
at SciVerse ScienceDirect

Journal of Organometallic Chemistry 720 (2012) 38e45
Contents lists available
Journal of Organometallic Chemistry

journal homepage: www.elsevier .com/locate/ jorganchem
Applications of transition metal complexes containing 3,30-
bis(diphenylphosphinoamine)-2,20-bipyridine ligand to transfer hydrogenation
of ketones

Murat Aydemir*, Nermin Meric, Akın Baysal
Department of Chemistry, Dicle University, TR-21280 Diyarbakır, Turkey
a r t i c l e i n f o

Article history:
Received 25 May 2012
Received in revised form
15 August 2012
Accepted 27 August 2012

Keywords:
Aminophosphine
Transition metal
Transfer hydrogenation
Catalyst
NMR
* Corresponding author. Tel.: þ90 412 248 8550; fa
E-mail address: aydemir@dicle.edu.tr (M. Aydemir

0022-328X/$ e see front matter � 2012 Elsevier B.V.
http://dx.doi.org/10.1016/j.jorganchem.2012.08.031
a b s t r a c t

Hydrogen transfer reduction processes are attracting increasing interest from synthetic chemists in view
of their operational simplicity. 3,30-bis(diphenylphosphinoamine)-2,20-bipyridine, (Ph2PNH)2C10H6N2,
was prepared through a single step reaction of 3,30-diamino-2,20-bipyridine with diphenyl-
chlorophosphine. Reaction of (Ph2PNH)2C10H6N2 with [Ru(h6-benzene)(m-Cl)Cl]2, [Rh(m-Cl)(cod)]2 or
[Ir(h5-C5Me5)(m-Cl)Cl]2 gave a range of new bridged dinuclear complexes [C10H6N2{NHPPh2Ru(h

6-
benzene)Cl2}2], 1, [C10H6N2{PPh2NHRh(cod)Cl}2], 2 and [C10H6N2{NHPPh2Ir(h5-C5Me5)Cl2}2], 3, respec-
tively. All new complexes have been fully characterized by analytical and spectroscopic methods. 1H31P-
{1H} NMR, 1H13C HETCOR or 1H1H COSY correlation experiments were used to confirm the spectral
assignments. 1, 2 and 3 are suitable catalyst precursors for the transfer hydrogenation of acetophenone
derivatives. Notably [Ru((Ph2PNH)2C10H6N2)(h6-benzene)Cl2], 1 acts as an excellent catalyst, giving the
corresponding alcohols in 98e99% yields in 10 min at 82 �C (TOF �600 h�1) for the transfer hydroge-
nation reaction in comparison to analogous rhodium or iridium complexes. This transfer hydrogenation
is characterized by low reversibility under these conditions.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Catalytic transfer hydrogenation with the aid of a stable
hydrogen donor is a useful alternative method for catalytic
hydrogenation by molecular hydrogen [1]. Transfer hydrogenation
of ketones by iso-PrOH is convenient in large-scale synthesis since
there is no need to employ a high hydrogen pressure or to use
hazardous reducing agents [2]. Today, the catalytic transfer
hydrogenation [3] of prochiral ketones is one of the most attractive
methods for synthesizing optically active secondary alcohols,
which form an important class of intermediates for fine chemicals
and pharmaceuticals [4,5]. There are several metal sources avail-
able that have tomediate the hydride transfer from the donor to the
substrate. Even if main-group metals like aluminum have histori-
cally been used in the transfer hydrogenation reactions [6,7],
today’s catalysts of choice are transition metal complexes
predominantly of ruthenium, rhodium [8] or iridium [9e11].

Synthesis of newaminophosphines to stabilize transitionmetals
in low valent states is considered to be a most challenging task in
x: þ90 412 248 8300.
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view of their potential utility in a variety of metal-mediated organic
transformations [12]. To date, a number of such systems with
a variety of backbone frameworks have been synthesized and their
transition metal chemistry has been explored [13]. The effect of
ligand type on structure and reactivity of transition metal
complexes is an important topic of research in coordination and
organometallic chemistry [14]. Ligands containing direct
phosphorusenitrogen bonds are quite attractive as structural
modifications can be introduced via simple PeN bond formation
[15] and they have proved to be versatile ligands, and varying the
substituents on both P- and N-centers gives rise the changes in the
PeNH angle and to conformation around the P-centers [16]. Small
variations in these ligands can cause significant changes in their
coordination behavior and the structural features of the resulting
complexes [17,18]. The use of tertiary phosphines is widespread in
organometallic chemistry and in homogeneous catalysis as these
ligands can be used to fine tune the metal reactivity and selectivity.
The complexes incorporating this ligand type are of considerable
interest because of their potential use in many processes such as
reductive elimination and oxidative addition for making and
breaking CeH bonds [19,20], formation and cleavage of NeH and
OeH bonds [21]. Also their extensive use in classical catalytic
processes such as allylic alkylation [22], Heck [23,24], Suzuki [25e
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27], hydrogenation [28,29], isomerization, decarbonylation, etc.
[30,31] cannot be ignored.

