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The reactivity of ruthenacyclic compounds towards ammonia—borane’s dehydrogenation was
investigated by considering both hydrolytic and anhydrous conditions. The study shows that the highly
soluble p-chlorido dicarbonylruthenium(ir) dimeric complex derived from 4-fert-butyl,2-
(p-tolyl)pyridine promotes, with an activation energy E, of 22.8 kcal mol™, the complete hydrolytic
dehydrogenation of NH;BH; within minutes at ca. 40 °C. The release of 3 eq. of H, entails the
formation of boric acid derivatives and the partly reversible protonolysis of the catalyst, which produces
free 2-arylpyridine ligand and a series of isomers of “Ru(CO),(H)(Cl)”. Under anhydrous conditions,
hydrogen gas release was found to be slower and the dehydrogenation of NH;BH; results in the
formation of conventional amino—borane derivatives with concomitant protonolysis of the catalyst and
release of isomers of “Ru(CO),(H)(Cl)”. The mechanism of the protonolysis of the ruthenacycle was
investigated with state-of-the-art DFT-D methods. It was found to proceed by the concerted direct
attack of the catalyst by NH;BH; leading either to the formation of a coordinatively unsaturated
“Ru(CO),(H)(C1)” species. The key role of “Ru(CO),(H)(CI)” species in the dehydrogenation of
ammonia—borane was established by trapping and quenching experiments and inferred from a
comparison of the catalytic activity of a series of dicarbonylruthenium(ir) complexes.

Introduction

Cycloruthenated aromatic ligands possess a large array of ap-
plications in homogenous catalysis and particularly in atom
transfer processes, which are highly relevant to the design of
rational and selective methods that meet one of the central
green chemistry criteria, i.e. “atom economy”. Among those
processes hydrogen transfer holds a very important position.!
Our recent effort in this field focused on revisiting the chemistry
of chloridodicarbonyl ruthenacycles** long known for their ro-
bustness and, until recently, also known for an alleged relative
chemical inertness. On this latter aspect recent investigations
brought new elements of information on the possible domain
of applications of this class of ruthenacycles in homogenous
catalysis.*® Stereoselective dimerisation of terminal alkynes into
enynes® and hydrogenation of other disubstituted alkynes’ offered
particularly promising features. These studies also revealed the
central role played by hydrido-ruthenium species especially in the
stereospecific hydrogenation of diphenyl acetylene into Z-stilbene
by metal-promoted hydrogen transfer from secondary alcohols.”
The recent upsurge® of interest for the metal-promoted produc-
tion of molecular hydrogen by dehydrogenation® of ammonia—
boranes'®™ has led us to evaluate the propensity of ruthenacyclic
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i Electronic supplementary information (ESI) available: (1) extensive
crystallographic information for compound 7, (2) extensive analytical data
for 7 and other analytical evidence, and (3) cartesian coordinates of all
intermediates and transitions states mentioned in this study with their
energy and vibrational frequencies. CCDC reference number 771514 (7).
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compounds to act as catalysts. Our main concern being focused
on the actual fate of the metallacycle and on identifying the
most likely nature of the catalytic active species. The present
paper discloses our main conclusions on the activity of an array
of dicarbonylruthenacyclic complexes (Fig. 1), which were used
as potential catalysts for the dehydrogenation of NH;BH;,? the
nature of the catalytically active species and the limitations of the
hereafter described system.
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Fig.1 Ruthenium(11) dicarbonyls considered in this study.
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Experimental
General

All experiments were carried out under a dry argon atmosphere
using the standard Schlenk technique. Anhydrous THF was
distilled from purple solutions of Na/benzophenone under argon.
All other solvents were distilled over sodium or CaH, under argon.
Deuterated solvents were dried over sodium or CaH, and purified
by trap-to-trap techniques, degassed by freeze—pump-thaw cycles
and stored under argon. 'H, *C, 3'P and "B NMR spectra were
obtained on Bruker DPX 300, 400 or Avance 500 spectrometers.
Chemical shifts were referenced against solvent peaks or external
references such as BF;-Et,O or H;PO,. Compounds 1-5**7 were
recently reported, and compound 6 was synthesized following
Hiraki’s procedure.’ Standard experiments were carried out at
room temperature (20 + 1 °C). Deuterated ammonia—boranes were
synthesized according to published procedures.'®

Catalytic hydrogen release

Catalytic hydrogen release experiments were carried out in a
special glass vessel consisting of a 10 mL flask soldered with
a narrow section glass pipe to a U-shaped 20 mL volumetric
burette (0.1 mL precision). The glass burette was filled with a
low density silicon oil chosen so as to minimize the volume
correction associated with the pressure exerted by the column
of oil. The volume of released H, gas, assimilated here to a
perfect gas, was read directly from the burette and corrected
accordingly. The produced amount of molecular hydrogen was
used to calculate ¢, the hypothetical equivalent residual molar
concentration in NH;BH;, ie. ¢, = ¢[I — (n,/3n,)], where n, is
the number of moles of H, produced and ¢, and n, are respectively
the initial concentration and number of moles of NH,BH,;.

Optimal procedure for the hydrolysis of ammonia—borane at room
temperature

Ammonia—borane (8.4 mg, 0.27 mmol) and catalyst (0.04 mmol
relative to Ru) were mixed and freshly distilled THF (2 mL)
was added via a syringe. Upon equilibration of the inner vessel’s
pressure, water (100 uL, 5.55 mmol) was added via a micro-
syringe to initiate the production of H,. The reactions progress
was monitored by measuring gas evolution volumetrically. During
the reaction, a white inorganic solid precipitated. The solvent was
removed under reduced pressure and the white residue was washed
with water, acetone and then dried before performing solid state
magic angle spinning ''B NMR. Elem. anal. found: B, 18.86; H,
4.66; N, 7.53.

