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ABSTRACT: Amine borane type substrates show significant potential as
safe and effective chemical hydrogen storage materials. β-Diketiminato(η6-
arene)-Ru(II) complexes have shown the ability to rapidly perform the
heterolytic cleavage of H2 under mild conditions through bifunctional
metal-ligand interaction. The presented work explores the applicability of
such complexes toward the catalytic dehydrogenation of different
substituted amine boranes, in particular, ammonia borane (AB) and
N,N-dimethylamine borane (DMAB). Complex [(η6-C6H6)-Ru(2,6-
(CH3)2-C6H3NC(CH3))2CH]OTf (1) showed excellent activity in the
catalytic release of a single equivalent of H2 within 0.5 h from a
concentrated DMAB solution in THF (3.2 M) at near ambient temperatures. Studies involving structural analogues of 1 allowed
insight into the operational dehydrocoupling mechanism. It is concluded from this preliminary work that in solution, 1 forms a
homogeneous bifunctional active species that does not undergo deactivation, even after prolonged exposure to H2 at elevated
pressures.

KEYWORDS: ammonia borane, N,N-dimethylamine borane, dehydrocoupling, ruthenium(II) β-diketiminato complexes,
hydrogen generation

■ INTRODUCTION

Chemical hydrogen storage, in which H2 is covalently bound
and stored within a carrier molecule, offers a number of key
advantages, including high hydrogen per weight content and
reduced risk of explosion and volatile dissipation. Hence, this
molecular-based technology has the possibility to provide a
practical solution for H2 storage in mobile applications.1 Low-
molecular-weight hydrogen-substituted nitrogen-boron com-
pounds, such as ammonia borane (AB), show significant
potential as hydrogen storage materials, with a hydrogen-to-
weight ratio up to 19.6%.2,3 The release of H2 from AB and
related substrates can involve different methods, including
thermal decomposition in the solid (i)4 and solution state (ii);5

hydrolysis (iii),6,7 and homogeneous (iv)8−10 or heterogeneous
catalytic dehydrogenation in solution (v).11,12 In our view, the
fourth approach is the most promising because it allows for
high selectivity through intimate substrate-catalyst interaction,
which could ultimately allow for a controllable and reversible
process. Since the first reports on homogeneous transition
metal catalyzed dehydrogenation of amine boranes appeared, a
number of highly potent systems have been developed.13−15 In
recent years, continuous research in transition metal AB
dehydrogenation catalysis examined the performance and
mechanisms of different systems in organic solvents and ionic
liquids.16−18 Importantly, studies involving the N-methyl15 and,
in particular, N,N-dimethyl (DMAB)19−22 derivatives enable a
more enhanced understanding of the interaction between the

substrate and metal complex because the resulting dehydrocou-
pling products are less prone to polymerization compared with
AB. The propensity of ruthenium-based complexes to react and
coordinate dihydrogen is well established, and consequently, a
great number of highly active organoruthenium catalysts have
been applied to dehydrocoupling reactions of AB and related
BN substrates.23−28

In 2007, Phillips and co-workers reported the bifunctional
[(η6-C6H6)-Ru(II)-β-diketiminato]OTf complex 1, which
cleaves H2 heterolytically under very mild conditions.29 The
resulting β-diimine-Ru(II)-hydride complex 1′ (Scheme 1)
readily reverts back to the dehydrogenated β-diketiminato
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Scheme 1. Reversible Formation of Complex 1′ via
Heterolytic Cleavage of H2 by 1
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complex 1 when the H2 atmosphere is removed. This is in stark
contrast to the β-diketiminato calcium and magnesium
complexes presented by the groups of Harder and Hill,
which, albeit active in the dehydrocoupling of AB, do not
display bifunctional heterolytic activation of H2.

