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a  b  s  t  r  a  c  t

Homogeneous  catalytic  hydrolysis  of sodium  borohydride  starting  with  Ru(acac)3 (acac  =
acetylacetonate)  and  P(OMe)3 was  followed  by monitoring  the  hydrogen  evolution  and  the  UV–vis
electronic  absorption  spectra  which  shows  the  conversion  of  all ruthenium(III)  to a  ruthenium(II)
species,  most  likely  acting  as  catalyst.  This  active  catalyst  is  alive  only  under  reducing  conditions  and
converted  mainly  to  Ru(acac)3 along  with  other  minor  complexes  when  the catalytic  reaction  is  over.  A
ruthenium(II)  complex  was  isolated  from  the  reaction  solution  after  the  complete  catalytic  hydrolysis
of sodium  borohydride  and  characterized  to be [Ru{P(OMe)3}4H2] by  single  crystal  XRD,  MS,  UV–vis,
FTIR, 1H, 13C  and 31P  NMR  spectroscopy.  [Ru{P(OMe)3}4H2] complex  crystallizes  in the  triclinic  space
group  P-1  with  a =  10.066(2) Å,  b  =  19.108(3) Å,  c  =  20.938(4) Å,  ˛ =  78.839(14)◦,  ˇ  = 87.308(16)◦ and
�  =  79.506(14)◦.  This  ruthenium(II)  complex  was  found  not  to be  the  active  catalyst  in  the  hydrolysis
of  sodium  borohydride,  rather  one  of  its conversion  products  after  catalysis.  Although  the  active
catalyst  could  not  be isolated  from  the  reaction  solution,  it could  be  stabilized  by adding  chelating
2,2′-bipyridine  into  the  solution  during  the catalysis.  Thus,  a stabilized  form  of  the  active  catalyst,

1 13
[Ru(acac)(bipy){P(OMe)3}H],  could  be  isolated  and characterized  by  MS,  UV–vis,  FTIR, H, C and
31P NMR  spectroscopy.  [Ru(acac)(bipy){P(OMe)3}H] is  expectedly  not  as  active  as the  ruthenium(II)
species  formed  in  situ  during  the  catalysis.  Taking  all the  results  together  reveals  that  the  active
catalyst  is  a  ruthenium(II)  complex,  either  [Ru(acac){P(OMe)3}3H]  or  most  likely its dissociation
product,  [Ru(acac){P(OMe)3}2H].  Control  experiments  showed  that  2,2′-bipyridine  can  replace  only  the
trimethylphosphite  ligands  but  not  the  acetylacetonato  ligand  in  the ruthenium(II)  complex.
. Introduction

A recent study [1] has shown that ruthenium(III) acetylace-
onate (Ru(acac)3, 1) acts as homogeneous catalyst at room
emperature in hydrogen generation from the hydrolysis of sodium
orohydride (NaBH4, SB) in H2O–THF solution, which has been
onsidered as solid hydrogen storage materials [2–7]. It has also
een shown that when trimethylphosphite P(OCH3)3 is added
o the reaction solution containing NaBH4 and 1, the hydrogen
eneration was practically stopped (or reduced to the level of
elf hydrolysis) indicating that the hydrolysis of SB in the pres-
nce of 1 is a homogeneous catalysis [8].  However, the catalytic
ydrolysis of SB restarts at an unexpectedly high rate in a cer-

ain period (induction time) after addition of trimethylphosphite.
ccordingly, phosphorus ligand, known to be a poison in the catal-
sis, is involved in the formation of a new ruthenium species (2)
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containing trimethylphosphite, which has higher catalytic activ-
ity in comparison to 1 alone. The rate of hydrolysis varies very
slightly with the mole ratio of phosphorus to ruthenium [8].  In other
words, changing the mole ratio of P(OMe)3 to 1 in the range of 1–4
does not affect the mechanism of reaction or the structure of active
catalyst formed during hydrolysis of SB. Nevertheless, the phospho-
rus to ruthenium molar ratio of 2 shows slightly higher catalytic
activity than the others. Based on this observation, ruthenium(II)
acetylacetonato complexes containing two  trimethylphosphite lig-
ands have been synthesized and tested as homogeneous catalysts
in the hydrolysis of SB [9].  Neither the cis-[Ru(acac)2{P(OMe)3}2]
nor the trans-[Ru(acac)2{P(OMe)3}2] complex, isolated from the
reaction of cis-[Ru(acac)2(�2-cyclooctene)2] with P(OMe)3 [10,11],
has shown any significant activity in the hydrolysis of SB. How-
ever, the catalytic activity of cis-[Ru(acac)2{P(OMe)3}2] has been
shown to be significantly enhanced by addition of 2 equiv. of