Competing hydrogen transfer reactions

Ammonia-borane (8.4 mg, 0.27 mmol), catalyst 1 (18.4 mg,
0.02 mmol), diphenyl acetylene (142 mg, 0.80 mmol) and 1,3,5-
tri(tert-butyl)benzene (0.037 mmol) were dissolved in 2 mL of
freshly distilled THF. Water (100 uL, 5.55 mmol) was added with a
micro-syringe to initiate the reaction. Gas evolution was measured
volumetrically. When hydrogen gas stopped evolving, the resulting
solution was evaporated under reduced pressure. The overall yield
in stilbenes was determined by '"H NMR spectroscopy to 26% with

a 5:1 ratio of Z and E-stilbene respectively. The same procedure
was applied in the presence of indanone as the hydrogen atom
acceptor (108 mg, 0.82 mmol) and led to 42% yield in 1-indanol.
Adjusting the molar ratio of ammonia—borane vs. 1-indanone to
1:1 afforded 94% yield in 1-indanol.

Protonolysis of 1 with d; and d; ammonia—boranes under
anhydrous conditions

Deuterated ammonia—borane (ND;BH;, NH;BD; and ND;BD;)
(0.65-2.65 mmol) and complex 1 (0.24-0.36 mmol) were intro-
duced in a Schlenk tube in a glovebox and dissolved in 10 mL of
dry THF. After 7 h of reaction a sample of the reaction mixture was
transferred to an NMR sample tube and analysed by ’H NMR
analysis to check for the presence of dissolved HD or D, gas.
After one night the resulting brown solution was passed through a
short silica gel column (eluent CH,Cl,/acetone 20 : 1), the filtrate
was stripped of solvent under reduced pressure and the residue
containing free ligand 9 further submitted to two consecutive
chromatographic separations. The ligand was recovered with a
reasonable purity upon chromatographic separation on prepar-
ative thick silica gel layer plates using as eluent a 20:1 and a
20:0.5 mixture of CH,Cl, and acetone. '"H NMR and ’H NMR
spectroscopic characterizations were carried out respectively in d-
acetone and in a mixture of CH,Cl, and C¢F, (lock signal on “F)
with minor amounts of CD,Cl, as reference.

Variable sub-ambient temperature NMR experiments

Complex 1 (4.0 mg, 0.005 mmol) and NH;BH; (2.0 mg,
0.065 mmol) were introduced in an NMR sample tube and ds-
tetrahydrofuran was added. The tube was cooled to —60 °C, water
(5 uL, 0.278 mmol) was added by a microsyringe and the tube was
introduced in the NMR spectrometer’s probe.

Reaction monitoring by NMR spectroscopy

Three separate stock solutions of reagents dissolved in ds-
tetrahydrofuran, namely complex 1 (¢ = 0.038 mM), NH;BH;
(¢ = 0.52 mM) or ND;BH; (¢ = 0.52 mM) were prepared.
1,3,5-Tris(zert-butyl)benzene was chosen as the internal reference
and was combined to the solution containing compound 1 (¢ =
0.025 mM). Catalyst solution (400 uL) was hence introduced in
two separate NMR sample tubes, which were cooled down to
—50 °C prior to the addition of the solution of ammonia—borane
(150 uL) via a syringe. NMR sample tubes were subsequently
introduced carefully in the NMR spectrometer’s probe.

Catalytic H, release monitored by fuel-cell’s response to partial H,
pressure variation

Two stock solutions containing respectively compound 1 (¢ =
17 mM) and NH;BH; (¢ = 265 mM) in dry THF were prepared
in separate Schlenk tubes. A volume of tetrahydrofuran (1.05 mL)
was injected in the clean and dry reaction vessel through which
a steady stream 11.5 mL min™ of argon, used here as a carried
gas, was flowed in the hydrogen compartment of a LightFC-1U
fuel-cell (http://www.h2economy.com) via a 95 cm long 1.5 mm
inner diameter coiled Teflon hose. Standard settings implied
the concomitant steady flow of air in the fuel-cell’s oxygen
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compartment at a value of 12.5 mL min™'. The fuel-cell’s electrodes
were preliminary plugged to an ADC 42 Picotechnologies™
analogic-logic signal converter connected to a computer in order
to acquire the variations of potential over time with a sampling
frequency of 10 Hz. In a typical experiment, 50 s after the start of
signal acquisition a volume of the stock solution of catalyst was
injected in the reaction vessel, followed at ¢t = 150 s by a volume
of the stock solution of ammonia-borane and at 1 = 250 s by a
volume of pure distilled water (0.05 mL, 2.8 mmol).

Synthesis of (OC-6-54)-biscarbonyl,chlorido,pyridine[4-(tert-
butyl),2-(4-methylphenylene,k C,)pyridine,k V] ruthenium(1r),
compound 7

In a Schlenk tube, pyridine (32 puL, 0.40 mmol) was added
to a THF solution (15 mL) of 1 (157 mg, 0.188 mmol). The
solution was stirred for 24 h at room temperature and the solvent
was evaporated under reduced pressure. The yellow residue was
recrystallized by adding pentane in a concentrated solution in
dichloromethane (98 mg, 52% yield). Suitable crystals for X-ray
diffraction (Fig. 2) were obtained by slow diffusion of n-pentane in
a dichloromethane solution of the complex. Elem. anal. calc. for
C;:H,;N,0,CIRu-1/8 CH,Cl,: C, 54.83; H, 4.63; N, 5.53. Found:
C, 55.09; H, 4.59; N, 5.64. IR (ATR) v,,,/cm™ 2027 (CO), 1955
(CO). 6y (CDCl;; 298 K) 9.41 (d, 1H, *Jyy = 6.1 Hz, Hpyyy), 8.53
(d,2H,°Juu=5.0Hz, H,,), 7.73 (d, IH, *Jyy = 2.0 Hz, Hyy,, ), 7.67
(s, 1H, Hpyy,y), 7.59 (t, 1H, *Jyy = 7.6 Hz, H,)), 7.59 (d, 1H, *Jyy =
8.0 Hz, Hpyyy), 7.20 (dd, 1H, *Jyy = 6.1 Hz, *Jyy = 2.0 Hz, Hpyyy),
7.10 (dd, 2H, *Juu = 7.4-6.6 Hz, H,), 6.90 (d, 1H, *Jyy = 8.0 Hz,
Hpupy), 2.36 (s, 3H, Hpyyy), 1.33 (s, 9H, Hpyyy). 6c (CDCl; 298 K)
200.6, 196.9 (CO), 169.0 (Cpppy), 164.1 (Cpppy), 163.6 (Cepyy), 152.1
(Cyy), 149.2 (Cpppy), 141.6 (Crypy), 141.0 (Chipys Crngy)> 138.3 (C,y),
125.1 (Cyy), 125.0 (Conpy), 124.6 (Cripy), 119.9 (Coppy), 115.8 (Coipy),
35.7 (Chipy)s 30.8 (Chipy), 22.1 (Chipy)-

