Main contributions to c-donation
belong to ring orbitals o(m) (66.1, 60.3, and 48.9%) and
6(C-C) (33.4, 34.4, and 29.0%, respectively) (Figure 5). The
interaction with the o(C-H) orbital is negligible for Cp~
(0.5%) and becomes significant for the boron heterocycles
[CsBHg]™ (5.3%) and [CsB,H,]™ (22.1%).

In the triple-decker complexes [CpRu(ring)RuCp]*, a
central ring ligand is bifacially bonded with two metal
atoms forcing it to more effective use of available orbitals.
In the first place, it leads to the strengthening of interac-
tions which are weak in mononuclear complexes. In accord-
ance with this tendency, the percentage contribution of o-
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Figure 6. n(c) Frontier orbitals (HOMO-14, HOMO-15) of the
[CsB,H;] anion (isodensity 0.05).

donation increases and that of mt-donation decreases. Upon
addition of BH groups, the strength of n-, -, and d-interac-
tions in the triple-decker complexes changes in the same
order as in CpRu(ring). The role of n(c) orbitals in n-do-
nation is considerably larger than in mononuclear analogs
(13.2, 17.7, and 19.6% for Cp, [CsBH¢], and [CsB,H,|,
respectively), being the strongest for the borataborepine
anion. The role of orbitals o(C-C) (50.3, 54.2, and 40%)
and o(C-H) (1.9, 10.6, and 27.2%) in o-donation also in-
creases.

In the case of highly symmetric cyclopentadienyl com-
plexes, the contributions of n-, 6-, and d-orbitals to the to-
tal covalent bonding were also determined by the EDA
method (Table 4). In general, these data are in good agree-
ment with those obtained by Mulliken population analysis.
However, a considerably larger growth of §-bonding upon
bifacial coordination is worth mentioning.

The back donation is stronger for better electron-ac-
cepting ligands, and therefore data of Table 4 suggest that
the acceptor ability of the ring ligands increases in the fol-
lowing order: Cp~ < [CsBHg]™ < [CsB>H;]". The ruthenium
NBO charges are in accordance with this conclusion.

Conclusions

The electrophilic stacking of the ruthenium sandwich
compounds 2a-¢ with [ML]* fragments has proven to be
effective for the preparation of cationic triple-decker
complexes with a bridging 4-borataborepine ligand
[CsB,RMesH] . The metal-ring bonding in two series of
the related complexes CpRu(ring) and [CpRu(ring)RuCp]*
(ring = Cp, CsBHg, CsB,H;) was studied by using energy
decomposition scheme and Mulliken population analysis.
The attractive interactions between Cp~ and [RuCp]* in ru-
thenocene are 41.4% covalent and 58.6% electrostatic. The
covalent bonding increases on incorporation of BH groups
([CsBHg] 42.7%, [CsB,H;] 43.9%) and decreases on bi-
facial coordination of the ring ligand with two metal atoms
(Cp 34.2%, [CsBHg] 37.3%, [CsB>H,;] 39.7%).

In the triple-decker complexes [CpRu(ring)RuCp]*, the
bonding between the CpRu(ring) moiety and [RuCp]* is
predominantly covalent (52-54%). The bond dissociation
energy increases with the acceptor ability of the ring ligand:
Cp << [CsBHg¢] <[CsB,H;|, making the boron-contain-
ing triple-decker complexes much more stable than the cy-
clopentadienyl analog.

Both for mono- and dinuclear complexes, the contri-
bution of m-donation to the total covalent bonding de-
creases, whereas that of d-back donation increases on ad-
3325
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dition of BH groups due to a better energy matching of
interacting orbitals. The bifacial bonding of the ring ligand
is characterized by a higher contribution of c-donation
compared to the monofacial one; however, n-donation is
always of primary importance.