Recently, we have reported that the novel half-sandwich
complexes, based on the ligands with PeN backbone, are active
catalysts in the reduction of aromatic ketones [32e35]. By choosing
an appropriate ligand system it is possible to fine tune the elec-
tronic and steric properties of the donor centers to bind tometals in
desired oxidation state with a specific coordination number so that
a catalyst may be generated for a specific organic transformation. In
this context, aminophosphines play a major role because of easy
and high yield synthetic methodologies and flexibility in their
reactivity toward transition metals in their various oxidation states
[36e40]. The above considerations prompted us to study the
research program on the aminophosphine complexes. We previ-
ously reported the preparation of the 3,30-bis(diphenylphosphi-
noamine)-2,20-bipyridine and its [C10H6N2{NHPPh2Ru(h6-p-
cymene)Cl2}2] complex [41]. As part of our research program
we report here, the synthesis and full characterization of
three novel aminophosphine complexes [C10H6N2{NHPPh2Ru
(h6-benzene)Cl2}2], 1, [C10H6N2{PPh2NHRh(cod)Cl}2], 2 and
[C10H6N2{NHPPh2Ir(h5-C5Me5)Cl2}2], 3, and their catalytic evalua-
tion in the transfer hydrogenation of acetophenone derivatives.
2. Results and discussion

2.1. Synthesis and characterization of the complexes

Although aminolysis of chlorophosphines is an efficient method
for preparing R2PN(H)R0 or (R2P)2NR’ it has not widely been
exploited yet, in part possibly because of the associated instability
of the PeN bonds in these ligands [42,43]. Synthesis and
characterization of bis(aminophosphine) ligand with rigid back-
bone, prepared from the starting material 3,30-diamino-2,20-
bipyridine by the aminolysis method were previously reported [32]
Scheme 1. Synthesis of the (Ph2PNH)2C10H6N2 ligand and its [C10H6N2{NHPPh2Ru(h6-benzen
complexes. (i) Cu, DMF, 110 �C (ii) SnCl2, concd. HCl, ½ h; (iii) 2 equiv. Ph2PCl, 2 equiv. Et3N, t
equiv. [Ir(h5-C5Me5)(m-Cl)Cl]2, thf.
(Scheme 1). The 31P NMR spectrum of (Ph2PNH)2C10H6N2 showed
a single resonance at d(P) 26.82 ppm, similar to those found for
closely related compounds, indicative of both phosphorus being
equivalent as a result of the symmetry (C2 symmetry) of the
molecule (Fig. 1) [44]. 3,30-bis(diphenylphosphinoamine)-2,20-
bipyridine is unstable and decomposes rapidly on exposure to air or
moisture. When the reactions were monitored by 31P NMR spec-
troscopy, the formation of P(O)Ph2PPh2 was observed, as indicated
by signals at d 35.20 (d) ppm and d�23.60 (d) ppm, {1J(PP) 228 Hz}.
Solution of (Ph2PNH)2C10H6N2 in CDCl3, prepared under anaerobic
conditions, is also unstable and decomposes gradually to give oxide
and tetraphenylbiphosphine monoxide [P(O)Ph2PPh2] derivatives.
Because the (Ph2PNH)2C10H6N2 is not stable enough in solution, the
transition metal complexes were synthesized in-situ.