Fig. 2 CSD Mercury ellipsoid view of the structure of complex 7.
This view represents half of the asymmetric cell content, which contains
another identical molecule of the same compound. Ellipsoids are drawn
at the 30% probability level. Selected interatomic distances (in A):
Rul-Cll 2.4737(6), Rul-Cl1 2.055(2), Rul-C22 1.878(2), Rul-C23
1.870(2), Rul-N1 2.1295(16), Rul-N2 2.1758(18), C22-0O1 2.1758(18),
C23-02 1.126(3). Selected interatomic angles (°): N1-Rul-C11 79.15(7),
NI1-Rul-Cl1 93.90(5), N2-Rul1-C23 176.02(8).

Structural X-ray diffraction analysis of 7§

Reflections were collected with a Bruker Apex II-CCD diffrac-
tometer using Mo-Ko graphite-monochromated radiation (A =
0.71073 A). The structure of 7 was solved by direct methods using
the programme SHELXS-97." The refinement and all further
calculations were carried out using SHELXL-97."® The H-atoms
were included in calculated positions and treated as riding atoms
using SHELXL default parameters. The non-H atoms were refined
anisotropically, using weighted full-matrix least-squares on F,.

Theoretical investigations

The optimized geometries of singlet ground states and transition
states as well as electronic structures were obtained by using the
methods of the density functional theory (DFT) and completed
with the computation of the vibrational modes. The dispersion-
corrected Becke'-Perdew** GGA functional, i.e. BP86-D, imple-
mented in the Amsterdam Density Functional®* package was used
throughout our investigation (ADF2008.01 version**). The semi-
empirical treatment of dispersion includes long-range electron
correlations by adding atom-pair wise dispersion corrections of
the form C,R° to the standard functionals, where R are inter-
atomic distances and C, are the dispersion coefficients. Default
recommended settings for the empirical dispersion correction
were used with a factor of 1.050, van der Waals radii were
scaled by 1.10.» In these calculations scalar relativistic effects
were treated within the Zeroth Order Regular Approximation®*
(ZORA). As a consequence, in all cases and for all atoms ad hoc
all-electron triple-{ basis sets augmented with the adequate single-
¢ polarization function, i.e. TZP, were used.® For substrates,
adducts and intermediates geometry optimizations by energy
gradient minimization, as well as transition state searches were
carried out in all cases without symmetry constraint with an
integration accuracy comprised between 4.5 and 6, an energy
gradient convergence criterion of 107 au and with tight SCF
convergence criteria. Vibrational modes were computed within the
harmonic oscillator approximation either analytically or by nu-
merical differentiation. The latter method was used systematically
to compute both the vibrational modes and the thermodynamic
data (internal energy and entropy) when solvation was accounted
for with the COSMO procedure. With gas phase structures the
analytical method was favored instead. Enthalpies were calculated
in kcal mol™ by the summation of the total bonding energy,
fragments energy, internal energy (zero point vibrational energy-
inclusive) and the product of the perfect gas constant R with
absolute standard temperature in Kelvin (298.15 K). Isotopic
effects were computed with Klamt’s solvation COSMO procedure
on, considering the Born—Oppenheimer principle by substituting
were applicable protium atoms for deuterium in the considered
optimized geometries and by re-computing vibrational modes
and concomitantly the associated statistical thermodynamic data
by the two-point numerical differentiation method. Klamt’s
COSMO? treatment of solvation was applied using the procedure

§ C;3HiCIN,O,Ru, M = 495.95, monoclinic, a = 17.6291(5) A b =
11.5208(3) A, ¢ =24.1776(6) A, B = 115.9552)°, V = 4415.2(2) A*, T =
173(2) K, space group P2,/c, Z = 8, 33 642 reflections measured, 11736
unique (R;, = 0.020) which were used in all calculations. The final wR(F,)
was 0.065 (all data).
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implemented within the ADF package with Klamt’s adjustments
of the van der Waals radii of atoms. Counterpoise correction for
basis set superposition error (BSSE) was neglected due to the
exclusive use of triple-C basis sets.* Representations of molecular
structures and orbitals were drawn using A D Fview v08.

Results and discussion

There are several accepted modes of dehydrogenation of
NH;BH;#*3:32 and as far as metal-promoted processes are con-
cerned two types of such modes can be considered in a first
instance. The first one entails the release of H, by the formal
oxidation of NH;BH; into NH,BH,, the following steps leading
to the complete extrusion of H, and the formation of polymers
and oligomers generally formulated as (N,B,H,),,'*'>** the
recycling of which has become a matter of active investigation.**®
The second process is the “hydrolytic” dehydrogenation'#-52 of
NH;BH; into molecular hydrogen and borates of various possible
formulations, a process that can be metal-promoted and which
is generally effective not only in the presence of water but also
in other protic solvents.'**%° Of particular interest are those
hydrolytic conditions proposed by Jagirdar et al.** and Xu et al.,"!
in which non-noble metal salts are used as precursors of metallic
nanoparticles that act as catalysts. Distinguishing between these
two possible modes, ie. hydrolytic vs. anhydrous, was the first
objective of this study as shown in the following. For the sake of
commodity compound 1 was chosen as a lead for all investigations
that were carried out.