30−33 The
structure of 1′, in the presence of H2 was established by
solution NMR and in the solid state through X-ray diffraction
studies.29

More recently, it has been demonstrated that 1 and related
species are potent catalyst precursors in the homogeneous
hydrogenation of styrene.34 From these initial results, the
application of 1 toward catalytic dehydrocoupling of ammonia
borane (AB) and dimethylamine borane (DMAB) seemed
promising. Aside from 1, there are only very few known
dehydrocoupling catalysts that afford the possibility of a
bifunctional mechanism.27,35−39 Importantly, complexes such
as 1 that show cooperative activation of H2 potentially allow for
a pressure- or temperature-limited, reversible dehydrocoupling
process, as evidenced by the forward and backward reactions
depicted in Scheme 1.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of Complexes. Scheme
2 outlines the cationic (η6-arene)-Ru(II)-β-diketiminato
complex 1,29 and the previously unreported complexes 2−4.
These compounds provide the basis for a first insight into the
general activity of this class of organoruthenium complexes in
the dehydrocoupling of AB and DMAB. The corresponding β-
diketiminate ligands were prepared according to literature
procedures (Scheme 2).40−44 Transmetalation of the ligands
required deprotonation by nBuLi at 0 °C to quantitatively yield
the air- and moisture-sensitive organolithium salts.45−48 The
subsequent reaction with [(η6-arene)-RuCl]2-μ2-Cl2, in the
presence of an excess of NaOTf, afforded the organometallic
salts 1−4 in good to excellent yields.29

Characterization of 1−3 by 1H NMR in CDCl3 shows the
diagnostic β-H 1H signal in 1 (δ = 6.64 ppm) slightly more
deshielded than for 2 (δ = 6.55 ppm) and 3 (δ = 6.39 ppm),
indicative of the enhanced electron-donating character and
increased steric bulk of the η6-C10H14 p-cymene and η6-C6Me6
hexamethylbenzene groups, respectively. All complexes were
characterized in the solid state by single crystal X-ray
diffraction, in which 2−4 reveal a well-defined vacant
coordination site around the Ru(II) metal center (Figure 1).

Scheme 2. Synthesis of the Cationic β-Diketiminato-(η6-arene)-Ru(II) Complexes 1−4 via Deprotonation and Lithiation of the
β-Diketiminate Ligands

Figure 1. ORTEP representation of complexes 2−4. Thermal ellipsoids are drawn at the 50% probability level. Hydrogen atoms, anions, solvates,
and internal atomic disorder were omitted for clarity. Relevant average bond distances (Å) and angles (°): (2) Ru−N, 2.017(6); Ru−Ccent, 1.713(3);
N−Ru−N, 89.1(2); Ccent−Ru−Ncent, 178.1(2); Ru−Ncent−C11, 173.3(3). (3) Ru−N, 2.023(1); Ru−Ccent, 1.776(1); N−Ru−N, 88.4(1); Ccent−Ru−
Ncent, 180.0(1); Ru−Ncent−C11, 179.9(1). (4)a) Ru−N, 2.011(5); Ru−Ccent, 1.719(4); N−Ru−N, 88.4(2); Ccent−Ru−Ncent, 177.9(2); Ru−Ncent−
C14, 174.6(3). (a) Unit cell contains two crystallographically independent molecules, and values shown represent an average.
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This is a direct consequence of the sterically demanding 2,6-
dimethyl substituents of the flanking aryl groups associated with
the β-diketiminate ligand. Complex 3 shows increased internal
ligand-metal steric repulsion, as evidenced by an elongated
bond distance between the (η6-C6Me6)

cent and Ru(II) of
1.776(1) Å, as compared with 1.705(3) Å in 1.29 Similarly, the
(η6-C6H6)

cent−Ru(II) distance in 4 is within 1.719(4) Å,
slightly longer than in 1, possibly due to the enhanced electron
releasing properties of the anilido-imine ligand. The out-of-
plane folding of the η6-coordinated arene group along the
median C−C plane in half-sandwich complexes is quite a
common feature. In 3, however, this is with 15° particularly
marked due to the steric repulsion between η6-C6Me6 and the
flanking aryl substituents of the β-diketiminate ligand (Figure
1).
Catalytic Dehydrocoupling. To evaluate the ability of 1