The ability of dimers {[Ru(arene)(m-Cl)Cl]2} to form mono-
nuclear complexes of general formula [Ru(h6-arene)Cl2L] is well-
known [45]. Thus, the reaction of [Ru(h6-benzene)(m-Cl)Cl]2 and
(Ph2PNH)2C10H6N2 gives [C10H6N2{NHPPh2Ru(h6-benzene)Cl2}2], 1
in high yield, which is an air stable, red microcrystalline powder
(Scheme 1). Analysis by 31P {1H} NMRexhibits a unique signal in the
spectrum, indicative of both phosphorus being equivalent as
a result of the high symmetry of the complex. The chemical purity
of the complex 1 was confirmed by a single 31P {1H} NMR signal at
52.03 ppm (Fig. 1). This complex is highly soluble in CH2Cl2 and
slightly soluble in hexane so it can be crystallized from CH2Cl2/
hexane solution. Analysis of complex 1 by 1H NMR exhibits multi-
plet signals corresponding to the aromatic rings for 1 at 8.03e
7.40 ppm and the C6H6 protons as a singlet at 5.47 ppm. In the 1H
NMR spectrum, the NH resonance of 1 was observed as a slightly
doublet at 12.75 ppm (d, 2JNHP ¼ 10.40 Hz) due to the multiple
coupling 2JNHP which was confirmed by H/D exchange experiment.
By H/D exchange experiment the signal of the NH simply disap-
pears from the spectrum or more commonly is replaced by a weak
signal close to d 4.80 coming from suspended droplets of HDO.
e)Cl2}2], 1, [C10H6N2{PPh2NHRh(cod)Cl}2], 2 and [C10H6N2{NHPPh2Ir(h5-C5Me5)Cl2}2], 3
hf; (iv) 1 equiv. [Ru(h6-benzene)(m-Cl)Cl]2, thf; (vi) 1 equiv. [Rh(m-Cl)(cod)]2, thf; (vii) 1



Fig. 1. 31P NMR spectra of (Ph2PNH)2C10H6N2 and its complexes.
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Furthermore in the 13C {1H} NMR spectrum of 1, J(31P13C) coupling
constants of the carbons of the phenyl rings were observed, which
are consistent with the literature values [46,47] (for details see
Experimental section). The structural composition of the complex 1
was further confirmed by IR spectroscopy and microanalysis, and
found to be in good agreement with the theoretical values.

The coordination chemistry of (Ph2PNH)2C10H6N2 with [Rh(m-
Cl)(cod)]2 and [Ir(h5-C5Me5)(m-Cl)Cl]2 precursors was investigated
as well. Reactions of (Ph2PNH)2C10H6N2 with Rh(m-Cl)(cod)]2 or
[Ir(h5-C5Me5)(m-Cl)Cl]2 in tetrahydrofuran in a ratio of 1:1 at room
temperature for 2 h gave microcrystalline precipitate of neutral
complexes 2 and 3, respectively. Complexation reactions, with
coordination to rhodium or iridium were carried out at room
temperature easily. Bridge cleavage of the dimer [Rh(m-Cl)(cod)]2
with (Ph2PNH)2C10H6N2 gave the dinuclear compound
[C10H6N2{PPh2NHRh(cod)Cl}2], 2, in good yield. The coordination of
the ligand through the P donor was confirmed by the 31P {1H} NMR
spectroscopy. The spectrum recorded in deuterated chloroform at
room temperature shows a doublet centered at d(P) 55.35 ppmwith
a 1J(RhP) ¼ 163.6 Hz [48,49] (Fig. 1). IR spectroscopy and elemental
analysis of product 2 are consistent with the suggested molecular
formula. 1H and 13C NMR spectra of compound 2 display all the
signals of coordinated ligands. The 1H NMR spectrum 2 displays the
anticipated multiplets at d 7.83e7.37 ppm for the protons of
phenyls, broad singlets at d 5.57, 2.12 and 2.00 ppm for cod protons,
a broad multiplet at 12.65 ppm for NH. In the 13C {1H} NMR spec-
trum of compound 2, J(31P13C) coupling constants of the carbons of
the phenyl rings were observed, which are consistent with the
literature values [50] (for details see Experimental section). In the
31P {1H} NMR, a singlet at 23.38 ppm was assigned to compound
[C10H6N2{NHPPh2Ir(h5-C5Me5)Cl2}2], 3, in-line with the values
previously observed for similar compounds [51,52]. Analysis by 1H
NMR reveals this compound to be diamagnetic, exhibiting signals
corresponding to the aromatic rings for 3 at 8.21e7.35 ppm.
Furthermore in the 13C {1H} NMR spectrum of 3, J(31P13C)
coupling constants of the carbons of the phenyl rings were
observed. The structure of the 3 was further confirmed by IR
spectroscopy andmicroanalysis, and found to be in good agreement
with the theoretical values (for details see Experimental section).
2.2. Catalytic transfer hydrogenation of ketones

To the best of our knowledge Ronan Le Lagadec et al. [53] have
reported the first crystallographic determination of a bimetallic
bridged structure using this sort of ligands. Furthermore, a related
structure has been invoked by Balakrishna et al. [54] for the
formation of the ruthenium complex where the ligands also serve
as bridge between two metal centers, however no crystallographic
evidence was presented. Most recently [55] a similar structure has
been determined for a BINAP-based phosphinite ligand BINAPO,
whereas in the case for complexes 1e3, it is noted by the authors
that compounds bearing binaphtyl-based ligands bridging two
metal centers are very rare. The observed activity of these
complexes has encouraged us to investigate other analogous
ligands and other transition metal complexes of these ligands.
Furthermore, a complex with sp3-hybridized nitrogens containing
NeH bonds displays higher reaction rate. In this context,
complexes 1, 2 and 3 were selected as catalysts, iso-PrOH/NaOH as
the reducing system, and acetophenone as a model substrate
(Scheme 2) and the results are listed in Table 1.