Evidence for catalyst-dependent hydrolytic pathway

The hydrolytic decomposition of NH;BH; was tested by using
complex 1 as a prototypical catalyst precursor, and by varying
the concentration of H,O dissolved in anhydrous and distilled
tetrahydrofuran at room temperature (20 = 1 °C) (Fig. 3). Fig. 3
displays the rate of release of equivalents of H, vs. time at various
amounts of water. It is evident from this curve that adding as little
as 1 eq. of water triggers the decomposition of NH;BH; and the
release of about 2 eq. of H, in less than 1 h. In the absence of water,
one can notice only low residual production of hydrogen.
Improved hydrogen production is obtained with 2 eq. of water,
which allows the release of about 2.5 eq. of H, in about 1 h. A
feature that was not fully understood is the apparent inhibition of
hydrogen production upon increase of the amount of water added
from 2 to 4 eq., which tends to limit the amount of releasable H, to
ca.2.5eq. Also, one can notice in Fig. 3(a) a slight induction period
of about 5 to 10 min before the effective start of H, production.
This induction period during which H, production is negligible
vanishes above 4 eq. of added water. The inhibition process is held
back apparently with 20 eq. of water, which allows the release of
3 eq. of H, within about 2 h (Fig. 3(b)). Moreover, under identical
conditions, the use of D,O inhibits the production of dihydrogen,
of which the content in deuterium was not sought at this stage.
The production of 1 eq. of hydrogen gas takes less than 20 min
and more than 30 min when H,O and D,O are used respectively.

Dependence towards catalyst

In the following investigation, conditions ensuring a fast and
efficient production of H, with a rather moderate amount of
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Fig. 3 Molar equivalent of evolved dihydrogen vs. time at various
concentrations in H,O at 20 £ 1 °C: (a) in the 0 to 10 molar eq. excess of
water relative to NH;BHj;; (b) in the 10 to 100 eq. excess of water range
relative to NH;BH;.

water were chosen, that is by carrying out the reaction in THF
in the presence of 20 eq. of water relative to NH;BH,; with
compound 1 as the catalyst. A relative first order in catalyst at
a steady concentration in NH;BH; in the presence of 20 eq. of
water was also verified by the linear relationship existing between
the apparent rate of release of H, and catalyst concentration
(Fig. 4), demonstrating de facto the key role of compound 1
in the hydrolytic release of H, from NH;BH;. Under identical
conditions at 20 °C the apparent first order in NH;BH; at steady
concentration in 1 could be readily established (Fig. 5).

Under optimal hydrolytic conditions, the relation of the rate
of release of H, to temperature was readily established. The
Arrhenius plot depicted in Fig. 6 is related to a value of 22.8 kcal
mol™ for the activation energy E,, a value that compares well
with those obtained with other catalytic systems designed for the
hydrolytic decomposition of ammonia—borane.**¢! A temperature
of +40 °C corresponds to an optimum for a swift release of 3 molar
eq. of H,.

Relatively accurate proof for the formation of H, as well as
valuable information on the response time of the catalytic system
was obtained by acquiring the variation of electric potential at the
connectors of a H,/air fuel-cell. Analytical proof for the formation
of other gases such as B,H, or NH; was not sought. This system
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Fig.4 (a) Molar equivalent of evolved dihydrogen vs. time at various concentrations of 1 (i.e. 8.2, 20.6, 29.9 and 39.3 mM relative to Ru); (b) plot of the
initial hydrogen release rate vy, vs. the concentration in catalyst 1.
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Fig. 5 (a) evolution of residual ammonia—borane concentration vs. time and (b) typical first order in ammonia—borane’s concentration logarithmic
profile vs. time (s).
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Fig. 6 Temperature-dependence of the rate of release of H, with identical concentrations of catalyst 1 and water: (a) plot of molar eq. of released H, vs.
time; (b) Arrhenius plot of the logarithm of observed H,-release rate constant vs. reciprocal absolute temperature.
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was used here as a qualitative analytical tool allowing the measure
of the instantaneous partial H, pressure released by the catalytic
pot. Connected via a narrow and long Teflon hose to the hydrogen
compartment of the fuel cell, the reaction vessel was permanently
flushed with a steady flow of dry argon gas. Fig. 7, which displays
a diagram of the experimental set up, shows several plots of the
difference of potential U (mV) at the fuel-cell vs. time (s). Notably
the production of H, is sensible in all cases from the moment
NH;BH; is added to the solution containing the catalyst. In the
absence of water the rate of production of H, is low (lower partial
pressure). The peculiar peak feature observed at ¢t = 500 s might
be related to an inherent feature of fuel-cells, i.e. the so-called
“concentration polarisation” effect. In the presence of water in
the reaction vessel, the production of H, is much faster and clearly
depends upon catalyst concentration.

to water bubbler

ey ol o

High Fuel cell Reaction vessel

impedance
voltmeter
400
—8mM
o 4 mM
- 300 — SN
€ —— 0 mM (no catalyst)
S - — 8 mM, no water =
200+
1004 (a) (b)
D% 1 T 1 1 1
0 200 400 600 800 1000

t(s)

Fig. 7 The release of H, was monitored by capturing the variation
of potential at the plugs of a single stack fuel-cell. The peak feature
occurring at ¢t ~ 400 s is assigned to the fuel-cell’s inherent so-called
concentration—polarisation effect. (a) Injection of a volume of the catalyst
mother solution. (b) Injection of a volume of NH;BH; mother solution.
(c) Injection of water.

The fate of the reaction components
In the presence of water

A particular feature of this catalysed hydrolytic decomposition
of NH;BH; is the significant change of colour from light yellow
to dark brown and the formation of an insoluble precipitate that
occurs in the course of the reaction.