to catalytically release H2 from ammonia borane (AB), an in
situ 1H NMR study in THF-d8 was performed. At room
temperature, a THF solution of AB (0.26 mmol) in the
presence of 1 (10 mol %) showed initially a gradual increase in
dissolved H2 and the formation of 1′. After completion,
solution 11B NMR analysis of the soluble dehydrocoupling
products indicated the formation of B-(cyclodiborazanyl)-
aminoborohydride (BCDB) with traces of cyclotriborazane
(CTB) and borazine (see the Supporting Information for
further details).49 When the reaction was repeated using 0.65
mmol of AB, the final dehydrocoupling product observed was a
colorless, insoluble solid, which readily underwent hydrolysis
when exposed to wet solvents, liberating additional quantities of
H2. Infrared spectroscopy and thermogravimetric analysis of the
resulting solid were consistent with the previously reported
polyaminoborane PAB (NH2BH2)5 (see the Supporting
Information).14,50−53 From these initial findings, a more
relevant test series examining the dehydrogenation of AB in
THF (3.2 M) in presence of 1 (0.5 mol %) was undertaken,
employing a sealable stainless steel pressure reactor. Unfortu-
nately, even in the absence of catalyst, the rate of H2 release
from a solution of AB (3.2 M) in THF at 42 °C is not
negligible (see the Supporting Information). The thermal
stability of AB in various solvents has been studied in detail by
Shaw et al.49

Given the above findings, it is difficult to evaluate directly the
performance of 1 and elucidate a possible mechanism.
Furthermore, it is questionable to refer to such a process as
being purely under catalytic control, given the modest effect of
the complex on the H2 release. More importantly, in contrast to
previous reports, kinetic data require correction with respect to
the uncatalyzed thermal AB dehydrogenation process,
especially in organic solvents such as THF.27 Contrary to AB,
DMAB is significantly more stable under noncatalytic
conditions, showing only marginal H2 release (Figure 2).
Hence, DMAB was chosen to test the activity of 1 and related
complexes. From Figure 2, it is observed that a 3.2 M THF
solution of DMAB at 42 °C in the presence of 0.5 mol % of 1
leads to the quantitative release of a single equivalent of H2 in
approximately 30 min. The soluble reaction products were
identified by 11B NMR to be predominantly the cyclic dimer
(Me2N-BH2)2 (see the Supporting Information for details).13

To investigate the efficiency and mechanistic properties of 1
in the dehydrocoupling process, the electron-donating η6-
C10H14 p-cymene analogue 2 was evaluated, which showed a
significant decrease in activity as compared with 1 (Figure 2).
The latter may be explained by the reduced stability of the Ru−

H bond in 2 due to the increase in electron density at the metal
center. For complex 3, the loss in activity is even more
pronounced. Not only is the electron density at the metal
center the highest within the series, but also the considerable
steric bulk of the η6-C6Me6 arene ligand interferes strongly with
the approach of the DMAB substrate. Moreover, it is important
to note that a concentrated THF solution of 3 in the presence
of H2 does not allow for the facile formation of a species
analogous to 1′. Despite the reduced activity, complex 3 still
mediates the complete release of 1 equiv of H2 from DMAB
after a prolonged period of 102 h without any indication of
deactivation. The latter observation underlines the robustness
of the here-presented catalysts under the tested reaction
conditions. From the above observations, in particular, the
reaction of 1 with H2 (Scheme 1), the catalytic dehydrocou-
pling of DMAB can be assumed to proceed initially via the
abstraction of the hydride from the BH3 component by the
Ru(II) center. The acidic proton of the NMe2H group then
protonates the β-carbon position of the β-diketiminato ligand,
resulting in the formation of the saturated β-diimine complex 1′
(Scheme 3).
It is important to note that H2 can be released from 1′

simultaneously via recombination of the metal hydride and one
of the β-protons from the diimine ligand. Alternatively, a
stepwise mechanism that involves hydride abstraction from 1′
by recombination with the acidic proton of an additional
DMAB molecule could be envisaged. To test which of the
above mechanisms is active, the substituted β-diketiminate
complex 4 was prepared. Here, the protonation of the β-carbon
in the aniliodo-imine ligand is considerably hindered because
the aromaticity of the incorporated phenyl group is disrupted.
As seen in Figure 2, complex 4 retains moderate activity in the
catalytic DMAB dehydrocoupling, suggesting that the stepwise
mechanism is operational for this complex. However, because 4
is less active than 1, the formation of 1′ appears to be crucial for
an efficient dehydrocoupling process.
Importantly, for each complex tested, Figure 2 reveals an

initially slow kinetic regime prior to the offset of the catalytic
activity. Therefore, it is crucial to establish whether 1 and
related derivatives are, indeed, the actual homogeneous
catalysts responsible for the dehydrocoupling of DMAB. The
addition of excess Hg(0) is a widely known method to inhibit
heterogeneous catalysts;54,55 however, the required control

