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Starting from the novel chlorido precursor trans-[RuCl,-
(IMe)4] (1, IMe = 1,3,4,5-tetramethylimidazol-2-ylidene), hy-
dridoruthenium complexes trans-[RuH,(IMe),] (2) and [RuH-
(IMe)4][BEt,] (3BEt,) have been synthesized. Complex 2 was
isolated from the reaction of 1 with LiAlH,, while ionic com-
pound 3 was obtained when LiBHEt; was used as the hy-
dride source. Complexes 1-3 have been characterized by X-
ray crystallography, multinuclear NMR, IR, UV/Vis spec-
troscopy and mass spectrometry. Neutral dihydride 2 dis-

plays a tetragonal bipyramidal geometry with four carbene
groups coordinated to ruthenium in equatorial positions and
two apical hydrogen atoms. DFT calculations suggest that
the trans structure observed for 2 is preferred over a cis ar-
rangement for steric reasons. The ruthenium atom of 3 has a
tetragonal pyramidal coordination environment with a va-
cant coordination site sterically protected by the Me substitu-
ents of the ligands. Thus, compound 3 should be an attractive
target for future coordination studies.

Introduction

Hydridoruthenium complexes [RuH,L,] and [RuHL,]*
bearing mono- to tetradentate phosphane ligands (L) cata-
lyze a variety of organic transformations,!-?! and their abil-
ity to bind dihydrogen and other small molecules, for exam-
ple O, and N,, is noteworthy.[':3] The synthetic utility of
such complexes is further illustrated by the recent stabiliza-
tion of the cyaphide anion (C=P"), end-on coordinated in
the complex [RuH(CP)(dppe),] [dppe = 1,2-bis(diphenyl-
phosphanyl)ethane]. Replacing phosphanes by N-hetero-
cyclic carbenes (NHCs) should significantly alter the steric
and electronic properties of the resulting complexes,™ with
a beneficial impact on potential applications in catalysis
and small molecule activation. Various hydridoruthenium
complexes containing NHCs have been reported some of
which are active catalysts. Among other reactions, NHC hy-
dridoruthenium complexes catalyze the hydrodefluorina-
tion of fluorinated arenes and the tandem dehydrogenation/
Wittig reaction.l! In addition, these reactive compounds
often show a marked propensity for the activation of ligand
C-H bonds!"! while C-C or C-N bond activations have also
been observed.!”®8]

The vast majority of hydridoruthenium complexes con-
taining NHCs display additional ancillary ligands such as
carbon monoxide or halides. Compounds that exclusively
contain NHCs next to the hydrido ligands are exceedingly
rare.’l A very recent report of the complex [RuH(IPr-
Me,)4]" (IPrMe, = 1,3-diisopropyl-4,5-dimethylimidazol-2-
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ylidene)®®*¢ by Whittlesey and co-workers now prompts us
to disclose our own, independent results in this area. Here
we report the synthesis and characterization of two novel
tetrakiscarbene hydrido complexes, trans-[RuH,(IMe),] (2,
IMe = 1,3,4,5-tetramethylimidazol-2-ylidene) and [RuH-
(IMe)4][BEt,4] (3BEt,), which have been prepared from the
new chlorido complex frans-[RuCl,(IMe)4] (1).

Results and Discussion

Syntheses of 1-3

The chlorido complex trans-[RuCl,(IMe),] (1) was ini-
tially obtained as an air-sensitive, orange-brown solid from
the reaction of [RuCl,(PPhs);] with four equivalents IMe.
Unfortunately, the separation from the triphenylphosphane
by-product proved to be cumbersome. Subsequently, we
found that 1 can be prepared in excellent purity by heating
IMe (four equivalents) with [RuCl,(cod)], in toluene for
several hours (Scheme 1).

trans-[RuH,(IMe),]

N
e 2
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[RuCly(cod)ly, ———  trans-[RuCly(IMe),]
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[RuH(IMe)4][BEt,]
3

Scheme 1. Syntheses of 1-3.