trimethylphosphite per ruthenium into the medium [9].  This result
implies that the catalytically active ruthenium species formed
during the hydrolysis of SB starting with 1 and P(OMe)3, most
likely, involves more than two phosphine ligands. However, the

dx.doi.org/10.1016/j.molcata.2011.12.015
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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dentification of the catalytically active species formed in
he hydrolysis of SB starting with 1 and P(OMe)3 in aque-
us solution has remained as a challenge in this homoge-
eous catalysis. Herein we report the results of our fur-
her efforts to identify the active catalyst. In particular, we
eport the isolation of a ruthenium complex, dihydridote-
rakis(trimethylphosphite)ruthenium(II), [Ru{P(OMe)3}4H2] (3),
rom the aqueous reaction solution during the catalytic hydroly-
is of SB starting with 1 and P(OMe)3 and its characterization by
ingle crystal XRD, MS,  UV–vis, FTIR, 1H, 13C, and 31P NMR  spec-
roscopy. The complex 3 could be synthesized via a different route
tarting with RuCl3·3H2O, P(OMe)3 and NaBH4 in a non-aqueous
olution [12]. This ruthenium(II) complex 3 shows some activity
n the hydrolysis of SB, though lower than that observed for the
n situ generated active species 2. Since monitoring the UV–vis elec-
ronic absorption spectra shows the presence of a ruthenium(II)
pecies in the reaction solution during the catalytic hydrolysis,
hich seems to be catalytically very active, we attempted to iso-

ate that in situ ruthenium(II) complex either in its active form
r in a form stabilized by adding a chelating ligand into solution.
ndeed, we could achieve the isolation of a ruthenium(II) com-
lex, [Ru(acac)(bipy)P(OMe)3H], 4 formed from 2 upon addition of
,2′-bipyridine (bipy) into the reaction solution. This ruthenium(II)
omplex 4 was also characterized by MS,  UV–vis, FTIR, 1H, 13C
nd 31P NMR  spectroscopy and found to be less active than 2 in
ydrogen generation from the hydrolysis of SB.

. Experimental

.1. Materials

Ruthenium(III) acetylacetonate, (97%), sodium borohydride,
98%), trimethylphosphite, and 2,2′-bipyridine were purchased
rom Aldrich. Tetrahydrofuran and dichloromethane were pur-
hased from Merck. All glassware and Teflon-coated magnetic stir
ars were cleaned with acetone, followed by copious rinsing with
istilled water before drying at 150 ◦C in oven for a few hours.

.2. Equipment

All reactions involving air sensitive compounds were performed
nder argon or nitrogen atmospheres. 1H, 13C and 31P NMR  spec-
ra were taken on a Bruker Avance DPX 400 MHz  spectrometer
400.1 MHz  for 1H; 100.6 MHz  for 13C; 161.3 MHz  for 31P). Chemical
hifts are given in ppm (ı) relative to Me4Si as internal standard for
H, 13C and H3PO4 (85% in glass capillary) for 31P NMR. UV–vis
lectronic absorption spectra were recorded on a Varian Carry-
00 double beam spectrometer. The infrared spectra were recorded
rom KBr pellet using a Bruker AXS Tensor-27 or Vertex 70 ATR/FTIR
pectrometer. Positive ion mass spectra were acquired on a Micro
OF-LC/ESI/Ms system.

The experimental setup [13] used for performing the hydrolysis
f SB and measuring the hydrogen gas generated from the reaction
onsists of a 75 mL  jacketed reaction flask containing a Teflon-
oated stir bar placed on a magnetic stirrer (Heidolph MR-301) and
hermostated at 25.0 ± 0.1 ◦C by circulating water through its jacket
rom a constant temperature bath (RL6 LAUDA water bath). A grad-
ated glass tube (50 cm in height and 25 mm in diameter) filled with
ater was connected to the reaction flask to measure the volume

f hydrogen gas to be evolved from the reaction.

.3. Isolation of

ihydridotetrakis(trimethylphosphite)ruthenium(II) complex, 3

A stock solution of P(OMe)3 (100 mM)  in THF was  prepared by
issolving 1.18 mL  P(OMe)3 (MW  = 124.08 g/mol, d = 1.052 g/mL) to
ysis A: Chemical 355 (2012) 186– 191 187