In a preliminary study, when the reaction temperature was
increased to 82 �C smooth reduction of acetophenone into 1-
phenylethanol occurred, with conversion ranging from 98 to 99%
after 10 min for 1, 1 h for 2 and 3 h for 3 (Table 1, Entries 1e3). The
choice of base, such as KOH and NaOH, had little influence on the
conversions. In addition, optimization studies of the catalytic
reduction of acetophenone in 2-propanol showed that a good
activity was obtained with a base/ligand ratio of 5:1. From the
results observed, it is noteworthy that the complexes 1, 2 and 3
display the differences in reactivity. Complex 1 is the most active,
quantitatively converting acetophenonewith a high TOF of 594 h�1.
It should be pointed out that complex 1 is far more active than the
corresponding precursor: [Ru(h6-benzene)(m-Cl)Cl]2 (37%
maximum yield in 24 h) [56]. At room temperature no appreciable
formation of 1-phenylethanol was observed (Table 1, Entries 4e6).
As can be inferred from the Table 1 (Entries 7e9) the catalysts as
well as the presence of NaOH are necessary to observe appreciable
conversions. The base facilitates the formation of alkoxide by
abstracting proton of the alcohol and subsequently alkoxide



Scheme 2. Hydrogen transfer from iso-PrOH to acetophenone.
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undergoes b-elimination to give ruthenium hydride, which is an
active species in this reaction. This is the mechanism proposed by
several workers on the studies of ruthenium catalyzed transfer
hydrogenation reaction by metal hydride intermediates [57,58]. In
addition, the replacement of the reaction atmosphere from an inert
gas to an ambient atmosphere had no negative effect on the activity
of the catalyst (Table 1, Entries 10e12). Therefore, the coupling
reactions were performed in air. Unfortunately, performing the
reaction with the addition of water slowed the reaction but did not
affect conversion of the product (Table 1, Entries 13e15). As shown
in Table 1, increasing the substrate-to-catalyst ratio do not lower
the conversions of the product in most cases except the time
lengthened. Remarkably, the transfer hydrogenation of acetophe-
none could be achieved with up to 99% conversion even when the
substrate-to-catalyst ratio reached to 1000:1 (Table 1).

The catalytic reductions of acetophenone derivatives were all
tested with the conditions optimized for acetophenone and the
results are summarized in Table 2. The fourth column in Table 2
illustrates conversions of the reduction performed in a 0.1 M
Table 1
Transfer hydrogenation of acetophenone with iso-PrOH catalyzed by
[C10H6N2{NHPPh2Ru(h6-benzene)Cl2}2], 1, [C10H6N2{PPh2NHRh(cod)Cl}2], 2 and
[C10H6N2{NHPPh2Ir(h5-C5Me5)Cl2}2], 3.

Entry Catalyst S/C/NaOH Time Conversion (%)i TOF (h�1)k

1 1a 100:1:5 10 min 99 594
2 2a 100:1:5 1 h 99 50
3 3a 100:1:5 3 h 98 33
4 1b 100:1:5 1 h trace e

5 2b 100:1:5 1 h trace e

6 3b 100:1:5 1 h trace e

7 1c 100:1 1 h <5 e

8 2c 100:1 1 h <5 e

9 3c 100:1 1 h <5 e

10 1d 100:1:5 10 min 96 576
11 2d 100:1:5 1 h 99 99
12 3d 100:1:5 3 h 97 32
13 1e 100:1:5 2 h 98 49
14 2e 100:1:5 5 h 99 20
15 3e 100:1:5 11 h 98 <10
16 1f 500:1:5 30 min 99 198
17 2f 500:1:5 4 h 98 25
18 3f 500:1:5 10 h 97 10
19 1g 1000:1:5 1 h 97 97
20 2g 1000:1:5 8 h 98 12
21 3g 1000:1:5 16 h 99 <10

a Reaction condition: Refluxing in iso-PrOH; acetophenone/Ru/NaOH, 100:1:5.
b Reaction condition: At room temperature; acetophenone/Ru/NaOH, 100:1:5.
c Reaction condition: Refluxing in iso-PrOH; acetophenone/Ru, 100:1, in the

absence of base.
d Reaction condition: Refluxing the reaction in air.
e Reaction condition: Added 0.1 mL of H2O.
f Reaction condition: Refluxing in iso-PrOH; acetophenone/Ru/NaOH, 500:1:5.
g Reaction condition: Refluxing in iso-PrOH; acetophenone/Ru/NaOH, 1000:1:5.
i Reaction condition: Determined by GC (three independent catalytic

experiments).
k Reaction condition: Referred at the reaction time indicated in column;