Targeting new hydridoruthenium carbene complexes, we
reacted 1 with hydride sources. First, we examined the reac-
tion with a slight excess of LiAlH,. Gratifyingly, we ob-
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tained the yellow target complex trans-[RuH,(IMe)4] (2),
which could be characterized by an X-ray crystal structure
analysis (vide infra). NMR spectroscopic investigations of
the isolated solid reproducibly showed the presence of vary-
ing amounts of a second species which was extremely diffi-
cult to separate from 2. It seems likely that this by-product,
which was characterized by 'H and '*C NMR spectroscopy,
is the intermediate chlorido complex [RuHCI(IMe),]. Al-
though repeated attempts to modify the synthetic procedure
by using a large excess of LiAlH,, longer reaction times or
heating failed to give pure 2, the contamination with the
by-product can be limited to approximately 20% (according
to '"H NMR spectroscopy) by adding LiAIH, in a sequen-
tial fashion.

When dichlorido complex 1 was treated with LiBHEt;
the reaction took a completely different course. The reac-
tion mixture assumed a deep violet color immediately on
addition of the hydride reagent, and the ionic complex
[RuH(IMe)4][BEt,] (3BEt,;) was isolated. Thus, one of the
chlorine atoms of 1 is exchanged for a hydrogen while the
second chlorine is eliminated, presumably as lithium chlo-
ride. The observation of the [BEt4] anion in 3BEt, may at
first seem surprising. However, this anion has previously
been observed several times in reaction mixtures involving
“super-hydride” LiBHEt;.'%!!l Its formation may be ex-
plained by an equilibrium formed between BEt;, LiIBHEt;,
LiBEt, and (BHEt,), in the reaction mixtures.[!?M

Single-Crystal X-ray Structures

Single-crystal X-ray structure analyses of 1-3 have been
carried out at —120 °C. Complex 1 crystallizes in the tetrag-
onal space group P4nc with two molecules in the unit cell.
The molecules reside on a crystallographic Cy axis and dis-
play a square-bipyramidal coordination of ruthenium by
four IMe ligands and two chlorine atoms in a frans arrange-
ment (Figure 1). The rather long ruthenium—carbon and ru-
thenium-—chlorine distances [Rul-C1 2.113(2) A, Rul-Cl1
2.465(2) A, Rul-CI2 2.516(2) A, Table 1] may be caused by
the repulsion between the chlorine atoms and the methyl
substituents at nitrogen which are only 3.213 A apart.['213]
The carbene ligands are tilted with respect to the Cl-Ru-
Cl axis (torsion angle Cl1-Rul-C1-N1 -39.4°). Long Ru—
Cl and Ru-C distances [Ru—Cl 2.455(3), 2.463(3) A, Ru-C
2.103(9)-2.111(9) A] have been reported by Lappert et al.
for the related complex trans-[RuCl,L4] (L = 1,4-diethyl-
imidazol-2-ylidine), which also displays similar Cl-Ru-C-
N torsion angles (-38.24 to —44.44°) as 1.114

Dihydrido complex 2 crystallizes in the orthorhombic
space group Fddd with 16 formula units per unit cell (Fig-
ure 1). The individual molecules are located on crystallo-
graphic C, axes and display a tetragonal bipyramidal ar-
rangement of four carbenes and two trans-coordinated hyd-
rido ligands similar to the structure of 1. Within the accu-
racy of the X-ray diffraction experiment, the Rul-H1 dis-
tance of 1.69(3) A is in the range of values observed for
other hydridoruthenium complexes.['-!31®l The Ru—C bond
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Figure 1. Solid-state molecular structures of trans-[RuCl,(IMe)4]
(1, top) and trans-[RuH,(IMe),] (2, bottom, thermal ellipsoids at
40% level, H-atoms not shown except for H1 and H1’ of 2); sym-
metry transformations used to generate equivalent atoms of 1: '
v+ Lx+1Lz"y-1,x+1,z" —x, —y+2,z0f2: " —x+
3/4, -y + 3/4, z.

lengths of 2.064(2) to 2.058(2) A are in the normal range
(Table 1).['% Similar to 1, the carbene ligands are tilted with
respect to the H-Ru-H axis (HI-Rul-C1-N1 -42.3°, HI-
Rul-C8-N8 —44.0°).