Figure 2. Time dependent H2 gas evolution (pressure derived DMAB
equivalents) in dehydrocoupling reactions of DMAB (3.2 M) in
anhydrous THF (10 mL) catalyzed by complexes 1−4 (0.5 mol %) at
42 °C and constant volume (details provided in the Supporting
Information).
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experiment involves the use of a known heterogeneous Ru
active species, structurally similar to 1.
Zahmakiran et al. recently published their work on the

transformation of Ru(cod)(cot) into a heterogeneous active
species under AB dehydrogenation conditions.56 Upon the
addition of excess Hg(0), the catalytic activity was completely
quenched. In a similar experiment, 50 equiv of Hg(0) was
added to a 3.2 M THF solution of DMAB in the presence of 1
(0.5 mol %) at 25 °C. Within the error of the measurement, no
change in dehydrogenation activity was observed. Alternatively,
a poisoning experiment was envisaged in which the open metal
coordination site of 1 is blocked by a nonlabile group. To this
end, the coordinatively saturated Ru(II)-Me complex 5 was
synthesized (Figure 3). Under conditions identical to the ones

employed for 1−4, complex 5 shows no catalytic activity in the
dehydrocoupling of DMAB (see the Supporting Information
for details). In addition, Figure 2 reveals distinct characteristic
reaction profiles for each of the structurally related complexes
tested. It is therefore reasonable to assume that 1 represents a
homogeneous active species.

In contrast to the results obtained at 42 °C (Figure 2),
similar room temperature experiments involving a THF
solution of DMAB in the presence of 1 showed a prolonged
induction period of ∼80 min. It is interesting to place these
results into context with similar bifunctional Ru(II) catalysts.
Friedrich et al. reported the Ru-amido pincer complex
[Ru(H)(PMe3)(N(CH2CH2P

iPr2)2)] to be highly active in
the catalytic dehydrogenation of DMAB;35,36 however,
according to the authors, the complete release of a single
equivalent of H2 could not be achieved because of catalyst
deactivation. Whittlesey et al. recently investigated the mixed-
metal mono-NHC complex [Ru(1,1′-bis(diphenylphosphino)-
ferrocene)(1,3-dicyclohexylimidazol-2-ylidene)HCl], which
showed rapid release of 1 equiv of H2 within 50 min after an
initial short induction period.38 However, the reported
induction period is much shorter than the one observed for 1
and is hypothesized to be associated with the formation of a
vacant coordination site via ligand loss.
In contrast, complex 1 already features a vacant coordination

site, and hence, the observed delay in activity cannot be
explained by this process. It is important to note that all the
above reactions were performed in N2-flushed THF, which
does not induce the rapid formation of 1′ via the equilibrium
process described in Scheme 1. In a separate experiment, a H2
saturated solution of THF containing 0.5 mol % of 1 was
prepared prior to the addition of DMAB which then resulted in
an accelerated dehydrogenation and a considerably shorter
induction period (Figure 4). The latter findings clearly suggest
that the activity of 1 strongly depends on the rate of formation
of H2 adduct 1′.

■ CONCLUSIONS
The fast and controlled release of H2 from chemical hydrogen
storage materials such as amine boranes is crucial to meet the
requirements for mobile applications. The here-presented
organoruthenium(II) β-diketiminato complexes, in particular,
1, allow for the catalytic dehydrocoupling of a single equivalent
of H2 from a concentrated solution of DMAB in THF at 42 °C
in 0.5 h. As established above, the ability of 1 to heterolytically
activate H2 in an equilibrium process under mild conditions is
of key importance in the dehydrocoupling mechanism. The
presented findings strongly suggest that 1 transforms into a

Scheme 3. Formation of 1′ via Catalytic Dehydrocoupling of
DMAB by 1

Figure 3. ORTEP representation of complex 5. Ellipsoids are drawn
with 50% probability. Only H atoms associated with C28 are shown.
Relevant average bond distances (Å) and angles (°): Ru−C28,
2.124(2); Ru−N, 2.115(2); Ru−Ccent, 1.722(1); N−Ru−N, 86.5(1);
Ccent−Ru−Ncent, 152.9(1); Ru−Ncent−C11, 155.2(1).