100 mL  THF. For the preparation of catalyst solution with P(OMe)3/1
ratio of 4, a 4 mL  aliquot of the stock solution was diluted to 5 mL
by adding THF and, then, 40 mg  1 was added to this solution and
dissolved completely by stirring. Then, the solution was trans-
ferred into the reaction flask containing 1.2 g (30 mmol) NaBH4
dissolved in 45 mL  water and thermostated at 25.0 ± 0.1 ◦C. The
initial concentration of 1 in the reaction solution was  2.0 mM and
concentration of P(OMe)3 was  8.0 mM.  The reaction was  started
by turning on the stirrer at 1000 rpm under inert atmosphere. The
hydrogen evolved during the reaction was  collected over water in
the graduated glass column. After 6 h stirring, when no more hydro-
gen was evolved, the mixture was extracted with dichloromethane
and the combined organic extracts were cooled in order to precipi-
tated some traces of sodium borohydride or metaborate remaining
in organic extracts. Then, the solution was dried over magnesium
sulfate, filtered and evaporated in vacuo giving a residue containing
mainly unreacted 1 and 3 complexes. The residue was  dissolved in
cold hexane and due to lower solubility in hexane, 1 was  precip-
itated and separated by filtration. Evaporation of hexane in vacuo
gives pure 3. Colorless crystals of 3 were obtained by the crystal-
lization from hexane at 0 ◦C after 10 days (19.2 mg, 33%). Complex
3: 1H NMR  (CDCl3, ppm): ı −5.71 (br s, 2H, Ru H), 3.45 (br m,  18H,
POCH3), 3.47 (d, J = 4.4 Hz, 18H, POCH3). 13C NMR  (CDCl3, ppm): ı
49.32, 49.8. 31P NMR  (CDCl3, ppm): ı 169.65, 172.4. Mass: m/z 597
([M−2H]+, 100%), 473([M−P(OMe)3H2]+, 38%). UV: �max (THF, nm)
(ε in dm3 mol−1 cm−1) 295 (52,500). FTIR (KBr, �, cm−1): 2928 m,
1580–1720 m,  1445 w,  1375 w,  1066 s.

2.4. Single crystal X-ray diffraction analysis of 3

Colorless, prismatic crystal of dimension 0.3 mm × 0.2 mm  ×
0.2 mm  was  glued to thin quartz glass and mounted on the
goniometry of Enraf Nonious CAD4 diffractometer at room tem-
perature. A hemisphere data was  collected in ω/2� scan mode
with graphite monochromated Mo  K� radiation, � = 0.71073 Å.
Data collection and initial indexing were handled using XCAD4
[14]. Semi-empirical absorption corrections were performed using
PSI-SCANS [15]. The structure was  solved using direct method
and difference Fourier technique. Hydrogen atoms of the methyl
groups were attached via the riding model. Hydrogen atoms on
the Ru atoms were taken from a difference Fourier map and
fixed all parameters after applied some restraints. The final struc-
tural refinement included anisotropic temperature factors on all
non-hydrogen atoms. Structure solution, refinement, graphics, and
creation of publication material were performed using SHELX [16]
and WinGX package [17]. Graphical representations of the struc-
ture was made with MERCURY [18]. CCDC file 781525 contains the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Center via www.ccdc.cam.ac.uk/data request/cif.

2.5. Catalytic activity of 3 in the hydrolysis of sodium borohydride

A catalyst solution was  prepared by dissolving 18 mg
(0.030 mmol) 3 in a mixture of 5 mL  THF and 5 mL  water under vig-
orous stirring. In a separate glass vial, 852 mg  (22.5 mmol) NaBH4
was  dissolved in 40 mL  water and the solution was transferred into
the reaction flask thermostated at 25.0 ± 0.1 ◦C. Then, the catalyst
solution in 10 mL  THF/water was also transferred into the reaction
flask, yielding a solution with ruthenium concentration of 0.60 mM
and SB concentration of 450 mM.  The experiment was  started by
closing the reaction flask and turning on the stirring at 1000 rpm

simultaneously. The volume of hydrogen gas evolved was mea-
sured by recording the displacement of water level in the graduated
glass tube for every 5 min.

http://www.ccdc.cam.ac.uk/data_request/cif
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.6. UV–vis spectroscopic measurements during hydrolysis of
odium borohydride catalyzed by 1 and P(OMe)3

A stock solution of P(OCH3)3 (100 mM)  in THF was prepared by
issolving 1.18 mL  P(OCH3)3 (MW  = 124.08 g/mol, d = 1.052 g/mL)
o 100 mL  THF. For the preparation of catalyst solution with
(OCH3)3/1 ratio of 2–4, an aliquot of the stock solution (2–4 mL)
as diluted to 5 mL  by adding THF and, then, 40 mg  1 was  added

o this solution and dissolved completely by stirring the solution.
hen, the solution was transferred into the reaction flask con-
aining 852 mg  (22.5 mmol) NaBH4 dissolved in 45 mL  water and
hermostated at 25.0 ± 0.1 ◦C. The initial concentration of 1 in the
eaction solution was 2.0 mM and concentration of P(OCH3)3 was
n the range of 4.0–8.0 mM.  The reaction was started by turning on
he stirrer at 1000 rpm under inert atmosphere. The hydrolysis of
B catalyzed by different ratio of P(OCH3)3/1, was followed by tak-
ng the UV–vis absorption spectra. Every 10 min, 50 �L aliquot was
aken from the reaction solution with a micropipette and diluted to

 mL  with SB solution (450 mM)  in H2O–THF (9:1). UV–vis spectrum
f the diluted solution was  taken immediately.