Deep violet 3BEt, crystallizes in the orthorhombic space
group Pcca with four molecules in a unit cell. The com-
pound displays an ion-separated structure which consists of
the [RuH(IMe),]* cation (3) and the [BEt,]” anion (Fig-
ure 2). Both anion and cation reside on crystallographic C,
axes. The ruthenium atom is coordinated in a pyramidal
fashion by the four equatorial carbenes and one apical hy-
drogen atom. The metal center is located perfectly in the
plane spanned by the four carbene carbon atoms. The Ru—
H distance [Rul-HI 1.62(3) A] is identical to that in 2
within the accuracy of the experiment. The Ru-C bonds
are only marginally longer than in 2 (Table 1). As for the
structures of 1 and 2, a “propeller-like” arrangement of the
NHC ligands is observed (H-Ru-C-N range 28.1-43.3°).
The steric crowding induced by the carbene ligands be-
comes apparent from van-der-Waals structure of cation 3
(Figure 3). Four carbene methyl groups create a sterically
shielded “coordination pocket” around the vacant coordi-
nation site of ruthenium. Nevertheless, this space-filling
model also indicates that the metal center still ought to be
accessible for small donor molecules (Figure 2).['”] The
[BEt,]” anion displays normal structural parameters.!'%-18l
919
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Table 1. Selected bond lengths [A] and angles [°] of 1, 2 and 3BEt, (values calculated at the DFT BP86-D/def2-TZVP level for 2 and
cation 3 are given in parentheses, symmetry transformations used to generate equivalent atoms in the X-ray structures of 1:" —y + 1, x +
Lzz"y-1,—~x+1,z""x,-y+2,z0f2: " —x+3/4 —y+3/4,z;0f 3: " —x + 1/2, -y, z.

1 2 3BEt,
Rul-Cl1 2.465(2) Rul-HI 1.69(3) [1.707] 1.62(3) [1.556]
Rul-CI2 2.516(2) Rul-Cl 2.058(2) [2.036] 2.0729(13) [2.055]
Rul-Cl 2.113(2) Rul-C8 2.064(2) [2.036] 2.0896(13) [2.058]
CI-NI1 1.376(3) CI-NI1 1.378(3) [1.384] 1.3725(17) [1.374]
C1-N2 1.376(3) C8 N3 1.379(3) [1.384] 1.3699(16) [1.376]
C2-N1 1.396(3) CI-N2 1.379(3) [1.384] 1.3962(16) [1.378]
C3-N2 1.396(3) C8-N4 1.380(3) [1.384] 1.3677(17) [1.377]
C2-C3 1.338(4) C2-N1 1.395(3) [1.396] 1.3737(16) [1.395]
CIl-Rul-CI2  180.000(1) C10-N3 1.394(3) [1.396] 1.3945(17) [1.396]
CI-Rul-CI2  92.07(10) C3-N2 1.400(3) [1.396] 1.350(2) [1.396]
Cl-Ru-Cll  87.93(10) C9-N4 1.397(3) [1.396] 1,3938(17) [1.395]
CI-Ru-Cl'  175.9(2) C2-C3 1.344(3) [1.366] 1.3968(17) [1.367]
C9-C10 1.345(3) [1.366] 1.3457(19) [1.367]
Cl-Rul-HI, 89.2(9) [90.0] 88.31 [87.7]
C8-Rul-HI 89.3(9) [90.0] 89.0(9) [91.7]
Cl-Ru-Cl’ 87.47(11) [90.0] 99.07(7) [93.9]
Cl-Rul-C8 178.13(8) [180.0] 86.40(5) [86.2]
B1-C103 - 165.5(2)
B1-C101 - 165.3(2)
C Bl C range - 107.47(17)-110.85(8)

Figure 2. Top: solid-state molecular structure of [RuH(IMe),][BEt,4]
(3BEty, thermal ellipsoids at 40% level, disorder of H1 and H-
atoms bound to carbon not shown). Bottom: space-filling model
of cation 3; symmetry transformations used to generate equivalent
atoms of 3: ' —x + 1/2, -y, z.