Experimental Section

General: All manipulations were performed under dry nitrogen by
using standard vacuum-line and Schlenk techniques. Solvents were
dried by standard methods and distilled under nitrogen before use.
Compounds 1,17 2b,c, [CpRu(MeCN);]PF, 18 [Cp*RuCl]y,!'*)
[(CsMeg)Co(MeCN)5]PFg,2% [(cod)RhCI],,P [(cod)IrCl],,[?? and
AgBF,-3dioxanel>’! were prepared as described in the literature.
Propyne was obtained from ABCR GmbH & Co. KG and dried
with CaCl, before use. The '"H and ''"B NMR spectra were recorded
with a Bruker DRX200 spectrometer operating at 200 and
64 MHz, respectively.

Cp*Ru(n’-CsB,MegH) (2a): A solution of complex 1 (235 mg,
0.64 mmol) in pentane (5 mL) was treated with propyne at room
temperature for 5 min to give immediately a yellow solid. This solid
was filtered off, washed with pentane (ca. 1 mL) and dried in vacuo.
Yield 210 mg (80%). Complex 2a is moderately soluble in pentane
and thf and can be purified by recrystallization. Column
chromatography (silica gel; pentane) cannot be used owing to fast
elimination of one BMe unit to give the boratabenzene complex
Cp*Ru(CsBMesH). '"H NMR (CDCls): § = 5.54 (s, 1 H, CH), 1.94
(s, 6 H, Me), 1.88 (s, 6 H, Me), 1.49 (s, 15 H, Cp*), 0.62 (s, 6 H,
BMe) ppm. "B NMR (CDCly): 6 = 26.4 (br., BMe) ppm.
C,;H3yBoRu (409.20): caled. C 61.64, H 8.38; found C 61.53, H
8.38.

[Cp*Ru(p-n7:m7-CsB,MegH)Co(C4Me,)|PFq (3aPFg): A solution of
complex 2a (42mg, 0.1 mmol) and [(C4Mes)Co(MeCN);]PFy
(44 mg, 0.1 mmol) in thf (5 mL) was stirred overnight. The red pre-
cipitate was filtered off, dissolved in acetone and eluted through a
short silica gel column (0.5X 0.5 cm). Evaporation of the solvent
gave a red solid which was dried in vacuo. Yield 37 mg (51%). 'H
NMR ([DgJacetone): 0 = 6.09 (s, 1 H, CH), 2.52 (s, 6 H, Me), 2.22
(s, 6 H, Me), 1.54 (s, 15 H, Cp*), 1.25 (s, 6 H, BMe), 0.98 (s, 12
H, C,Me,) ppm. "B NMR ([DgJacetone): § = 14.1 (br., BMe) ppm.
CyoHy6B>CoF¢PRu (721.27): caled. C 48.29, H 6.43; found C 48.21,
H 6.38.

[Cp*Ru(p-n":n-7-PhCsB,MesH)Co(C,Mey)|PFs  (3bPFs):  This
complex was prepared similar to 3aPFg as a red solid by starting
from 2b (47 mg, 0.1 mmol) and [(C4Mes)Co(MeCN)3]PF¢ (43 mg,
0.1 mmol). Yield 69 mg (88%). '"H NMR ([DgJacetone): 6 = 7.76
(d, J =7.5Hz 2 H, Ph), 7.61 (t, J = 7.3 Hz, 2 H, Ph), 7.50 (d, J
= 5.6 Hz, Ph), 6.38 (s, 1 H, CH), 2.63 (s, 3 H, Me), 2.34 (s, 6 H,
Me), 1.57 (s, 15 H, Cp*), 1.35 (s, 3 H, Me), 1.22 (s, 3 H, Me), 1.00
(s, 12 H, C4Me,) ppm. ''B NMR ([DgJacetone): 5 = 14.3 (br., BMe)
ppm. C34H43B>CoF¢PRu (783.36): caled. C 52.13, H 6.18; found C
52.20, H 6.21.