.7. Isolation of catalytically active ruthenium(II) species
tabilized by 2,2′-bipyridine in the form of complex 4

For the preparation of catalyst solution with P(OCH3)3/1 ratio
f 3, a 3.0 mL  aliquot of the stock solution of P(OCH3)3 (100 mM)  in
HF was diluted to 5 mL  by adding THF and, then, 40 mg  1 was added
o this solution and dissolved completely by stirring. Then, the
olution was transferred into the reaction flask containing 852 mg
22.5 mmol) NaBH4 dissolved in 45 mL  water and thermostated at
5.0 ± 0.1 ◦C. The initial concentrations of 1 and P(OCH3)3 in the
eaction solution were 2.0 and 6.0 mM,  respectively. The reaction
as started by turning on the stirrer at 1000 rpm under inert atmo-

phere. After about 1 h stirring (induction time), active catalyst was
ormed accompanied by a sudden increase in the hydrogen gener-
tion rate. Changes in the catalyst were followed by taking UV–vis
pectra. Immediately after induction period, when the active cat-
lyst was in situ formed, 2,2′-bipyridine (20 mg,  0.13 mmol) was
dded to the reaction solution. It was stirred for additional 5 h at
5.0 ± 0.1 ◦C under inert atmosphere. During that time, the color of
olution changed from red to red-brown and finally to dark-brown.
hen, the mixture was extracted with dichloromethane and the
ombined organic extracts were cooled to 0 ◦C, whereby traces of
B or metaborate remaining in organic extracts were precipitated
ut. Then, the solution was dried over magnesium sulfate, filtered
nd evaporated in vacuo giving a residue containing mainly the
omplex 4 and some traces of 2,2′-bipyridine. The latter was easily
emoved from the complex by washing with cold hexane. Recrys-
allization from a mixture of chloroform–hexane solution yields
he complex (21.7 mg,  45%). Complex 4: 1H NMR (CDCl3, ppm): ı
5.59 (s, 1H, Ru H), 1.45 (br, 6H, CH3), 3.42 (s, 9H, OCH3), 6.45

m,  4H, H-bipy), 6.99 (m,  4H, H-bipy). 13C NMR  (CDCl3, ppm): ı
0.5, 50.91, 100.02, 125.6, 127.8, 145.18. 31P NMR  (CDCl3, ppm): ı
63.22. Mass: m/z 456 ([M−2C]+, 100%). UV: �max (THF/H2O, nm)
ε in dm3 mol−1 cm−1) 235 (12,400), 285 (36,500), 460 (4500). FTIR
KBr, �, cm−1): 1490–1550 s.

.8. Catalytic activity test and UV–vis spectroscopic
easurements during catalytic hydrolysis of sodium borohydride

tarting with 1 and 3 equiv. P(OCH3)3 plus 2,2′-bipyridine added

A stock solution of P(OCH3)3 (100 mM)  in THF was prepared by

issolving 1.18 mL  P(OCH3)3 (MW  = 124.08 g/mol, d = 1.052 g/mL)
o 100 mL  THF. For the preparation of catalyst solution with
(OCH3)3/1 ratio of 3, an aliquot of the stock solution (3 mL)  was
iluted to 5 mL  by adding THF and, then, 40 mg  1 was  added to
Fig. 1. UV–vis electronic absorption spectra taken from the reaction solution during
the hydrolysis of sodium borohydride started with NaBH4 (450 mM), complex 1
(2  mM)  and P(OMe)3 (4–8 mM)  in THF–H2O (1:9) at 25 ◦C.

this solution and dissolved completely by stirring. Then, the solu-
tion was  transferred into the reaction flask containing 852 mg
(22.5 mmol) NaBH4 dissolved in 45 mL  water and thermostated at
25 ◦C. The initial concentrations of 1 and P(OCH3)3 were 2.0 and
6.0 mM,  respectively. The experiment was  started by closing the
reaction flask and turning on the stirring at 1000 rpm simulta-
neously. The volume of hydrogen gas evolved was measured by
recording the displacement of water level in the graduated glass
tube for every 5 min. After about 1 h stirring (induction time),
when a fast hydrogen evolution started, 20 mg  (0.127 mmol) 2,2′-
bipyridine was  added to reaction solution at 25 ◦C under inert
atmosphere. Then, the volume of hydrogen gas evolved was  further
measured every 5 min  (for additional 4 h).