The composition of the reaction medium was analysed by ''B
(referenced against BF;—Et,0) and '"H NMR spectroscopies by
staging the NH;BH; degradation reaction in an NMR sample
tube filled with ds-THF and by monitoring the changes in the
spectra as temperature was raised stepwise from —60 °C to +20 °C

in the presence of water. Noteworthy, the composition of the
reaction medium changes drastically upon warming from —60 °C
to —10 °C (Fig. 8). Compound 1, which exists as a mixture of
u-chlorido-bridged dimers provides in the 'H NMR spectrum at
room temperature about four groups of signals between & 8.8
and 9.6 ppm arising from the phenylpyridyl ligands of about
four different diastereomers. This feature was reproduced at
—60 °C in the initial solution that already contained substantial
amounts of dissolved NH;BH;. Warming this mixture to —10 °C
resulted in a major simplification of this region of the '"H NMR
spectrum, which is symptomatic of the formation of a new
mononuclear ruthenacyclic complex, i.e. adduct 8 that results from
the coordination of NH;BH; onto a mononuclear unit of 1. The
broad signals at ¢ 5.50 and 6.40 ppm account for a coordinated
molecule of NH;BH; subjected to fast exchange (Fig. 8) and are
likely to be related to species 8. It is worth noting, when ND;BH;
was used in another experiment, these two broad signals were not
observed, thus suggesting that they relate to the H atoms borne
by the nitrogen centre.

a) 'HNMR X \

25°C

-10°C

-20 904_15____/ / /
50 °C
———— T T 1
9.0 a0 ppm 7.0 6.0 5.0
b) "B{H}NMR £ §
25°C i ‘
-
~10°C ‘
-20°C l
-60°C Jk
NH,BH,
I 5|n ‘ ' gn ' I I ‘ -5In
ppm

Fig. 8 (a)'H and (b) "B {'H} NMR spectra of a dg-THF solution of a
mixture of catalyst 1 (5 x 10 M), NH;BH; (16 x 10> M) and H,O (70 x
102 M) at various temperatures. (a) A, 1; @, 8; x, ligand 9.

Once the reaction mixture was warmed to 25 °C, spectroscopic
analysis indicated the reformation of substantial amounts of
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complex 1 and the presence of species 8 and free ligand 9
(Scheme 1).

e
tBu | X tBu | N /BH2
/N\ _N l-:i
RU(CO),Cl| + NHyBH;— > Ru(CO),Cl

and (L>RUCO)H)(CD and ?

9

Scheme 1 Protonolysis of catalyst 1 by ammonia—borane.

The proton-decoupled "B NMR spectra (Fig. 8(b)) that were
acquired from —60 up to —20 °C are not informative of the presence
of any other boron-containing species but NH;BH;. This situation
changes upon warming to room temperature. The "B signal
appearing at ca. +20 ppm agrees well with recent reports made
for the "B NMR spectra of boric acid derivatives in solution.54¢%63

A "B MAS NMR experiment was also carried out with the
off-white precipitate that was collected upon complete release
of 3 eq. of H,; the resulting spectrum was found to be quite
similar in chemical shift and in line shape to that of commercial
boric acid. This microcrystalline solid was also submitted to
elemental analysis. This analysis revealed a content in nitrogen
of 7.58% mass, which suggests that mono ammonium tetraborate
salt (NH,)HB,O; is one of the components of this insoluble solid
material. This information also suggests that this solid precipitate,
which is insoluble in conventional organic solvents, differs in
nature from the species observed in solution and from which the
low-field "' B signal arises.

It is estimated that about 10 to 20% of compound 1 undergoes
protonolysis under these conditions. The product of this de-
chelation process was trapped by quenching the catalytic pot
with an excess of PPh; and the resulting mixture was analyzed
by 'H NMR spectroscopy. The latter indicated the presence of
major amounts of (PPh;),Ru(CO),(Cl)(H), of which spectral and
analytical data were in accord with data found in the literature.®**
The origin of this species can only be related to the protonolysis
of a derivative of 1 containing the Ru(CO),(Cl) motive. The
most reasonable chemical formulation of the released hydrido-
ruthenium species is either that of a mononuclear solvate, i.e.
(thf),Ru(CO),(CI)(H) or that of a polynuclear p-hydrido and p-
chlorido bridged complex. Water does not seem to be directly
responsible for the production of ligand 9 from 1. Ruthenacycles
such as 1 are insensitive to water unless placed in the presence
of a mild base, which essentially promotes the formation of 2

(Fig. 1).

In anhydrous conditions

A reaction of compound 1 with a large excess of NH;BH; in
dry ds-tetrahydrofuran as well as in dry de-benzene led to the
release of significant amounts of metal-free ligand 9 as observed
in the corresponding 'H NMR spectra. In the experiment carried
out in ds-benzene, singlets typical for Ru-H species’ were also
noticed at high field, i.e. 6 —8.48, —8.76, -9.76 ppm in a 2:2:1
ratio. In the experiment performed in dry ds-tetrahydrofuran, two
main singlets of identical intensities typical of hydrido-ruthenium
species were observed at § —8.98 and —9.31 ppm. It is worth noting
here that the "B NMR spectra of the reaction mixture indicated
explicitly, after 16 h of reaction, the presence of dehydrogenated
derivatives of ammonia—-borane, such as polyaminoboranes and
the cyclic borazine (Fig. 9). According to both 'H-decoupled and
raw "B NMR spectra, borazine’s and polyaminoborane typical
signals were found respectively at § +28.8 ppm and in the —4.5 to
—16.0 ppm region 3346667 Fyrther proof for the intervention of
hydrido-ruthenium species in the hydrolytic process of dehydro-
genation of NH;BH; was also sought by introducing amounts of
an hydrogen acceptor, such as 1,2-diphenylethyne or 1-indanone,
in the reaction medium (cf. ESI, Fig. S10t).” Quite expectedly the
hydrogenation of indanone “consumes” about half of the amount
of potentially available H,-equivalent within 3 h in a reaction that
produces 1-indanol in 42% yield. 1,2-Diphenylethyne is selectively
hydrogenated into Z and E-stilbenes in 26% yield.

[Ru(CO),Cl,], + LiEtsBH + 9

L THF, room temp. (1)

1 and [(L);Ru(CO),(H)(CI)], and ?

11B{1H}
(NH,BH,),
borazine
—
11B
LK TSRS 2 I AR [ N A R TN TS PRI T |
30 20 10 0 -10 -20

& (ppm)

Fig.9 "B {'H} and "B NMR spectra of the solution resulting from the
reaction of NH;BH; with 1 in anhydrous THF after 16 h of reaction.