Spectroscopic Characterization

The molecular ions could not be detected in the mass
spectra of 1-3, but characteristic fragments have been ob-
served which are in agreement with the assigned structures.
In particular, the MALDI spectra of 2 and 3 showed domi-
nant peaks for the [RuH(IMe),]* cation. In the infrared
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spectrum, the Ru-H stretch of dihydrido complex 2 was
observed at 1852 cm !. A smaller absorption at 1713 cm ™!
may be assigned to the presumed by-product [RuHCI-
(IMe),]. For cation 3, the Ru—H stretch is shifted to higher
wavenumbers (2081 cm™'). Similar values have been re-
ported for [RuH,(dippe),] and [RuH(dippe),][BPhy], respec-
tively.[?!

Multinuclear NMR spectroscopic studies fully support
the structural assignments of 1-3. The '3C NMR signals of
the carbene carbons coordinated to ruthenium are in the
usual range (1: 198.7 ppm, 2: 212.0 ppm, 3: 200.9 ppm).l!
Only one set of methyl resonances was detected for 1 and 2
with chemical shifts similar to those observed for the free
carbene IMe. Dihydride 2 showed a hydride resonance at ¢
= —7.45 ppm in the '"H NMR spectrum. Similar shifts have
recently been reported by Milstein et al. for trans-dihydrido-
ruthenium complexes containing PONOP pincer ligands.['*]
The minor by-product observed in the synthesis of 2 fea-
tured a hydride resonance of —16.24 ppm and two sets of
Me signals in the '"H NMR spectrum, indicating the re-
duced symmetry of this complex. The 3C{'H} spectrum
revealed a shift of 200.9 ppm for the carbene C atom, an
identical value as for cationic 3.

The "H NMR spectrum of 3BEt, in non-coordinating
fluorobenzene showed a hydride signal at —39.06 ppm, sim-
ilar to the high-field shifts reported for [RuH(IPrMe,),]-
[BArF,] (6 = —41.2ppm) and [RuH(dippe),|[BPhs] [0 =
-31.0 ppm, dippe = 1,2-bis(diisopropyl)phosphanyleth-
ane].>1 Broad multiplets at 6 = 0.94 and 1.58 ppm, and a
broad "B NMR resonance at —16.5 ppm ([Dg]THF) con-
firmed the presence of the tetraecthylborate anion.!0-!!]
Variable-temperature '"H NMR spectra of 3BEt, in coordi-
nating [Dg]THF down to —50 °C point to the formation of
a rapid equilibrium between the free [RuH(IMe)4]* cation
(3) and the THF adduct [RuH(IMe),([Dg]thf)]" (3thf),
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Figure 3. Optimized structures of tetrakiscarbene hydridoruthenium complexes.

which are present in a ratio of 6:1 at —50 °C. A high-field
singlet at —40.01 ppm may be assigned to 3 while a second
signal in the hydride region at —8.99 ppm arises from the
adduct 3thf?% The carbene resonances of 3 and 3thf
showed partial overlap. A NOESY spectrum recorded at
—50 °C revealed exchange cross peaks between both species.
An NOE was observed between the pair —40.01/3.13 ppm
(hydride/ N-Methyl signal of the free cation 3), demonstrat-
ing that the corresponding hydrogen atoms are in close
proximity. Similarly, the N-methyl signal of 3thf at 6 =
3.03 ppm showed an NOE with the hydride signal at
—-8.99 ppm. At room temperature in [Dg]THF, only a very
broad peak at —40.1 ppm was observed for 3 due to partial
coalescence with the hydride signal of 3thf. An additional,
small broad singlet at —4.03 ppm, which was repeatedly de-
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tected in [Dg]THF solutions of crystalline samples of 3BEt,,
may arise from the presence of minor amounts of residual
hydridoborate or borane species.!'’"