This experiment was  repeated starting with 40 mg  1 (2 mM),
852 mg  NaBH4 (450 mM), 20 mg  (2.5 mM)  2,2′-bipyridine and a
P(OCH3)3/1 ratio of 3 (6 mM of phosphine) in 50 mL  H2O–THF. The
reaction was followed by taking UV–vis absorption spectra. Every
10 min, a 50 �L aliquot was taken with a micropipette and diluted
to 3 mL  with NaBH4 solution (450 mM)  in H2O–THF (9:1).

3. Results and discussion

When trimethylphosphite, P(OMe)3, is added to the reaction
solution containing 450 mM NaBH4 and 2 mM  1 in 50 mL  H2O–THF
solution, the hydrogen generation is practically ceased (or reduced
to the level of self-hydrolysis of SB). However, the catalytic hydrol-
ysis of SB restarts at an unexpectedly high rate after a certain
period (induction time) [8].  When 1 is used alone as a homoge-
neous catalyst, the turnover frequency (TOF) is 4.7 min−1 (the rate
of hydrogen generation is 11 mL  H2/min), while in the presence
of 2 equiv. trimethylphosphite the TOF value is 37 min−1 (hydro-
gen generation rate becomes 83 mL  H2/min) after induction time.
Moreover, the total turnover number (TTON) of sole 1 in the cat-
alytic hydrolysis of SB is 1200 (over 3 h) [1],  while the TTON of 1
in the presence of 2 equiv. trimethylphosphite is 20,700 (over 72 h)
[8]. This comparison indicates the formation of a new ruthenium
catalyst containing phosphine ligands, which is much more active
and has longer lifetime than that of the parent ruthenium complex
in the hydrolysis of SB. The challenge here is to find out what the
active catalyst is in this system.

Monitoring the UV–vis electronic absorption spectra during the

catalytic hydrolysis of SB starting with 1 and P(OMe)3 gives some
insights into the nature of active catalyst. Fig. 1 displays three
UV–vis absorption spectra taken at different stages of the cat-
alytic reaction. The spectrum taken from the mixture before the
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eaction (before adding SB, Fig. 1a) shows three prominent absorp-
ion bands at 270, 350 and 509 nm assigned to charge transfer
ransitions and d–d transition of 1, respectively [19]. UV–vis spec-
rum taken from the reaction solution after induction period
Fig. 1b) exhibits one absorption band at 480 nm with higher inten-
ity compared to that of 1 and another band at 275 nm. These two
ands remain during the whole reaction and should be due to the
ctive catalyst 2. The spectrum taken at the end of the catalytic
eaction (Fig. 1c) shows essentially the same absorption features
s the ones of 1 before the reaction. This observation indicates that
he active catalyst 2 is alive during the catalysis, but converted to
he parent 1 when the hydrolysis of SB is over. The UV–vis spec-
rum observed for 2 during the catalytic reaction (Fig. 1b) resembles
he electronic absorption spectra of three octahedral ruthenium(II)
omplexes known in literature: [Ru(en)2IP]2+, [Ru(en)Phen]2+, (IP:
midazo[4,5-f][1,10]phenanthroline and Phen: 1,10 – phenanthro-
ine) [20] and cis-[Ru(acac)2{P(OMe)3}2] [9].  This implies that the
ctive catalyst is most likely a ruthenium(II) species. That the active
atalyst is alive as long as hydrogen generation continues, i.e. as
ong as SB is present in solution, leads to a long catalytic lifetime
vide infra). However, the active catalyst decomposes immedi-
tely when the hydrogen generation stops, i.e. no more SB in
he catalytic solution is left, forming the parent complex 1. The
resence of the parent complex 1 was confirmed by the 1H and
3C NMR  spectra of the crude organic extract obtained from the
olution after the catalytic reaction. It is noteworthy that perform-
ng the same catalytic hydrolysis starting with different ratios of
(OMe)3 to 1 in the range of 1–4 gives the same UV–vis electronic
bsorption spectra indicating that changing the ratio of P(OMe)3
o 1 does not affect the structure of active catalyst or mechanism
f catalytic hydrolysis of SB. In order to identify the true active
atalyst formed in situ from 1 and P(OMe)3 under the reducing
onditions, 2 had to be isolated. When the catalytic hydrolysis
f SB was completed (no more hydrogen evolution), the mixture
as extracted with dichloromethane. The 1H NMR  spectrum of

he crude organic extract gives an intense peak at −5.66 ppm for
. So does the 13C NMR  spectrum show a broad intense signal
t −23.5 ppm for the paramagnetic complex 1. 1H and 13C NMR

pectra of the crude extract show additionally weak signals at
.48 and 50.9 ppm, respectively, attributable to the P(OMe)3 lig-
nds of a complex in small amount in the sample. The insoluble

Fig. 2. X-ray crystal structure of complex 3.
ysis A: Chemical 355 (2012) 186– 191 189

1 could be precipitated out from the hexane solution of the crude
extract. Colorless crystals of a ruthenium complex were obtained
upon cooling the hexane solution at 0 ◦C after 10 days and charac-
terized to be dihydridotetrakis(trimethylphosphite)ruthenium(II),
3.