TOF ¼ (mol product/mol Ru(II)Cat.) � h�1.
of iso-PrOH solution containing 1, 2 or 3 and NaOH
(Ketone:Ru:NaOH ¼ 100:1:5).

As already stated, electronic properties (the nature and position)
of the substituents on the phenyl ring of the ketone caused the
changes in the reduction rate. An ortho- or para-substituted ace-
tophenone with an electron-donor substituent, i.e., 2-methoxy or
4-methoxy is reduced more slowly than acetophenone (Table 2,
Entries 4, 5, 9, 10, 14 and 15) [59]. In addition, the introduction of
electron withdrawing substituents, such as F, Cl and Br to the para-
position of the aryl ring of the ketone decreased the electron
density of the C]O bond so that the activity was improved giving
rise to easier hydrogenation [60,61]. We also carried out further
experiments to investigate the effect of bulkiness of the alky groups
on the catalytic activity and the results were given in Table 3
(entries 1e12). A variety of simple aryl alkyl ketones were trans-
formed to the corresponding secondary alcohols. It was found that
the activity is highly dependent on the steric bulk of the alkyl
group. The reactivity gradually decreased by increasing the bulki-
ness of the alkyl groups [62e65].

Encouraged by the high catalytic activities obtained in these
preliminary studies, we next extended our investigations to include
hydrogenation of various simple ketones (Table 4). Although,
ruthenium-based catalysts have usually been applied in the
hydrogenation of simple ketones [66e68], rhodium or iridium
complexes have also been employed and found to be efficient
catalyst in several processes [69,70]. So, we investigated and
compared catalytic activity of ruthenium, rhodium and iridium
complexes of ((Ph2PNH)2C10H6N2) ligand. Investigation of catalytic
activity of these complexes has shown that they are efficient
catalysts affording almost quantitative transformation of the
ketones in short times and 1 is more active than 2 and 3 (Table 4).
For instance hydrogenations of cyclohexanone could be achieved in
20 min, 1.5 h and 4 h by [C10H6N2{NHPPh2Ru(h6-benzene)Cl2}2], 1,
[C10H6N2{PPh2NHRh(cod)Cl}2], 2 and [C10H6N2{NHPPh2Ir(h5-
C5Me5)Cl2}2], 3, respectively (Table 4, Entries 1e3). Conversion of
methyl isobutyl ketone occurred in 1 h, 3 h and 8 h by 1, 2 and 3,
respectively, while that of diethyl ketone occurred in 2 h, 5 h and
12 h by 1, 2 and 3, respectively (Table 4, Entries 7e12). Furthermore,
in order to investigate the evolution of the catalyst, 1e3, 31P {1H}
NMR spectra were recorded periodically after the catalytic reaction.
The singlet observed at 21.50 ppm at the end of third day in the
spectrum is corresponding to hydrolysis product diphenylphos-
phinous acid, Ph2P(O)H [71e73].

3. Conclusions

In summary, we have synthesized a series of selected bridged
dinuclear transition metal (Ru(II), Rh(I), Ir(III)) complexes based
3,30-bis(diphenylphosphinoamine)-2,20-bipyridine bidendate
ligand. We have found that these complexes are efficient homo-
geneous catalytic systems that can be readily implemented and
lead to secondary alcohols from good to excellent yields. Further-
more, the Ru(II)eaminophosphine complex showed strong cata-
lytic activity in the transfer hydrogenation reaction than the



Table 3
Transfer hydrogenation results for substituted alkyl phenyl ketones with the catalyst systems prepared from ((Ph2PNH)2C10H6N2) and [Ru(h6-benzene)(m-Cl)Cl]2, [Rh(m-
Cl)(cod)]2 and [Ir(h5-C5Me5)(m-Cl)Cl]2.a