Figure 4. Time-dependent H2 gas evolution over time (pressure
derived DMAB equivalents), measured by volume displacement at
25 °C using a water gas buret. DMAB (3.2 M), 0.5 mol % of 1, 2 mL
of H2 saturated THF (black) or 2 mL of N2 saturated THF (gray).
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truly homogeneous catalyst 1′ that is a key element in
mediating selectivity and activity. Further, complexes 1−4 are
very robust and do not show deactivation, even after a
prolonged exposure to H2 at elevated pressure in solution. A
more comprehensive analysis of the mechanism involved in the
dehydrocoupling of DMAB by 1, including computational
studies, is currently in progress and will be reported in due
course.

■ EXPERIMENTAL SECTION
General Procedures. The complexes were synthesized

using standard Schlenk techniques, whereas subsequent
syntheses and manipulations of all products and reagents
were performed in an Innovative Technologies glovebox with a
N2 atmosphere containing less than 1 ppm of O2 and H2O. All
glassware was dried at 130 °C for at least 12 h, and the flasks
underwent three N2 purge/refill cycles prior to the introduction
of solvents or reagents. All solvents were dried according to
literature procedures involving distillation over the appropriate
drying agents and stored in Schlenk flasks equipped with a
Teflon stopcock. Extra-dry THF was purchased from Acros
Organics (Fisher Scientific). Celite for filtration was kept in an
oven at 130 °C and degassed prior to use. All other reagents
were purchased from commercial sources and were used as
received if not specified otherwise.
NMR spectra were recorded using Varian VNMRS 300, 400,

and Varian INOVA 500 instruments. CD2Cl2 was distilled over
CaH2 and stored under inert conditions. Chemical shifts for 1H
and 13C{1H} spectra were referenced to the relevant solvent
peaks, observed as residual signals. 19F NMR spectra were
referenced to the relevant residual solvent peak and CCl3F.
Infrared spectra were recorded on a Varian 3100FT-IR
Excalibur spectrometer. Samples were prepared as nujol mulls
on KBr discs. Elemental microanalyses were obtained using an
Exeter Analytical EA-1110 elemental analyzer. Mass spectra
were recorded using either a solution or a nanoelectrospray
ionization (ESI) technique on a Waters alliance HT Micromass
Quattro LCT (MeOH/H2O, 60/40) TOF instrument with a
cone voltage of 35 V and a capillary voltage of 2800 V (+
mode) and 2500 V (− mode).
Starting materials and reagents were purchased from Sigma-

Aldrich, Acros Organics (Fisher Scientific), and Precious Metals
Online (RuCl3). Ammonia borane and N,N-dimethylamine
borane were synthesized according to literature procedures.58,59

The syntheses of the bis(dichloro(η6-arene)Ru(II)) dimer
(arene = benzene or p-cymene) was carried out by a slightly
modified procedure according to Bennett et al.60 The
bis(dichloro(η6-C6Me6)Ru(II)) dimer was synthesized accord-
ing to Vriamont et al.61 (2,6-(CH3)2-C6H3NC(CH3))2CH2,
(2,6-(CH3)2-C6H3NH)C6H4C(H)NC6H3-2,6-(CH3)2, and
the corresponding lithium salts were synthesized according to
literature procedures.62,63 [(η6-C6H6)-Ru(2,6-(CH3)2-
C6H3NC(CH3))2CH]OTf (1) was synthesized according to
the procedures published by Phillips et al.29