Single crystals of 3 were used for the XRD structure deter-
mination. Crystal data and experimental details of the title
compound plus the average values of selected bond lengths
and angles are given in Tables 1 and 2 in the Supporting infor-
mation, respectively. The complex crystallizes in the triclinic
space group P-1 with three asymmetric unit formula of 3 in
the unit cell (Fig. 2). Projection of the crystal structure of the
complex 3 involving a unit cell with three asymmetric molecules
and three inversion symmetry related molecules is shown in
Fig. S1 in the supporting information. The coordination around
the Ru atom involves four P atoms of the P(OMe)3 ligands and
two  H atoms. The four P Ru P bond angles within the coordina-
tion sphere are in the range of 96.3(2)–101.1(3)◦, the other two
P Ru P bond angles are in the range of 153.67(19)–155.2(2)◦.
Two  H atoms locate at the wide angle position in the coordination
sphere. The average bond distances for three molecules of the
complex are Ru1-P = 2.268, Ru2-P = 2.264 and Ru3-P = 2.265 Å
(Table 2 in the supporting information). The mean Ru P bond
length in 3 is 2.265 Å which is comparable to the corresponding
bond lengths of 2.259 Å in carbonyl(5�-cyclopentadienyl)-
bis(trimethylphosphite)ruthenium(II) ion [21], 2.221 Å in bis(�-2-
methylallyl) bis(trimethylphosphite)ruthenium [22], and 2.206 Å
in cis–bis(acetylacetonato)bis(trimethylphosphite)ruthenium(II)
[9].  However, it is shorter than those of com-
plexes containing trimethylphosphite ligands in
two  trans positions such as trans–bis(acetone-
hydrazone)tetrakis(trimethylphosphite)ruthenium(II)
ion (a mean Ru P distance is 2.35 Å) [23] or
trans–bis(acetylacetonato)bis(trimethylphosphite)-ruthenium(II)
(an average Ru P distance of 2.317 Å) [9].

The solution NMR  data of 3 are also in agreement with the single
crystal structure. The 1H NMR  spectrum taken from chloroform-
d solution gives two signals for the P(OMe)3 groups at 3.45 and
3.47 ppm and a singlet at −5.71 ppm for the hydrido ligands. The
13C NMR  spectrum gives two singlets at 49.32 and 49.80 ppm for
the P(OMe)3 groups. The 31P NMR  spectrum gives two  separate
peaks at 169.65 and 172.4 ppm which can be assigned to the two
P(OMe)3 ligands trans to each other and the two other P(OMe)3
ligands trans to hydrido ligands (or cis to each other), respectively.
Note the small differences in chemical shifts of P(OMe)3 ligands
indicating that the geometry is a highly distorted octahedral. The
phosphorus atoms in 3 are less shielded compared to the ones
in [Ru{P(OMe)3}4Cl2] (131 ppm) [24], where two  chloro ligands
put electron density on the central metal ion more than that two
hydride ligands can do.

UV–vis electronic absorption spectrum of 3 shows a very intense
absorption band at 295 nm,  assigned to a charge transfer tran-
sition and clearly different from the one observed for the Ru(II)
species 2, in situ formed and exists in solution during the catalytic
hydrolysis of SB (Fig. 1b). Mass spectrum of 3 (Fig. S2 in the sup-
porting information) shows [M−2H]+ peak at m/z  = 597 along with
another peak at m/z = 473 for the [M−P(OMe)3H2]+ fragment. The
simulated spectrum with the isotope distribution fits well to the
experimentally observed isotope pattern for the molecular peak
(Fig. S2 in the supporting information).

The UV–vis electronic absorption spectra taken from the solu-
tion during the catalytic hydrolysis of SB starting with 1 and

P(OMe)3 indicates the existence of a ruthenium(II) species which is
most likely the active catalyst. This ruthenium(II) species 2 decom-
poses immediately after completion of the hydrolysis of SB, forming
mostly 1 and very small amount of 2 is converted to the stable
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Fig. 3. Volume of H2 versus time for the hydrolysis of NaBH4 using com-
pounds: (a) cis-[Ru(acac)2{P(OMe)3}2], (b) trans-[Ru(acac)2{P(OMe)3}2], (c)
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rans-[Ru(acac)2{P(OMe)3}2] plus 2 equiv. of P(OMe)3, (d) complex 3, (e) complex 1,
f)  complex 1 plus 2 equiv. of P(OMe)3, (g) cis-[Ru(acac)2{P(OMe)3}2] plus 2 equiv.
f  P(OMe)3.

uthenium(II) complex 3 as a minor product which could be iso-
ated.