[Cp*Ru(p-n":n-7-PhCH,CsB,MesH)RuCp|PFs  (6cPF¢):  This
complex was prepared similar to 3aPF¢ as an orange solid by start-
ing from 2¢ (48 mg, 0.1 mmol) and [CpRu(MeCN);]PF¢ (43 mg,
0.1 mmol) in thf (5mL). Yield 68 mg (86%). '"H NMR ([DgJace-
tone): 0 = 7.68 (d, J = 3.8 Hz, 2 H, Ph), 7.47-7.30 (m, 3 H, Ph),
6.54 (s, 1 H, CH), 4.44 (d, J = 12.4 Hz, 1 H, CH,), 4.05 (s, 5 H,
Cp), 3.52(d, J = 124 Hz, 1 H, CH,), 2.43 (s, 3 H, Me), 2.38 (s, 6
H, Me), 1.65 (s, 15 H, Cp*), 1.39 (s, 3 H, Me), 1.19 (s, 3 H, Me)
ppm. "B NMR ([Dglacetone): § = 15.3 (br.,, BMe) ppm.
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C3,Ha3B,FsPRu, (796.56): caled. C 48.26, H 5.44; found C 48.49,
H 5.41.

[Cp*Ru(p-n":17-CsB,MegH)RuCp*|BF, (4aBF,): Complex 2a
(42 mg, 0.1 mmol), [Cp*RuCl], (27 mg, 0.025 mmol), and TIBF,
(29 mg, 0.1 mmol) were stirred in thf (5 mL) overnight. The orange
solid formed was filtered off and extracted with CH,Cl,. The clear
orange extract was concentrated in vacuo to ca. 0.5 mL, and Et,O
(10 mL) was added to precipitate a yellow solid which was filtered
off and washed with Et,O. The solid was dissolved in acetone and
eluted through a short layer of silica gel. The orange band was
concentrated to give an orange solid which was dried in vacuo.
Yield 56 mg (77%). '"H NMR ([DgJacetone): 6 = 5.86 (s, 1 H, CH),
2.42 (s, 6 H, Me), 2.13 (s, 6 H, Me), 1.55 (s, 30 H, Cp*), 1.13 (s, 6
H, BMe) ppm. "B NMR ([DgJacetone): 6 = 10.4 (br., BMe), 0.9
(s, BFy) ppm. C3;H,9B3F4Ru,:0.25CH,Cl, (753.75): caled. C 49.80,
H 6.62; found C 49.73, H 6.58.

Formation of [Cp*Ru(u-n":n-7-PhCsB,MesH)RuCp*|BF, (4bBF )
and [Cp*Ru(p-n%1"-7-PhCsB,MesH)RuCp*|BF, (5BF,): The reac-
tion was carried out similar to the preparation of 4aBF, by starting
from 2b (47 mg, 0.1 mmol), [Cp*RuCl],; (27 mg, 0.025 mmol), and
TIBF,4 (29 mg, 0.1 mmol). The yellow solid obtained was found to
be a mixture of complexes 4bBF4 and 5BF, in a 1:3 ratio. 4bBF:
'"H NMR ([DgJacetone): 6 = 7.42-7.51 (m, 5 H, Ph), 2.34 (s, 3 H,
Me), 1.96 (s, 6 H, Me), 1.42 (s, 30 H, Cp¥), 1.10 (s, 3 H, Me), 1.05
(s, 3 H, Me) ppm. 5BF,;: '"H NMR ([Dg¢Jacetone): 6 = 6.28 [t, J =
5.7Hz, 1 H, CH (Ph)], 5.68-5.87 (m, 5 H, Ph and CH), 2.16 (s, 3
H, Me), 1.91 (s, 15 H, n®RuCp*), 1.85 (s, 3 H, Me), 1.84 (s, 3 H,
Me), 1.49 (s, 15 H, n7-RuCp*), 0.72 (s, 3 H, Me), 0.59 (s, 3 H, Me)
ppm.