At this stage, the partial reversibility of protonolysis of the
metallacycle was qualitatively verified by undertaking the reaction
of [Ru(CO),Cl,], with a mixture of LiEt;BH and ligand 9 in THF
for one week (eqn (1)). This experiment led to the formation of a
dark brown mixture containing, according to '"H NMR analysis
in CDCl;, 36% mol of isomers of complex 1 and other species
formulated as [(L),Ru(CO),(Cl)(H)], (L =9) that displayed typical
hydridic 'H singlets at around 6 —17.0 and —17.8 ppm.
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Labeling experiments under anhydrous conditions

In this study, we also investigated the effect of isotopic labeling
over the protonolysis process by resorting to deuterated ammonia—
boranes. The use of dry solvents and reagents was found manda-
tory when using ND;BHj, for residual H,O could readily deplete
the content in deuterium by isotopic scrambling and, therefore,
introduce a detrimental bias in the assessment of deuterium
incorporation. Parallel experiments were carried out in an argon-
filled dry-box using ND;BH; and NH;BD;, which were prepared
according to literature procedures and checked for purity in the
solid-state by FT-IR using an ATR cell. Typical experiments were
carried out in dry THF by reacting a large amount of complex
1 with labeled ammonia-borane for 24 h at room temperature.
About 7 h after the beginning of both experiments, samples of
each reaction mixture were withdrawn and analysed by proton-
decoupled *H NMR spectroscopy in order to check for the
presence of a labeled form of dissolved dihydrogen, i.e. HD or D,.
The spectrum corresponding to the experiment carried out with
NH;BD; clearly showed the presence of two singlets at § 4.57 ppm
and at 4.52 ppm corresponding respectively to HD and D,. When
"H-decoupling was lifted, the signal at 4.57 ppm turned into a
doublet with a 'J coupling constant of 42 Hz characteristic of
HD.* Quite surprisingly, the ’ZH NMR spectrum of the reaction
medium containing ND;BHj displayed only the signal assigned to
HD and no signal for D,.

A pure sample of 9 was extracted from the resulting mixture
after ca. 16 h of reaction and was analysed by 'H and *H
NMR spectroscopy in order to evaluate the % of incorporated
deuterium. The spectra confirmed that deuterium was exclusively
incorporated at the tolyl’s ortho position relative to the pyridyl
substituent. In the experiments carried out with ND;BH; and
NH;BD; the amount of incorporated deuterium was 22% and
78%, respectively, with respect to one out of two identical
ortho position. It is worth noting that the use of perdeuterated
ammonia-borane, i.e. ND;BD;, under identical conditions led
to 110% deuterium incorporation, which conspicuously further
supports the hypothesis of a reversible protonolysis.

Theoretical investigation of catalyst protonolysis

In recent reports dealing with metal-catalysed dehydrogenation
of ammonia—borane the high potential of chelated complexes*
such as Ir(H),(POCOP)* was praised, however, the exact fate
of the catalyst and the possible co-existence in the catalytic pot
of competing catalytically active species were not addressed. In
the following, we focus on the unexpected protonolysis of the
Ru (+II) dicarbonyl unit. The computational investigation was
carried out using DFT (density functional theory) within the
ADF framework.”? In this study, we have chosen to apply a
state-of-the-art DFT-D (dispersion-corrected DFT) approach, the
systematic use of which has been recently advocated” for the
achievement of reliable descriptions of situations (intermediates
and transition states) whereby non-covalent interactions™ play
a central role. DFT-D computations in this study were carried
out by means of the Becke-Perdew density functional empirically
corrected for dispersion, i.e. BP86-D, which is an accepted™
fair compromise between reliability and computational time
effectiveness.” All calculations were also carried out within the

relativistic Zeroth Order Regular Approximation (ZORA) with
Slater-type all-electron triple { polarized basis sets (STO TZP)
and without symmetry constraint. The study was performed
considering the system in the gas phase and in tetrahydrofuran
by applying Klamt’s solvation model, i.e. COSMO. A simplified
model of 1, ie. S1 (Fig. 10), was considered. Its optimized
ground-state structure displayed good agreement with available
X-ray diffraction data of 1.7 For instance, the dispersion-sensitive
Ru—Ru distance, that amounts to 3.782 A in 1 amounts to
3.727 A in S1, is well reproduced. The largest deviation of about
0.02 A from experimental values is observed for the Cy,,—
Ru distance, which amounts to 2.046(3) in 1 and 2.067 A in
model S1.

Our analysis of the reaction energy profile was conditioned
by the observations made for the protonolysis of 1 by NH;—
BH; under anhydrous conditions. Experimental evidence suggests
that two processes coexist, that are namely: (1) the protonolysis
leading to free ligand 9 (here modeled as 2-phenylpyridine) and
a new hydrido,chlorido,dicarbonylruthenium(ir) species, and (2)
a secondary reverse cyclometalation process. The protonolysis
invoked here implies three events that may occur in successive
steps or in a concerted manner. First, an ammonia—borane adduct
with the ruthenium complex must form. Subsequently, a proton-
trapping step, similar to that put forward by Fagnou et al** and
by Hall er al*** occurs with the transfer of an acidic hydrogen
from the ammonia part of NH;BH; to a nucleophilic centre at the
catalyst. The hydride transfer step ensues from the hydridic borane
part to the Lewis-acidic ruthenium centre.

In our computations (Fig. 10) we considered the preliminary
step to be the formation of an adduct similar to 8 (of which
two conformers Al and A2 are considered here) consisting of
a molecule of NH;BH; axially coordinated through one of its
hydridic boron-bound hydrogens to the Ru centre of a mononu-
clear unit formed upon splitting of dimer S1.

In the lowest potential energy conformer Al, the BH; part
interacts through one of its hydridic hydrogens with the ruthenium
centre (Ru-H(B) distance amounts to 1.820 A) whereas the NH;
fragment interacts with the chlorido ligand ((N)H - - - Cl distance
amounts to 1.995 Ao). This privileged conformation results from
a highly favourable electrostatic situation as suggested by the
Coulombic potential map drawn over an isosurface of the SCF
density (¢f. ESI{).™ The latter map shows large accumulation
of charges at the chlorido ligand (as well as at carbonyl ligands
terminal oxygen atoms ¢f. ESI1) leading to optimal interaction be-
tween the bonded polarised ammonia—borane molecule, i.e. 8*H—
N(H),(H),B-Hd and the §*Ru-Cl 6 segment. This conformation
might prefigure another ammonia—borane activation route, which
is not addressed here.