DFT Calculations

Quantum chemical calculations further support the
structural formulations of 2 and 3. Full DFT optimizations
at the BP86-D/def2-TZVP level of theory gave an excellent
agreement of the calculated and the experimentally deter-
mined structures (Table 1). The shortening of the Ru-H dis-
tance of 3 (1.556 A) compared the Ru-H bonds of 2
(1.707 A) may be attributed to the smaller coordination
number and the cationic charge of the complex. In agree-
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ment with the solid-state structures, complex 3 displays
slightly longer Ru—C bonds (by 0.019-0.022 A) than 2. It is
tempting to attribute this slight difference to a diminished
bonding interaction between ruthenium and the carbene. In
order to gain more insight into the bond energetics of 2
and 3, we calculated the interaction energy between the IMe
ligands and the fragments RuH, (2) and RuH™" (3).?!l In-
deed, the neutral complex 2 features a stronger interaction
energy (—119.6 kcalmol™! per IMe ligand) than cation 3
(-98.8 kcalmol™' per IMe ligand). Furthermore, we per-
formed NBO and NPA analyses on the optimized geome-
tries of 2 and 3. As expected the metal atom in 3 displays
a more positive natural charge (-0.92) than in the neutral
dihydride 2 (-1.62). The Ru-C bonding NBOs of neutral
dihydride 2 show occupation numbers of 1.87 and 1.84 elec-
trons. The corresponding NBO of cation 3 is only slightly
less populated (1.82). The Ru-C bonds of 2 feature a
Wiberg bond index of 0.85 while the Wiberg bond index for
the Ru-C bonds of 3 is a slightly lower (0.82). Thus, the
Ru-C bond strength in 3 appears to be slightly reduced
compared to 2 although the observed differences are quite
small. One possible explanation may be a reduction in
metal-ligand backbonding in the cationic complex 3. 7-
Backbonding has been discussed as a factor that potentially
contributes to NHC transition metal bonds.??) Future
analyses must show whether such interactions are also sig-
nificant in tetrakiscarbene hydridoruthenium complexes.

An interesting aspect of 2 is the zrans arrangement of the
hydrido ligands, which is in contrast to the cis geometry
that is adopted by related phosphane complexes.['! Optimi-
zation of the hypothetical cis dihydride cis-[RuH,(IMe)4]
(2a, Figure 3) showed that this complex is +14.3 kcalmol™!
higher in energy than trans complex 2. Interestingly, the
simplified models cis-[RuH,(Im),] (2a’, Figure 3) and trans-
[RuH,(Im),] (2") where the methyl substituents of the car-
bene ligands were replaced by hydrogen atoms, show practi-
cally no difference in energy. The methyl-substituted ligands
(IMe) and parent imidazol-2-ylidene ligands (Im) have very
similar electronic properties.?*) To investigate the possible
influence of electronic effects further we optimized the com-
plexes trans-[RuH,(alm),] (2'', Figure 3) and cis-[RuH,-
(alm)y] (2a’’), which contain the much more electron-do-
nating “abnormal” carbenes imidazol-5-ylidene (alm).4
Again, we found practically no energy difference between
2'" and 2a'’. Thus, the preference for a trans structure is
most likely of steric origin.

HOMO, -6.198 eV LUMO, -4.215 eV

Figure 4. Frontier orbitals of 3.
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The frontier Kohn-Sham orbitals of [RuH(IMe)4]* (3)
are depicted in Figure 4. A Mulliken population analysis
revealed that the HOMO displays 57% d character with the
remaining contributions arising from ligand = orbitals. The
LUMO represents an antibonding combination of a hydro-
gen s orbital (13% contribution according to the Mulliken
analysis) and ruthenium s (5%), p (27%) and d orbitals
(17%). According to its shape and low energy, the LUMO
should be very well-suited for favorable interactions with
donor orbitals from coordinating molecules.