[(η6-C10H14)-Ru(2,6-(CH3)2-C6H3NC(CH3))2CH]OTf (2). A 312
mg (1.0 mmol) portion of (2,6-(CH3)2-C6H3NC(CH3))2CH2,
306 mg (0.5 mmol) of bis(dichloro(η6-C10H14)Ru(II)) dimer,
and 190 mg (1.1 mmol) of sodium trifluoromethanesulfonate
were dissolved in 20 mL of dried and degassed CH2Cl2 in a N2-
flushed 50 mL Schlenk flask. The reaction was stirred under N2
for 12 h and filtered over Celite to remove LiCl and NaCl. The
filtrate was reduced in volume to about 2 mL, and n-pentane
was added to precipitate the product, which was then dried

under vacuum for 24 h to yield a light brown solid (560 mg,
81%). Elemental analysis: found [calculated] C, 55.43 [55.72];
H, 5.48 [5.70]; N, 3.81 [4.06]. TOF MS-ES (25 °C, MeCN),
positive mode (m/z): 541.2162 [parent M+, 100%, calcd.
541.2157]. 1H NMR (300 MHz, 25 °C, CD2Cl2) δ (ppm): 1.15
(d, 3JHH = 6.9 Hz, 6H, p-cymene iPr-(CH3)2), 1.90 (s, 3H, p-
cymene CH3), 2.15 (s, 12H, o-CCH3), 2.18 (s, 6H, α-CH3),
2.50 (hept, 3JHH = 6.9 Hz, 1H, p-cymene iPr-CH), 4.41 (d, 3JHH
= 6.6 Hz, 2H, p-cymene Ar CH), 4.79 (d, 3JHH = 6.6 Hz, 2H, p-
cymene Ar CH′), 6.55 (s, 1H, β-CH), 7.31−7.36 (m, 2H, p-
CH), 7.40−7.42 (m, 4H, m-CH). 13C{1H} NMR (101 MHz, 25
°C, CD2Cl2) δ (ppm): 19.1 (s, o-CCH3), 19.5 (s, p-cymene
CH3), 23.3 (s, α-CH3), 23.6 (s, p-cymene iPr-(CH3)2), 32.7 (s,
p-cymene iPr-CH), 84.1 (s, p-cymene Ar C′H), 87.3 (s, p-
cymene Ar CH), 93.0 (s, p-cymene Ar C-Me), 104.3 (s, p-
cymene Ar C-iPr), 104.8 (s, β-CH), 127.9 (s, p-CH), 129.5 (s,
m-CH), 130.0 (s, o-CCH3), 158.5 (s, i-C), 164.1 (s, CN). 19F
NMR (282 MHz, 25 °C, CD2Cl2) δ(ppm): −78.87 (s, 1JFC =
321.1 Hz, CF3SO3

−). FT-IR (25 °C, nujol mull, KBr discs) υ
(cm−1): 2997(b, m), 2829(w), 1562(vw), 1552(m), 1479(m),
1434(w), 1384(w), 1346(m), 1270(vs), 1224(m), 1147(m),
1032(m), 775(w), 637(m).

[(η6-C6Me6)-Ru(2,6-(CH3)2-C6H3NC(CH3))2CH]OTf (3). A 374
mg (1.2 mmol) portion of (2,6-(CH3)2-C6H3NC(CH3))2CH2,
400 mg (0.6 mmol) of bis(dichloro(η6-C6Me6)Ru(II)) dimer,
and 275 mg (1.6 mmol) of sodium trifluoromethanesulfonate
were dissolved in 20 mL of dried and degassed CH2Cl2 in a N2-
flushed 50 mL Schlenk flask. The reaction was carried out using
a method identical to that for 2. The product was obtained as a
light brown solid (630 mg, 73%). Elemental analysis: found
[calculated + 3/4 CH2Cl2] C, 53.62 [53.40]; H, 5.74 [5.74]; N,
3.55 [3.58]. TOF MS-ES (25 °C, MeCN), positive mode (m/
z): 569.2447 [parent M+, 100%, calcd. 569.2470]. 1H NMR
(500 MHz, 30 °C, CD2Cl2) δ (ppm): 1.52 (s, 18H, C6(CH3)6,
1.94 (s, 6H, α-CH3), 2.07 (s, 12H, o-CH3), 6.40 (s, 1H, β-CH),
7.30−7.33 (m, 2H, p-CH), 7.41−7.42 (m, 4H, m-CH).
13C{1H} NMR (126 MHz, 30 °C, CD2Cl2) δ (ppm): 16.2 (s,
C6(CH3)6), 19.2 (s, o-CH3), 24.5 (s, α-CH3), 96.1 (s,
C6(CH3)6), 103.7 (s, β-CH), 127.5 (s, p-CH), 130.4 (s, m-
CH), 131.2 (s, o-CCH3), 156.0 (s, i-C), 163.2 (s, CN). 19F
NMR (282 MHz, 25 °C, CD2Cl2) δ (ppm): −78.88 (s, 1JFC =
319.9 Hz, CF3SO3