Entry Catalyst Time Substrate Product Conversion (%)b TOF (h�1)c

1 1 15 min

O OH

98 392

2 2 2 h 98 20
3 3 5 h 99 49

4 1 20 min

O OH

98 294

5 2 4 h 99 25
6 3 12 h 98 <10

7 1 30 min

O OH

98 196

8 2 5 h 97 20
9 3 15 h 97 <10

10 1 1 h

O OH

98 98

11 2 12 h 98 <10
12 3 24 h 97 <10

a Catalyst (0.005 mmol), substrate (0.5 mmol), iso-PrOH (5 mL), NaOH (0.025 mmol %), 82 �C, respectively, the concentration of alkyl phenyl ketones is 0.1 M.
b Purity of compounds is checked by NMR and GC (three independent catalytic experiments), yields are based on methyl aryl ketone.
c TOF ¼ (mol product/mol Cat.) � h�1.

Table 2
Transfer hydrogenation results for substituted acetophenones with the catalyst systems prepared from ((Ph2PNH)2C10H6N2) and [Ru(h6-benzene)(m-Cl)Cl]2, [Rh(m-Cl)(cod)]2
and [Ir(h5-C5Me5)(m-Cl)Cl]2.a

O

+

OH

OH

+

O
Cat

R R

Entry R Time Conversion (%)b TOF (h�1)c

Cat: Ru(II) complex, 1
1 4-F 5 min 99 495
2 4-Cl 5 min 98 490
3 4-Br 10 min 98 588
4 2-MeO 20 min 97 291
5 4-MeO 15 min 95 380
Cat: Rh(I) complex, 2
6 4-F 1 h 99 99
7 4-Cl 1 h 98 98
8 4-Br 2 h 96 48
9 2-MeO 4 h 95 24
10 4-MeO 3 h 93 31
Cat: Ir(III) complex, 3
11 4-F 1 h 98 98
12 4-Cl 1 h 97 97
13 4-Br 3 h 96 32
14 2-MeO 5 h 94 19
15 4-MeO 4 h 92 23

a Catalyst (0.005 mmol), substrate (0.5 mmol), iso-PrOH (5 mL), NaOH (0.025 mmol %), 82 �C, respectively, the concentration of acetophenone derivatives is 0.1 M.
b Purity of compounds is checked by NMR and GC (three independent catalytic experiments), yields are based on methyl aryl ketone.
c TOF ¼ (mol product/mol Cat.) � h�1.
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Table 4
Transfer hydrogenation of various simple ketones with iso-PrOH catalyzed by
[C10H6N2{NHPPh2Ru(h6-benzene)Cl2}2], 1, [C10H6N2{PPh2NHRh(cod)Cl}2], 2 and
[C10H6N2{NHPPh2Ir(h5-C5Me5)Cl2}2], 3.a

Entry Catalyst Substrate Product Time Conversion (%)b

1 1

O OH

20 min 98

2 2 1.5 h 97
3 3 4 h 98

4 1

O OH

20 min 99

5 2 1.5 h 98
6 3 4 h 98

7 1
O OH

1 h 99

8 2 3 h 98
9 3 8 h 97

10 1
O OH

2 h 99

11 2 5 h 99
12 3 12 h 98

a Reaction condition: Refluxing in iso-PrOH; acetophenone/Ru/NaOH, 100:1:5.
b Reaction condition: Determined by GC (three independent catalytic experi-

ments). Purity of compounds is checked by NMR and GC (three independent cata-
lytic experiments), yields are based on methyl aryl ketone.
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analogous Rh(I) and Ir(III) complexes. The modular construction of
these catalysts and their flexibility toward transfer hydrogenation
make these systems to pursue.

4. Experimental

4.1. Materials and methods

Unless otherwise stated, all reactions were carried out under an
atmosphere of argon using conventional Schlenk glass-ware,
solvents were dried using established procedures and distilled
under argon immediately prior to use. Analytical grade and
deuterated solvents were purchased from Merck. PPh2Cl and 2-
chloro-3-nitropyridine are purchased from Fluka and were used
as received. The starting materials 3,30-diamino-2,20-bipyridine
[74], 3,30-bis(diphenylphosphinoamine)-2,20-bipyridine [75],
[Ru(h6-benzene)(m-Cl)Cl]2 [76], Rh(m-Cl)(cod)]2 [77], [Ir(h5-
C5Me5)(m-Cl)Cl]2 [78] were prepared according to literature
procedures. The IR spectra were recorded on a Mattson 1000 ATI
UNICAM FT-IR spectrometer as KBr pellets. 1H (400.1 MHz), 13C
NMR (100.6 MHz) and 31P {1H} NMR spectra (162.0 MHz) were
recorded on a Bruker Avance 400 spectrometer, with d referenced
to external TMS and 85% H3PO4 respectively. Elemental analysis
was carried out on a Fisons EA 1108 CHNS-O instrument. Melting
points were recorded by Gallenkamp Model apparatus with open
capillaries.