Conclusions

Hydridoruthenium complexes trans-[RuH,(IMe)s] (2)
and [RuH(IMe),][BEt4] (3BEt;), supported by four N-het-
erocyclic carbene ligands, are readily accessible by reaction
of the chloro precursor trans-[RuCl,(IMe),] (1) with LiAlH,4
and LiBHEt;, respectively. The special steric properties of
the carbenes employed in this study favor the formation of
a trans structure for 2, whereas a cis arrangement is fre-
quently observed for related phosphane complexes. The cat-
ionic complex 3 displays a sterically protected coordination
site, opening up the interesting prospect of using 3 and re-
lated complexes for the binding and activation of small mo-
lecules.

Experimental Section

General: All procedures were carried out under an inert atmosphere
of purified argon and in dried solvents (toluene, THF and diethyl
ether with Na/benzophenone, n-hexane with LiAlH,). [RuCl,-
(cod)] and IMe were prepared according to literature pro-
cedures.?>-261 LiAlH, was recrystallized from diethyl ether before
use. The connectivity of the ligand atoms was confirmed using two-
dimensional NMR spectroscopy (HMBC, NOESY).

Synthesis of 1: [RuCly(cod)], (0.280¢g, 1.00 mmol) and IMe
(0.505 g, 4.00 mmol) were dissolved in toluene (60 mL) and heated
to 100 °C for four hours. After cooling to room temperature, the
reaction mixture was filtered and all volatile materials were re-
moved in vacuo. The brown residue was washed with n-hexane and
suspended in THF (40 mL). After filtration, the solution was lay-
ered with n-hexane (60 mL) to obtain 1 as an orange-brown solid.
Crystals of 1 were grown at room temperature by layering a dilute
THF solution with n-hexane. Yield 0.293 g (44%); m.p. (argon,
sealed capillary) 263 °C (dec.). 'H NMR (400 MHz, C4Ds, 300 K):
6 = 1.66 (s, 24 H, CCH3), 3.55 (s, 24 H, NCH3) ppm. *C NMR
(101 MHz, C¢Dy, 300 K): 6 = 9.7 (s, CCH3), 35.4 (s, NCH3), 124.0
(s, CCHs3), 198.7 (m, CRu) ppm. MS (EI120 eV): m/z (%) = 544 (33)
[RuCl,(IMe);*], 420 (100) [RuCly(IMe),*]. IR (KBr, nujol): v = 457
(w), 1057 (s), 1153 (m), 2668 (w), 2721 (m) cm™'. UV/Vis (THF,
emax/dm3mol Tem™): A = 288 (16500) nm. C,gHugCl,NgRu
(668.7): calcd. C 50.3, H 7.2, N 16.8; found C 50.0, H 7.0, N 16.2.

Synthesis of 2: [RuCl,(IMe)4] (1) (0.280 g, 0.45 mmol) and LiAlH,
(0.035 g, 0.92 mmol) were dissolved in THF, and the mixture was
stirred at room temperature for two days. Further LiAIH, (0.035 g,
0.92 mmol) was added and the reaction mixture was stirred at room
temperature for another two days. After removing all volatile mate-
rials in vacuo, the yellow residue was washed with n-hexane and
dissolved in diethyl ether (30 mL). After concentrating the solution
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to 20 mL, yellow crystals of 2 were obtained at —18 °C which were
contaminated with about 20% of a yellow, crystalline by-product
that could not be separated, Yield 0.024 g (11% ref. to 2); m.p.
(argon, sealed capillary) 162 °C. "TH NMR (400 MHz, C¢Dy, 300 K,
product mixture): 0 = —16.24 (s, 0.2 H, HRu of by-product), —7.45
(s, 2 H, RuH, of 2), 1.69 (s, 2.4 H, CCHj; of by-product), 1.73 (s,
2.4 H, CCHj of by-product), 1.84 (s, 24 H, CCHj; of 2), 3.22 (s,
2.4 H, NCH; of by-product), 3.70 (s, 2.4 H, NCHj; of by-product),
3.80 (s, 24 H, NCH; of 2) ppm. 3C NMR (101 MHz, C¢Ds,
300 K): 0 = 9.5 (s, CCHj; of by-product), 9.9 (s, CCH; of byprod-
uct), 10.3 (s, CCH; of 2), 35.0 (s, NCH; of by-product), 36.1 (s,
NCHj; of 2), 37.2 (s, NCH; of by-product), 120.5 (s, CCHj3 of 2),
121.9 (s, CCHj; of by-product), 122.5 (s, CCHj3 of by-product),
200.9 (m, CRu of by-product), 212.0 (m, CRu of 2) ppm. MS
(MALDI-TOF, matrix DCTB): m/z = 599 ([RuH(IMe),]"). IR
(product mixture, KBr, nujol): ¥ = 667 (vw), 694 (w), 723 (m), 758
(s), 851 (vw), 1049 (m), 1070 (m), 1342 (w), 1365 (s), 1413 (w), 1713
(VW, vgu_n of by-product), 1852 (W, vgy p of 2) cm ™.