−). FT-IR (25 °C, nujol mull, KBr discs) υ
(cm−1): 2938(vs), 2861(vs), 2360(w), 2340(w), 1624(w),
1560(m), 1467(s), 1382(m), 1362(w), 1267(vs), 1222(m),
1183(m), 1149(s), 1061(w), 1032(s), 1010(m), 857(vw),
778(m), 638(s).

[(η6-C6H6)-Ru(2,6-(CH3)2-C6H3N)C6H4C(H)NC6H3-2,6-
(CH3)2]OTf (4). A 334 mg (1.0 mmol) portion of (2,6-(CH3)2-
C6H3NH)C6H4C(H)NC6H3-2,6-(CH3)2, 250 mg (0.5
mmol) of bis(dichloro(η6-C6H6)Ru(II)) dimer, and 222 mg
(1.3 mmol) of sodium trifluoromethanesulfonate were added to
an oven-dried and N2-flushed 50 mL Schlenk tube and
dissolved in 20 mL of dried and degassed CH2Cl2. The
reaction was carried out using the same method as for 2. The
title compound was obtained as a dark, microcrystalline brown
solid (492 mg, 75%). Elemental analysis: found [calculated +
1.1 CH2Cl2] C, 49.83 [49.86]; H, 4.20 [4.20]; N, 3.49 [3.74].
TOF MS-ES (25 °C, MeCN), positive mode (m/z): 507.1362
[parent M+, 100%, calcd. 507.1374]. 1H NMR (400 MHz, 25
°C, CD2Cl2) δ (ppm): 2.09 (s, 6H, o-CH3), 2.21 (s, 6H, o-
CH3*), 5.27 (s, 6H, C6H6), 7.16−7.19 (m, 1H, Ph o-CH),
7.40−7.41 (m, 1H, Ar p-CH), 7.43−7.45 (m, 4H, Ar m-CH),
7.43−7.45 (m, 1H, Ar p-CH*), 7.55−7.60 (m, 1H, Ph m-CH),
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7.63−7.67 (m, 1H, Ph p-CH), 7.72−7.74 (m, 1H, Ph m-CH*),
8.75 (s, 1H, NCH*). 13C{1H} NMR (101 MHz, 25 °C,
CD2Cl2) δ (ppm): 18.5 (s, Ar o-CH3), 18.8 (s, o-C*H3), 85.0
(s, C6H6), 114.0 (s, Ph o-CH), 115.9 (s, β-C), 120.3 (q, 1JCF =
318.6 Hz, CF3SO3

−), 123.9 (s, Ph p-CH), 128.2 (s, Ar p-CH),
128.9 (s, Ar p-C*H), 129.5 (s, Ar m-C*H), 129.7 (s, Ar m-CH),
130.2 (s, Ar o-C*CH3), 131.2 (s, Ar o-CCH3), 137.0 (s, Ph m-
C*H), 137.3 (s, Ph m-CH), 150.4 (s, Ph CN), 158.8 (s, i-
C*), 159.2 (s, i-C), 164.7 (s, NC*H). 19F NMR (376 MHz,
25 °C, CD2Cl2) δ (ppm): −78.68 (s, 1JFC = 318.6 Hz,
CF3SO3