4.2. GC analyses

GC analyses were performed on a Shimadzu 2010 Plus Gas
Chromatograph equipped with capillary column (5% biphenyl, 95%
dimethylsiloxane) (30 m � 0.32 mm � 0.25 mm). The GC param-
eters for transfer hydrogenation of ketones were as follows; initial
temperature, 110 �C; initial time, 1 min; solvent delay, 4.48 min;
temperature ramp 80 �C/min; final temperature, 200 �C; final time,
21.13 min; injector port temperature, 200 �C; detector temperature,
200 �C, injection volume, 2.0 mL.

4.3. Syntheses of transition metal complexes

4.3.1. Synthesis of [C10H6N2{NHPPh2Ru(h
6-benzene)Cl2}2], 1

To a solution of [Ru(h6-benzene)(m-Cl)Cl]2 (92.8 mg,
0.180 mmol) in THF, a solution (THF 30 mL) of (Ph2PNH)2C10H6N2,
(100 mg, 0.180 mmol) was added. The resulting reaction mixture
was allowed to proceed under stirring at room temperature for 3 h.
After this time, the solution was filtered off and the solvent evap-
orated under vacuum, the solid residue thus obtained was washed
with diethyl ether (3 � 15 mL) and then dried under vacuum
(Scheme 1). Following recrystallization from diethylether/CH2Cl2,
a red powder was obtained (yield 170 mg, 89.4%), m.p. >200 �C
(dec.). 1H NMR (400.1 MHz, CDCl3) d ¼ 12.75 (d, 2H,
2JNHP ¼ 10.40 Hz, NHeP), 8.12 (d, 2H, J ¼ 4.24, H-6), 8.03 (dd, 8H,
J ¼ 8.48 and 8.64 Hz, o-protons of phenyls), 7.55e7.40 (m, 12H, m-
and p-protons of phenyls), 7.35 (d, 2H, J ¼ 8.40, H-4), 6.86 (dd, 2H,
J¼ 4.48 and 8.40,H-5), 5.47 (d, 12H, 3J¼ 4.8 Hz, aromatic protons of
benzene), 13C NMR (100.6 MHz, CDCl3): d ¼ 89.33 (d, 2J ¼ 3.00 Hz,
aromatic carbons of benzene), 122.81 (C-5), 127.50 (C-4), 128.40 (d,
J ¼ 10.40 Hz, m-carbons of phenyls), 130.99 (s, p-carbons of
phenyls), 132.50 (d, J ¼ 10.10 Hz, o-carbons of phenyls), 134.90 (d,
J¼ 34.00 Hz, i-carbons of phenyls), 137.54 (C-6),142.12 (C-2),148.40
(C-3); assignment was based on the 1H13C HETCOR and 1H1H COSY
spectra; 31P {1H} NMR (162 MHz, CDCl3): d ¼ 52.03 (s); IR, (KBr):
y ¼ 928 (PeNH), 1435 (PePh), 1584 (C]N), 3460 (NeH) cm�1;
C46H40N4P2Ru2Cl4 (1054.748 g/mol): calcd. C 52.34, H 3.82, N 5.31;
found C 51.86, H 3.76, N 5.25%.
4.3.2. Synthesis of [C10H6N2{PPh2NHRh(cod)Cl}2], 2
A mixture of [Rh(m-Cl)(cod)]2 (90.6 mg, 0.180 mmol) and