Synthesis of 3BEt,: LiBEt;H (0.093 g, 0.88 mmol, 1 M solution in
THF) was added dropwise to a solution of [RuCly,(IMe)] (1)
(0.293 g, 0.44 mmol) in THE. The color changed to deep violet on
stirring overnight at room temperature. After filtration, all volatile
materials were removed in vacuo and the residue was washed with
n-hexane. The crude product was dissolved in THF (20 mL) and
layered with n-hexane (20 mL) to yield 3 as deep violet crystals.
Yield 0.074 g (23%); m.p. (argon, sealed capillary) 216 °C. 'H
NMR (400 MHz, fluorobenzene, 300 K): 6 = -39.06 (br., 1 H,
HRu), 0.94 (br. m, 8 H, BCH,CH3), 1.58 (br. m, 12 H, BCH,CH),
1.88 (s, 24 H, CCHS3), 3.21 (s, 12 H, NCH;), 3.71 (s, 12 H, NCH)
ppm. 'H NMR (400 MHz, [Dg]THF, 300 K): 6 = —40.1 (br., 0.25
H, HRu), -0.17 (m, Jy.118 = 4.0, Jy.108 = 1.3, Jy.u = 7.8 Hz, 8 H,
BCH,CHs;), 0.61 (m, Jy.1i8 = 2.9, J.108 = 1.0, Jyy = 7.8 Hz, 12
H, BCH,CH;), 2.04 (s, 24 H, CCH;), 3.11 (s, 12 H, NCH;), 3.13
(s, 12 H, NCH3) ppm. 'H NMR (400 MHz, [Dg]THF, 220 K): 6 =
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—40.01 (s, 1 H, HRu of 3), -8.99 (s, 0.16 H, HRu of 3thf), -0.22
(m, 8 H, BCH,CH3), 0.61 (m, 12 H, BCH,CH3), 2.04 (s, 28 H,
CCHj; of 3 and 3thf), 3.03 (s, 2 H, NCHj; of 3thf), 3.13 (overlapping
s, 26 H, NCH; of 3 and 3thf) ppm. 3C{'H} NMR (101 MHz, [Dg]-
THE, 300 K): 6 = 9.2 (s, CCH3), 9.6 (s, CCH3), 12.3 (s, Jc. 1 =
13.7 Hz, BCH,CH3), 17.9 (q, ‘Jc 118 = 40.8 Hz, BCH,CH3), 34.0
(s, NCH3), 34.4 (s, NCH3), 123.6 (s, CCH3), 123.9 (s, CCH3), 200.9
(m, CRu) ppm. "B NMR (128 MHz, [Dg]THF, 300 K): 6 = -16.5
(br. s) ppm. MS (MALDI-TOF, matrix DCTB): m/z = 599
([RuH(IMe)4]"). IR (KBr, nujol): v = 843 (vw), 1055 (m), 1148 (w),
1352 (w), 2081 (w, vgyn) cm'. UV/Vis (THF,
dm’ moltem™): A = 299 (3770), 562 (710) nm. C3sHgoBNgRu
(725.9): caled. C 59.6, H 9.6, N 15.4; found C 59.3, H 9.5, N 15.6.