[Cp*Ru(p-17:17-CsB,MegH)Rh(cod)|BF, (7aBF,): A mixture of
[(cod)RhCI], (25 mg, 0.05 mmol) and AgBF,-3dioxane (46 mg,
0.1 mmol) was stirred in thf (5 mL) for 1 h. The yellow solution
formed (containing the [(cod)Rh(thf),]* species) was separated by
syringe from the precipitate of AgCl and added to a solution of 2a
(42 mg, 0.1 mmol) in thf (5 mL). After stirring overnight, the reac-
tion mixture was concentrated to dryness. The yellow solid was
washed with Et,0, dissolved in acetone and eluted through a short
layer of silica gel. The yellow band was concentrated in vacuo to
ca. 0.5 mL. Addition of Et,O (ca. 10 mL) precipitated a yellow so-
lid which was filtered off, washed with Et,O and dried in vacuo.
Yield 61 mg (86%). '"H NMR ([DgJacetone): d = 7.10 (s, 1 H, CH),
3.79 [br, 4 H, CH (cod)], 2.46 (s, 6 H, Me), 2.27 (s, 6 H, Me), 2.09
[m, 4 H, CH; (cod)], 1.71 [m, 4 H, CH; (cod)], 1.64 (s, 15 H, Cp*),
0.69 (s, 6 H, BMe) ppm. "B NMR ([DgJacetone): 6 = 13.2 (br.,
BMe), 0.9 (s, BFy) ppm. Cy,oHsBsF4RhRu (707.09): caled. C
49.26, H 6.56; found C 49.23, H 6.48.

[Cp*Ru(p-17:17-CsB,MegH)Ir(cod)|BF, (8aBF,): The complex was
prepared similar to 7aBF, by starting from 2a (42 mg, 0.1 mmol),
[(cod)IrCl], (34 mg, 0.05 mmol), and AgBF,3dioxane (46 mg,
0.01 mmol). Yield 46 mg (58%). 'H NMR ([DgJacetone): 5 = 6.69
(s, 1 H, CH), 3.71 [m, 4 H, CH (cod)], 2.35 (s, 6 H, Me), 2.32 (s, 6
H, Me), 1.88 [m, 4 H, CH, (cod)], 1.63 (s, 15 H, Cp*), 1.46 [m, 4
H, CH, (cod)], 0.99 (s, 6 H, BMe) ppm. ''B NMR ([Dg]acetone):
d = 12.1 (br., BMe), 0.9 (s, BF,) ppm. CyoH,sB3F4IrRu (796.40):
caled. C 43.74, H 5.82; found C 43.75, H 5.84.

X-ray Crystal Structure Determinations: Crystals of 3bPF¢, 7aBF,,
and 8aBF, were obtained by slow diffusion in a two-layer system,
an acetone solution of complex/diethyl ether at —30 °C. Crystals of
4aBF, were obtained by slow concentration of an acetone/CH,Cl,
solution at room temperature. Crystal data and details of the struc-
ture determinations are listed in Table 5. Intensity data were col-
lected at 100 K with a Bruker AXS Smart 1000 CCD dif-
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3bPF, 4aBF, 7aBF, 8aBF,

Empirical formula C34H48B2COF6PRH C31H47B3F4R112 C29H46B3F4RhRu C29H46B3F4IrRu

Formula mass 783.31 730.26 707.07 796.36

Crystal size [mm)] 0.10Xx0.10x0.10 0.25%0.25x0.15 0.10X0.10x0.03 0.20 X0.15x%0.10

Crystal system triclinic orthorhombic orthorhombic monoclinic

Space group P, Ama2 P2,2,2, P2/c

a[A] 10.5267(10) 15.9985(10) 12.6945(7) 12.9275(6)

b[A] 12.2670(12) 9.9311(6) 13.5925(7) 13.7811(7)

c[A] 13.2352(13) 18.7859(11) 16.4172(9) 15.9095(8)

a [°] 89.346(2) 90 90 90

L1° 74.048(2) 90 90 94.5680(10)

y [} 84.158(2) 90 90 90

VA3 1634.5(3) 2984.8(3) 2832.8(3) 2825.4(2)