The complex 3 was employed as homogeneous catalyst in
he hydrolysis of SB. Fig. 3 shows the plots of hydrogen volume
enerated versus time during the hydrolysis of SB starting with
ne of 3, 1, trans- or cis-[Ru(acac)2{P(OMe)3}2] [9] complexes
ith/without 2 equiv. of trimethylphosphite. Using 3 as catalyst

ives activity in the hydrolysis of SB, comparable to that of 1 [8]
r cis-[Ru(acac)2{P(OMe)3}2] [9],  but definitely much lower than
hat obtained by using 1 plus 2 equiv. of P(OMe)3. Taking all the
esults together one can conclude that 3 is not the active cata-
yst, rather formed from the active catalyst when the hydrogen
eneration (reducing condition) is over.

Since the in situ formed ruthenium(II) species acting as catalyst
n the hydrogen generation from the hydrolysis of SB starting with

 and P(OMe)3 could not be isolated from the reaction solution,
e attempted to stabilize this active catalyst by adding a chelat-

ng ligand such as 2,2′-bipyridine (bipy) into the reaction solution
uring catalytic reaction. For this purpose, a catalytic reaction was
tarted with 2.0 mM of 1, 6.0 mM P(OMe)3 and 450 mM NaBH4 in
0 mL  H2O–THF at 25 ◦C and was followed by taking UV–vis spec-
ra and measuring the volume of hydrogen gas generated. After an
nduction time of 1 h, the active catalyst is formed in situ as seen
rom the UV–vis spectrum (Fig. 4) and a fast hydrogen generation
tarts concomitantly. At that point, 2,2′-bipyridine (2.5 mM)  was
uickly added into the reaction solution and the reaction was fol-

owed further by UV–vis spectra (Fig. 4). Upon addition of bipy,
here is an observable change in the UV–vis spectrum, now giving
hree absorption bands at 235, 285 and 460 nm indicating that the
ctive catalyst is changed. Also a simultaneous change is observed
n the rate of hydrogen generation (see later). The new absorp-
ion features remain not only throughout the catalytic reaction
ut also after the hydrolysis, indicating that the new complex,
ormed upon addition of bipy, is indeed stable and can be iso-
ated. The isolation of the complex stabilized by bipy was  achieved
y extraction from the reaction solution with dichloromethane.
ecrystallization from chloroform–hexane mixture gives a com-
lex as crystalline powder which was characterized to be complex
. The 1H NMR  spectrum of 4 in chloroform-d solution gives a sin-

let at −5.59 ppm for the hydride, a broad peak at 1.45 ppm for
he methyl groups of acetylacetonato ligand, a singlet at 3.42 ppm
or the trimethylphosphite ligand and two multiplets at 6.45 and
.99 ppm for the hydrogens of 2,2′-bipyridine ligand. The 13C NMR
Fig. 4. UV–vis spectroscopic measurements during hydrolysis of NaBH4 (450 mM)
starting with 2 mM 1 and 3 equiv. of P(OMe)3 along with stabilization by 2,2′-
bipyridine (2.5 mM).

spectrum gives a peak at 40.5 ppm for methyl carbons of acetylace-
tonato ligand, a singlet at 50.91 ppm for the trimethylphosphite
ligand, a singlet at 100.02 ppm for the methine carbon of acac lig-
and, signals at 125.6–127.8 ppm for the carbons of bipy and one
doublet at 145.18 ppm for the carbonyls of acac ligand. 31P NMR
spectrum of 4 shows a single peak at 163.22 ppm. Mass spectrum of
4 (Fig. S3 in the supporting information) shows a peak at m/z  = 456
for the fragmented ion [Ru(bipy){P(OMe)3}(OCH2CH2CH2O)]+. The
spectrum simulated for the C16H23O5N2P1Ru1 with isotopic dis-
tribution exactly matches the experimentally observed isotope
pattern of this fragmentation peak.