gmax/

Crystal Structure Determinations: The crystallographic data were
collected with a Bruker APEX diffractometer equipped with a rot-
ating anode (Mo-K, radiation). The crystals were coated with a
perfluoro polyether, picked up with a glass fiber and immediately
mounted in the cooled nitrogen stream of the diffractometer. Crys-
tallographic data and details of the final refinement are provided
in Table 2.271 All non-hydrogen atoms were refined with anisotropic
displacement parameters. The hydrogen atoms of 2 and 3 coordi-
nated to ruthenium were located in the Fourier difference map and
refined freely. The hydrogen atom H1 in 3 was disordered over two
positions (50% occupancy each), but could be refined freely with
a reasonable adp. All hydrogen atoms attached to carbon were cal-
culated on ideal positions and allowed to ride on the bonded atom
with U = 1.2 U,(C).

CCDC-739693 (for 1), -739694 (for 2), and -739695 (for 3) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

DFT Calculations: Calculations based on Kohn-Sham density
functional theory (DFT) have been carried out using the

Table 2. Crystal data and structural refinement for the complexes 1-3BEt,.[!

1 2 3BEt,
Empirical formula C28H48C12N8RU ngHsoNgRu C36H69BN8RU
Temperature [K] 153(2) 153(2) 153(2)
Crystal system tetragonal orthorhombic orthorhombic
Space group Panc Fddd Pcca
a LA] 11.9564(10) 21.4773(13) 21.1628(14)
b[A] 11.9564(10) 23.5775(14) 10.6774(7)
dA] 10.8963(13) 25.4642(15) 17.6705(11)
al°] 90 90 90
JiiM| 90 90 90
7 [°] 90 90 90
V10730 m?) 1557.7(3) 12894.6(13) 3992.9(4)
Z 2 16 4
Deaiea. [gem™3] 1.426 1.236 1.207
u [mm'] 0.707 0.515 0.427
Crystal size [mm] 0.05x0.03 x0.02 0.15x0.02 x0.02 0.18 X0.15x0.01
Radiation Mo-K,, graphite-monochromator

4.41<60<29.59
-16=h=16
-16= k=16
-14=/=15

0 range for data collection [°]
Index ranges

Independent reflections
Parameters 92

R = S||E,| — |FIE) [F > 40 (F)] 0.0279
WR, = w(|F,| — |F.J?)? 0.0695
Max./min. residual electron density [103° em 3] 0.453/-0.613

2197 (Riy, = 0.0477)

1.51<6<26.00 1.91<6<29.61

26=h=26 29=h=28

28= k=29 l4=k=14
31=/=31 24=]=24

3183 (Riy = 0.0440) 5629 (Rip; = 0.0347)
180 223

0.0264 0.0270

0.0683 0.0808

1.277/-0.420 0.396/-0.637

[a] Programs SHELXTL, SHELXTL-97;?7) solutions using the Patterson method, full-matrix refinement with all independent structure

factors.
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TURBOMOLE quantum chemical program system.®! Full, un-
constrained structural optimizations have been performed using
large triple-{ Gaussian AO basis sets (def2-TZVP) with effective
core potential on ruthenium,?” and the RI integral approximation
has been employed.[3 As density functionals the BP86 functional
has been used.’" In all DFT treatments we used the now well-
established correction for long-range London dispersion effects
(DFT-D method).?? Stationary points were identified as local min-
ima by frequency calculations (no imaginary frequencies >50 cm™)
using the program AOFORCE.*3 A comparison of theoretical and
experimental structural data for 2 and 3 is given in Table 1. NBO
analysesl** were performed using NBO version 3.1 implemented in
Gaussian03.5°]

Supporting Information (see also the footnote on the first page of
this article): Cartesian coordinates and energies of all calculated
structures.
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