Z 2 4 4 4

Deaica. [gem 3] 1.592 1.625 1.658 1.872

Absorption coefficient [mm™] 1.077 1.058 1.160 5.285

F(000) 804 1488 1440 1568

Tnax and Tin 0.7455 and 0.5494 0.7464 and 0.6635 0.7464 and 0.6618 0.7464 and 0.6479

0 range [°] 2.0-28.7 2.2-32.2 2.0-30.5 2.0-31.0

Completeness 99.8 97.3 100 99.9

Reflections collected 34110 37400 68859 69697

Independent reflections 8442 (R;, = 0.0698) 5190 (R;, = 0.0402) 8665 (R;, = 0.0964) 8995 (Riye = 0.0792)

Absolute structure parameter - - -0.04(3) -

Parameters 433 205 354 354

Index ranges -13=h=14 0=h=23 -18=h=18 -18=h=18
-l6=k=16 0=k=14 0=k=19 0=k=19
0=/=17 27=1=27 0=/=23 0=/=23

R(F) (observed) 0.0467 0.0213 0.0387 0.0334

wR; (all data) 0.1140 0.0528 0.0813 0.0703

GooF . 1.067 1.123 1.103 1.067

Largest diff. peak/hole [e A3] 0.947/-1.058 0.858/-0.443 1.349/-1.109 2.093/-1.645

fractometer (Mo-K, radiation, graphite monochromator, A =
0.71073 A). Crystals of 4aBF, were racemic twins. Data were cor-
rected for Lorentz, polarization and absorption effects (semiempir-
ical, SADABS).”* The structures were solved by the heavy atom
method combined with structure expansion by direct methods ap-
plied to difference structure factors (DIRDIF)% and refined by
full-matrix least-squares methods based on F2.*l All non-hydrogen
atoms were refined with anisotropic displacement parameters. Hy-
drogen atoms were placed in calculated positions and refined with
a riding model. CCDC-672081 (3b), -672082 (4a), -672083 (7a),
and -672084 (8a) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Computational Details: The geometries have been optimized at the
gradient-corrected DFT level of theory by using the exchange func-
tional of Beckel?”! and the correlation functional of Perdew!?®!
(BP86). Uncontracted Slater-type orbitals were employed as basis
functions for the SCF calculations.?®! Scalar relativistic effects were
considered by using the zero-order regular approximation
(ZORA) 139 The all-electron ZORA relativistic valence triple-{ ba-
sis set, augmented by two polarization functions TZ2P, was used.
The bonding interactions were studied by means of Morokuma-
Ziegler energy decomposition analysis.*!l The calculations were
carried out by using the ADF 2006.01 program package.*?! Frag-
ment orbital occupations were determined by Mulliken population
analysis using the AOMix program.*¥ The input files were ob-
tained from single-point calculations at the BP86/TZ2P-optimized
structures with the Gaussian 98 program®* by using the BP86
functional and a basis set of triple-{ quality with two polarization
functions def2-TZVPP.?3! Natural charges were obtained by using
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the NBO schemel®9! at the same level of theory. The ChemCraft
programB37! was used for molecular modeling and visualization.

Supporting Information (see footnote on the first page of this arti-
cle): Details of DFT calculations for CpRu(ring) and [CpRu(ring)-
RuCp]* (ring = Cp, CsBHg, CsB,H-) complexes as well as free ring
ligands and the [RuCp]* cation (atomic coordinates for optimized
geometry, energy data, fragment orbital contributions to occupied
MOs, NBO charges and C-C/C-B distances in ring ligands), ex-
tended versions of Tables 2 and 3 (with information for other con-
formers), diagrams corresponding to Tables 1, 2, 3, and 4, energy
decomposition analysis of the [CpRu(C4Hg)]* complex.
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