−). * = imine side. FT-IR (25 °C, CH2Cl2, KBr cell) υ
(cm−1): 3090(b, m), 2685(m), 2522(m), 2411(m), 2337(m),
2304(m), 2155(w), 2126(w), 2055(w), 1793(wv), 1772(vw),
1748(vw), 1633(m), 1607(m), 1574(w), 1531(m), 1185(m),
1031(vs), 840(vw), 636(vw).
(η6-C6H6)-Ru(Me)(2,6-(CH3)2-C6H3NC(CH3))2CH (5). A 200

mg (0.39 mmol) portion of (η6-C6H6)-RuCl(2,6-(CH3)2-
C6H3NC(CH3))2CH

29 was loaded into an oven-dried and
N2-flushed 50 mL Schlenk tube under inert conditions, and
0.45 mL (0.45 mmol) of a 1.0 M methylmagnesium bromide
solution in dibutyl ether was added over 5 min at 0 °C, and the
reaction was allowed to stir for 1 h. Dry and degassed n-pentane
(10 mL) was added at 0 °C, and the reaction was allowed to
warm to room temperature and stirred under N2 for 12 h. The
n-pentane solution was filtered over Celite under N2, and the
solvent was removed in vacuo to afford 120 mg (62%) of the
title compound as a red-purple solid. Elemental analysis: found
[calculated] C, 67.20 [67.31]; H, 6.83 [6.86]; N, 5.36 [5.61].
TOF MS-ES (25 °C, MeCN), positive mode (m/z): 485.20
[(M − Me)+, 75%, calcd. 485.15], 501.00 [(M + H)+, 70%,
calcd. 501.18], 515.00 [parent (M −H + O)+, 100%, calcd.
515.16]. 1H NMR (400 MHz, 25 °C, C6D6) δ (ppm): 1.42 (s,
6H, α-CH3), 1.94 (s, 3H, Ru−CH3), 2.17 (s, 6H, o-CH3), 2.42
(s, 6H, o-CH3′), 3.91 (s, 6H, C6H6), 4.69 (s, 1H, β-CH), 6.87−
6.91 (m, 2H, p-CH), 6.94−6.96 (m, 2H, m-CH), 7.02−7.04 (m,
2H, m-CH′). 13C{1H} NMR (101 MHz, 25 °C, C6D6) δ
(ppm): 4.8 (s, Ru-CH3), 19.0 (s, o-C′H3), 19.9 (s, o-CH3), 23.2
(s, α-CH3), 86.5 (s, C6H6), 99.0 (s, β-CH), 124.5 (s, p-CH),
128.48 (s, m-C′H), 128.53 (s, m-CH), 132.1 (s, o-CCH3), 133.4
(s, o-C′CH3), 156.6 (s, i-C), 159.0 (s, CN). FT-IR (25 °C,
nujol mull, KBr discs) υ (cm−1): 2820(vw), 2386(vw),
2349(vw), 1591(vw), 1563(w), 1552(m), 1514(s), 1426(s),
1402(vs), 1263(w), 1185(s), 1100(w), 1022(w), 972(vw),
770(m), 740(w).
Dehydrocoupling Reactions (Constant Volume). A

typical procedure involved charging a preheated 50 mL Parr
pressure reactor (see Supporting Information) with 954 mg
(16.2 mmol) of N,N-dimethylamine borane and 0.5 mol % of 1
under a stream of N2. The reactor was closed and placed in an
oil bath to maintain the inner temperature at 42 °C. Anhydrous
N2-saturated THF, 5 mL (3.2 M solution of DMAB) was added
through the sampling valve via syringe, and the reactor was
sealed. The pressure increase was monitored at regular intervals
using an automated pressure gauge (Impress Sensors and
Systems). The recorded pressure was converted to H2
equivalents using the ideal gas law with a reactor volume of
84 mL (including head space).
Dehydrocoupling Reactions (Constant Pressure). A

custom-built two-way side arm reaction flask was charged on
one side with 439 mg (7.5 mmol) of DMAB dissolved in 2.3
mL of anhydrous N2 saturated THF (3.2 M). To the second
side arm of the reaction flask, 24 mg (0.0375 mmol) of 1 was
added under inert conditions. The reaction vessel was placed in

a 25 °C water bath and connected to a 50 mL gas buret
(Chemglass CG-1818) fitted with a 500 mL water reservoir and
a thermometer. A bubbler was placed between the reaction
vessel and the buret to ensure no contamination of the reaction
vessel with water vapor. The system was flushed with N2 prior
to the experiment. To initiate the catalytic release of H2, the
DMAB/THF solution was poured onto the solid catalyst by
inverting the reaction vessel. The water displacement in the
buret was recorded at regular intervals, and the result was
corrected for the given water vapor pressure and temperature of
20 °C.
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