(Ph2PNH)2C10H6N2, 1 (100 mg, 0.180 mmol) in 20 mL of tetrahy-
drofuranwas stirred at room temperature for 2 h. The volume of the
solvent was then reduced to 0.5 mL before addition of diethyl ether
(10mL). The precipitated product was filtered off and dried in vacuo
yielding 2 as a yellow microcrystalline solid (Scheme 1). Yield
166 mg, 88.1%, m.p. >200 �C (dec.). 1H NMR (400.1 MHz, CDCl3)
d¼ 12.65 (d, 2H, 2JNHP¼ 10.80 Hz, NHeP), 8.04 (d, 2H, J¼ 3.60,H-6),
7.95 (d, 2H, J ¼ 8.00, H-4), 7.83 (dd, 8H, J ¼ 4.12 and 10.12 Hz, o-
protons of phenyls), 7.47e7.37 (m, 12H, m- and p-protons of
phenyls), 6.99 (dd, 2H, J ¼ 4.80 and 6.00, H-5), 5.57 (br, 8H, CH of
cod), 2.12 (br, 8H, CH2 of cod), 2.00 (br, 8H, CH2 of cod); 13C NMR
(100.6 MHz, CDCl3): d ¼ 28.59 (CH2 of cod), 33.01 (eCH2e), 106.79
(CH of cod), 122.23 (C-5), 126.60 (C-4), 128.37 (d, J ¼ 11.07 Hz, m-
carbons of phenyls), 130.31 (s, p-carbons of phenyls), 132.16 (d,
J ¼ 12.07 Hz, o-carbons of phenyls), 133.24 (d, J ¼ 46.60 Hz, i-
carbons of phenyls), 136.46 (C-6), 141.98 (C-2), 145.50 (C-3);
assignment was based on the 1H13C HETCOR and 1H1H COSY
spectra; 31P {1H} NMR (162 MHz, CDCl3): d ¼ 55.35 (d, 1J
(103Rh31P) ¼ 163.62 Hz); IR, (KBr): y ¼ 905 (PeNH), 1435 (PePh),
1582 (C]N), 3418 (NeH) cm�1; C50H52N4P2Rh2Cl2 (1047.652 g/
mol): calcd. C 57.32, H 5.00, N 5.35; found C 56.96, H 4.88, N 5.27%.

4.3.3. Synthesis of [C10H6N2{NHPPh2Ir(h
5-C5Me5)Cl2}2], 3

Amixture of [Ir(h5-C5Me5)(m-Cl)Cl]2 (149.4mg, 0.180mmol) and
(Ph2PNH)2C10H6N2, 1 (100 mg, 0.180 mmol) in 20 mL of tetrahy-
drofuranwas stirred at room temperature for 2 h. The volume of the
solvent was then reduced to 0.5 mL before addition of diethyl ether
(10mL). The precipitated product was filtered off and dried in vacuo
yielding 3 as an orange microcrystalline solid (Scheme 1). Yield
224 mg, 92.0%, m.p. >250 �C (dec.). 1H NMR (400.1 MHz, CDCl3)
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d ¼ 12.94 (d, 2H, 2JNHP ¼ 8.00 Hz, NHeP), 8.21 (dd, 8H, J ¼ 3.84 and
7.60 Hz, o-protons of phenyls), 8.03 (d, 2H, J ¼ 4.28, H-6), 7.86 (d,
2H, J ¼ 8.40, H-4), 7.40e7.35 (m, 12H,m- and p-protons of phenyls),
7.06 (dd, 2H, J¼ 4.40 and 8.32, H-5), 1.36 (d, 30H, 4J¼ 2.0 Hz, CH3 of
Cp* (C5Me5)); 13C NMR (100.6 MHz, CDCl3): d ¼ 8.19 (C5Me5), 93.61
(C5Me5), 123.30 (C-5), 128.48 (C-4), 128.03 (d, J ¼ 10.06 Hz, m-
carbons of phenyls), 130.78 (s, p-carbons of phenyls), 132.85 (d,
J ¼ 11.07 Hz, o-carbons of phenyls), 132.00 (d, J ¼ 38.20 Hz, i-
carbons of phenyls), 136.73 (C-6), 143.41 (C-2), 146.68 (C-3),
assignment was based on the 1H13C HETCOR and 1H1H COSY
spectra; 31P {1H} NMR (162 MHz, CDCl3): d ¼ 23.38 (s); IR, (KBr):
y ¼ 924 (PeNH), 1438 (PePh), 1559 (C]N), 3415 (NeH) cm�1;
C54H58N4P2Ir2Cl4 (1351.227 g/mol): calcd. C 48.00, H 4.33, N 4.15;
found C 47.86, H 4.27, N 4.12%.

4.3.4. General procedure for the transfer hydrogenation of ketones
Typical procedure for the catalytic hydrogen transfer reaction:

a solution of complexes [C10H6N2{NHPPh2Ru(h6-benzene)Cl2}2], 1,
[C10H6N2{PPh2NHRh(cod)Cl}2], 2 and [C10H6N2{NHPPh2Ir(h5-
C5Me5)Cl2}2], 3 (0.005 mmol), NaOH (0.025 mmol) and the corre-
sponding ketone (0.5 mmol) in degassed iso-PrOH (5 mL) were
refluxed for 10 min for 1, 1 h for 2 and 3 h for 3. After this period
a sample of the reaction mixture was taken off, diluted with
acetone and analyzed immediately by GC. Conversions obtained are
related to the residual unreacted ketone.
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