Regarding the formation of 4, the bidentate bipy might have
replaced either one acac ligand in a putatively active catalyst or two
monodentate trimethylphosphite ligands. To obtain a clue which
one of these two possible ligand replacements is the actual pro-
cess, we performed a catalytic test reaction starting with 1, NaBH4
and 2,2′-bipyridine, that is, without using trimethylphosphite, and
followed by taking UV–vis electronic absorption spectra. After 24 h,
no change was observed in the UV–vis electronic absorption spec-
trum. This observation indicates that acac ligands in the ruthenium
complex cannot be replaced directly by bipy even after a very long
time in the presence of SB. Rationally, one can conclude that two
trimethylphosphite ligands are replaced by one bipy ligand forming
complex 4 from the active catalyst. Consequently, we can suggest
the active catalyst 2 to be [Ru(acac){P(OMe)3}3H] or one of its dis-
sociation products. The observation of a ruthenium(II) species in
solution during the catalytic hydrolysis of SB (Fig. 1) supports this
suggestion. That the catalytic activity of cis-[Ru(acac)2{P(OMe)3}2]
in the hydrolysis of NaBH4 is significantly enhanced by addition
of trimethylphosphite into the medium [9] is another piece of evi-
dence supporting the presence of such a complex. That the catalytic
activity of trans-[Ru(acac)2{P(OMe)3}2] is much lower than that of
the cis-isomer in the presence of trimethylphosphite [9] leads to
conclusion that the active catalyst has three phosphorus ligands in a
facial arrangement. Upon reaction with trimethylphosphite, trans-
[Ru(acac)2{P(OMe)3}2] can yield only a complex with meridional
arrangement of three phosphorus ligands, in which the ruthenium
center is sterically less accessible for the substrate, than that in
the facial isomer, fac-2. Moreover, the stable ruthenium(II) species

3, isolated from the reaction solution after catalysis, contains four
bulky trimethylphosphite ligands and, therefore, is sterically less
favorable to act as an active catalyst in comparison with fac-2 com-
plex.
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It is noteworthy to compare the catalytic activity of 2 with that
f the bipy-stabilized complex 4. Fig. 5 shows the hydrogen evolu-
ion versus time plots for the hydrolysis of SB starting with 1 and
(OMe)3 in the absence or presence of 2,2′-bipyridine added after
nduction period. The rate of hydrogen generation decreases from
3 mL  H2/min for the in situ active catalyst down to 8 mL  H2/min
pon adding 2,2′-bipyridine.

Taking all the results together reveals that fac-2 or one of its
issociation products is most likely the active catalyst 2 in the
ydrolysis of SB starting with 1 and P(OMe)3. This 18-electron
uthenium(II) complex can hardly bind a substrate molecule
o start the catalytic cycle. However, it can readily undergo
etachment of one P(OMe)3 ligand generating temporarily the
oordinatitvely unsaturated, 16-electron ruthenium(II) complex,
Ru(acac){P(OMe)3}2H], which is at equilibrium with the dom-
nant parent complex fac-2. The latter complex can be in situ
ormed from either 1 or cis-[Ru(acac)2{P(OMe)3}2] in the presence
f P(OMe)3 during the catalytic hydrolysis of SB. The catalyti-
ally active species, [Ru(acac){P(OMe)3}2H] and fac-2, are alive,
t equilibrium with each other, only under reducing conditions,
s long as SB is present in the medium. However, they are con-
erted to stable compounds when no more SB is present in solution.
ince the UV–vis spectrum shows the absence of 1 in the solu-
ion during catalysis, the complex 1 recovered after the catalytic
eaction must be formed from the active catalyst when the reduc-
ng condition is over. As there exist free trimethylphosphite in
he reaction solution, a small fraction of the active catalyst is
lso converted to 3. In the light of present information, it is not
ossible to write a stoichiometric equation for the conversion of
ctive catalyst to 1 and 3 or any other minor product as free
cetylacetonate and trimethylphosphite are likely involved in this
onversion.

. Conclusion
In summary, our study on the catalytic system comprising 1 plus
(OMe)3 in the hydrolysis of NaBH4 leads to the following conclu-
ions and insights, some of which were previously unavailable: (i)

[
[
[
[
[

ysis A: Chemical 355 (2012) 186– 191 191

An active catalyst is in situ formed temporarily during hydrolysis of
NaBH4 starting with 1 and P(OMe)3. (ii) The active catalyst which
is a ruthenium(II) species is alive as long as the hydrogen genera-
tion continues, i.e., sodium borohydride is present in the catalytic
solution. (iii) After the catalytic reaction, when no more hydro-
gen is generated, the active catalyst decomposes forming mostly
ruthenium(III) acetylacetonate (1), along with stable ruthenium(II)
complex containing four trimethylphosphite ligands, 3, as a minor
product. (iv) The active catalyst can be stabilized by 2,2′-bipyridine
and isolated from the catalytic reaction solution as complex 4. (v)
The active catalyst is most likely a coordinatively unsaturated, 16-
electron ruthenium(II) complex, [Ru(acac){P(OMe)3}2H], which is
generated by detachment of a P(OMe)3 ligand from the 18-electron
fac-2 complex. The latter can be generated not only from 1 but also
from cis-[Ru(acac)2{P(OMe)3}2] in the presence of trimethylphos-
phite during the hydrolysis of sodium borohydride. (vi) fac-2 is
sterically more favorable to act as homogeneous catalyst to pro-
duce hydrogen in comparison with its meridional form or complex
3 containing four bulky ligands. (vii) The active catalyst has much
higher catalytic activity in comparison with its form stabilized by
2,2′-bipyridine.
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