The second conformer A2 possesses the proper orientation for
direct interaction with the carbon atom of metallacycle. However,
for reasons related to unfavorable orbital and electrostatic inter-
actions, the formal carbanionic component of chelate does not
appear to be particularly prepared for optimal interaction with
the acidic NH; fragment of NH;BH;. In this conformer the (B)H—
Ru, C,,p - - - H(N) and C,,.;,,—Ru distances amount to 1.823 A,
2276 A and 2.072 A respectively. Analysis of the Coulombic
potential maps™ did not reveal any significant accumulation of
charges in the vicinity of arene’s metallated position. Furthermore,
the highest occupied molecular orbital (HOMO) indicated no
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Fig. 10 Overall profile of the reaction of NH;BH; with dimer S1 and the associated gas-phase computed structures. Enthalpies (kcal mol™) were
computed relative to the sum of enthalpies of the starting reaction components (cf. Scheme 2 for an explicit formulation of the mechanism). Levels in
blue and in red correspond to DFT-D BP86-D/TZP(ZORA) calculations (ADF2008) carried out in the gas phase and by accounting for solvation by

THF (COSMO procedure) respectively.

large orbital coefficient at this ipso position, which otherwise
could have eased a bonding interaction with the acidic hydrogens
of the NH; moiety. In fact, to induce the cleavage of the C-Ru
bond, computation suggests that a significant activation barrier
is necessary [at 298.15 K, AG” 4, 1s; = 21.8 kcal mol™ (vacuum),
23.8 kcal mol™ (THF)], which implies a marked distortion of the
metallacycle as depicted in transition state TS1, the structure of
which suggests a concerted process (Fig. 11). This distortion of
the ruthenacycle is essential for the effective “protonolysis” of the
Ru-C,, bond. This late transition state contains a o-type Ru-H-B
interaction wherein the ruthenium-bound hydrogen atom exhibits
a strong hydridic character. TS1 leads to product complex P1
which converts into P2. The relationship between A2, TS1 and
P1 was verified by performing an internal reaction coordinate
(IRC) search along the pathway defined by the first eigenvalue of
the hessian matrix, which yielded the minimum energy reaction
pathway accounted for therein.

It is worth noting that the use of the conventional BP86
functional, i.e. the density functional devoid of the specific
semi-empirical treatment of dispersion, would not allow proper
geometry convergence for P1 and would lead to the disruption
of the weak and mostly non-covalent interaction established
between the polar NH,BH, and the ruthenium-bound hydrido
ligand in our calculations at the (ZORA) BP86-D/TZP level.
This interaction of Coulombic and dispersive nature contributes
significantly in lowering the enthalpy of the system by ca.
6 kcal mol™.

The process may subsequently take two different pathways. The
first one that leads to P3" accounts for the protonolysis process
and the formation of (¢4f),Ru(CO),(H)(Cl), i.e. P4’ (Fig. 10).

The second pathway accounts for the reverse cyclometalation
process observed experimentally, which is possible through inter-
mediates P3” and P3, via transition state TS2 (Fig. 11), which
leads to dihydrogen complex P4 and eventually to dimer S1
upon extrusion of H, and recombination (Fig. 10 and Scheme 2).
Intermediates P3” and P3 are similar in geometry to the rare cases
of complexes whereby it has been established that the ruthenium
centre is bonded to the chelating ligand via an agostic three center
C,, - --H---Ru interaction.”™”’

Similar stabilization was noticed for intermediate P3”, which
lies 3—4 kcal mol™! below dissociated P3 + NH,BH, as a result of
a weak interaction between the Ru-bound hydrido ligand and
NH,BH,. The possible role of the latter in a polarisation of
coordinated H, in a transition state of formula [TS2 - - - NH,BH.J*,
which could ease the reverse P4-to-P3 process, was not investigated
here although its mediacy is likely in light of the recent work
published by Kawano er al'* Nonetheless, the relatively low
forward and backward activation free energies for the P3-TS2 and
the P4-TS2 steps give credit to a rather reversible protonolysis.

To account for the significant although incomplete incorpo-
ration of deuterium in metal-free ligand 9 (here modeled by 2-
phenylpyridine), which is released by the protonolysis process
either upon action of ND;BH; (22% incorporation on one ortho
site) or of NH;BD; (78% incorporation on one ortho site) in
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C

Fig. 11 Gas-phase transition state structures computed at the
BP86-D/TZP (ZORA) level. (a) TS1: i507.5 cm™ [THF(COSMO)
i340.9 cm™]. (b) TS2: i970.7 cm™ [THF(COSMO) i988.5 cm™].

anhydrous conditions, we evaluated the theoretical isotopic effects
(ku/kp), and (ky/kp), associated with the activation barriers P3-
TS2 and P4-TS2 respectively (Table 1) by considering the two
positions the deuterium atom can possibly occupy (Scheme 3).
Table 1 depicts a rather contrasted situation for the forward
and backward paths; the latter being much less discriminating
towards deuterium than the former. Nonetheless the rather high
isotopic effects computed for both situations {D-H} and {H-D}
in the P3-TS2 direction could account for the incorporation of
deuterium in released 9. However, the fact that this incorporation
is not 100% at one ortho position of 9 points to a more complex
mechanistic reality: most of the hydrogen atoms incorporated into
9 upon protonolysis are provided by the BH; fragment. The higher
deuterium incorporation noticed when using NH;BD; can only
be related to an effective H/D scrambling process operating at
hydrogen intermediate P4. The hypothesis of such a scrambling is
supported by the spectroscopic observation of dissolved D, in the
reaction medium resulting from the reaction of 1 with NH;BD;
in anhydrous conditions. This behaviour has already been widely
established for the reaction of other hydroboranes with transition
metal complexes,36:38:39.78-82

Further evidence for the central role of a non-chelated Ru(CO),
species from a comparison of various catalysts

Fig. 12 displays the plot of the released equivalents of hydrogen vs.
time for reactions carried out under identical conditions with the
catalysts depicted in Fig. 1. From this plot it is tempting to infer

Table 1 Computed barriers of activation (in kcal mol™) for the forward
P3-TS2 and backward P4-TS2 paths and the associated isotopic effects
in two situations wherein one deuterium atom alternatively replaces a
protium atom at ligand 9 and at the ruthenium centre in transition state
TS2 and the related intermediates (Scheme 3). Solvation by THF was
accounted for using the COSMO method

AG’PTFTSZ (kH /kD)/’ AG# P4-TS2 (kH /kD )b
{H-H} 2.9 10.1
{D-H}* 4.0 6.8 10.5 19
{H-D}* 35 3.1 10.4 0.6

“Protium borne by the ruthenium centre; TS2, i748.1 cm™. ® Deuterium
borne by the ruthenium centre; TS2, /953.8 cm™.

= = no catalyst
-1

—8— 1+PPh,
-2

—A— 3

—# 4

=

—+—6
-7

0.0

1 1 1
300 400 500 600
t (min)

) 1
0 100 200
Fig. 12 Plot of the relative number of molar equivalents of released H,
gas vs. time for different catalysts under identical hydrolytic conditions.

that the quasi-identical kinetic profiles determined for compounds
1 and 3, 4 and 6 relate to a common active catalytic species
resulting from the release of the Ru(CO),Cl motive. This can be
rationalized by the existence of readily accessible coordination
sites at the ruthenium center of these p-chlorido-bridged dimers,
which allows interaction with NH;BH; and further protonolysis
of the catalyst, leading to the release of the “Ru(CO),(Cl)(H)”
moiety from compounds 1, 3 and 4, or to the rapid formation
of this hydrido-ruthenium species from 6. From a mechanistic
point of view, the study by Kawano et al.** of the dehydrogenative
capability of electron-unsaturated chromium carbonyls provides
a reasonable framework for understanding the mode of action of
“Ru(CO),(C)H(H)”.

Slightly attenuated catalytic behaviour was obtained with
compound 2 and with a mixture of 1 and triphenylphosphine.
In the case of 2, we speculate that the slight inhibition of the H,
release as compared to 1 might probably express the enhanced
stability of the p-chlorido, p-hydroxo bridging situation.” The
hydroxo ligand does not have any promoting effect as internal base
neither.” Addition of PPh; to 1 seemingly leads to the disruption
of the p-chlorido-bridged dimer and to the formation of a less
labile 18 electron monoruthenium species. The curve related to
the use of compound 7 depicts an even lower activity than for the
1 + PPh; mixture, which confirms that the use of fully “electron

8902 | Dalton Trans., 2010, 39, 8893-8905

This journal is © The Royal Society of Chemistry 2010


http://dx.doi.org/10.1039/c0dt00241k

Published on 13 August 2010. Downloaded by University of Michigan Library on 25/10/2014 10:30:58.

View Article Online

B

| h
_N
AN
Ru(CO),Cl

= Hs—
+ NHzBH;
= Ru(CO)ZCI
- NH3BH;
2

NH2
H 3+

H.©
N8t
*i's ® t
I
N—
"Ru(CO),Cl  + NH;BH, /N\ =N
H. 2 s Ru(CO)ZCI \Rq(CO)zcl
- NH,BH, “H
H. wH
P2 \ B
H \ Ts1 H,
HO ® nH
N—I:a\H
’ ;
N—_ | + NH,BH
Ru(thr)(CO)z(H)(cn H-- Z*Ru(CO),Cl ~ 727 2 N\Ru(CO)ZCI
2
K p3 - NH,BH,
p3"
-THF || + THF
N H
(th),Ru(CO),(H)(C) P4’ | NHT
and 2-phenylpyridine \ :
/__~“Ru(CO);Cl Ru(CO)zCI
TS2
81 and H,
Scheme 2 Simplified protonolysis reaction mechanism.
t
X A ~
LN | NO/:. _nOT®
7~y ~*Ru(CO),Cl 7N _ Y
S 2 = / ZRu(Co)Cl | == Ru(CO),Cl
< .-
P3 TS2 P4
{DH: O=D @=H
{HD}: O =H @ =D

Scheme 3 The reversible dehydrogenative cyclometallation of intermediate P3.

saturated Ru complexes” is highly detrimental to catalytic activity.
In line with the latter conclusion, the acetylacetonate ruthenium
complex 5, which as such represents an extreme case of unlabile
bischelate complex, displays no major catalytic activity.

Conclusions

In this article we have disclosed a new property of ruthenacyclic
complexes, i.e. their ability to promote the de-hydrogenation of
ammonia—borane under anhydrous and hydrous conditions. From

the point of view of hydrogen gas release, optimized hydrolytic
conditions (40 °C) allow the complete release of 3 eq. of H,
from 1 eq. of NH;BH; within minutes and the formation of
boric acid derivatives. The actual mechanism of formation of the
latter inorganic products remains unknown. Experiments carried
out under anhydrous conditions indicate that ammonia—borane
reacts in a concerted manner with the ruthenacyclic catalyst
to release a new coordinatively unsaturated hydrido, chlorido,
dicarbonylruthenium species. Protonolysis of the Ru—C bond of
1 is a common feature under hydrous and anhydrous conditions;
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it appears to be moderately reversible and to be a key step in
formation of the central catalytic species “Ru(CO),(Cl)(H)” re-
sponsible for the dehydrogenation of ammonia—borane. Labeling
experiments with d;-ammonia—boranes, which also revealed the
complexity of the system, point to a rather conventional behaviour
of borane’s derivatives towards transition metal centres, i.e. their
capability to undergo hydrogen atom scrambling quite readily.
The reason for the low hydrogen release rate under anhydrous
conditions can be related either to the lack of sufficient reactivity
of the “Ru(CO),(Cl)(H)” species or to a major interaction of
NH,BH, with unreacted NH;BH; in the course of the dehydro-
genation process, in a way similar to that proposed by Baker et al.
recently.®® The diversity of amino—borane products obtained under
anhydrous dehydrogenation conditions compares well with that
obtained with other catalytic systems. The rather higher rate of
hydrogen gas release under hydrolytic conditions could be linked
to the ruthenium promoted decomposition of highly reactive water
adducts formed with NH,BH,. The exact role of water remains to
be fully elucidated though.
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