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The syntheses and characterization of a series of cationic of Ru(II) halfsandwich complexes of the types
[Ru(g6-p-cymene)(j2(P,N)-PN)Cl]+ (PN = N-diphenylphosphino-2-aminopyridine, N-di-iso-propylphos-
phino-2-aminopyridine, 2-[(2-pyridyl)amino]dibenzo[d,f][1,2,3]dioxaphosphepine, N-(diisopropylphos-
phino)-2,6-diaminopyridine) and [Ru(g6-p-cymene)(j2(E,N)-EN)Cl]+ (EN = N-(2-pyridinyl)amino-
diphenylphosphine sulfide, N-(2-pyridinyl)amino-diisopropylphosphine sulfide, N-(2-pyridinyl)amino-
diphenylphosphine selenide, N-(2-pyridinyl)amino-diisopropylphosphine selenide) is described. Some
of these complexes were tested as precatalysts for the transfer hydrogenation of acetophenone to give
1-phenyl ethanol.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Heterodifunctional ligands are intensively studied and applied
in coordination and organometallic chemistry owing to the often
unique properties of their metal complexes and their ability to gen-
erate so called hemilabile systems which often display enhanced
reactivity [1]. According to this concept introduced by Jeffrey and
Rauchfuss, such ligands provide different electronegativities at
their coordination sites [2]. In particular soft/hard, e.g., P/N and P/
O assemblies, are able to coordinate reversibly to a metal center
providing or protecting temporarily a vacant coordination site a
feature very desirable for catalysts.

In this context, we have become interested in heterodifunctional
PN ligands based on 2-aminopyridine in which the donor atoms are
separated by an amino group [3,4]. These types of ligands are easily
constructed by reacting 2-aminopyridine with R2PCl in the presence
of base (Scheme 1). R2PCl may contain both bulky and/or electron-
rich dialkyl phosphines as well as P–O and P–N bond containing
achiral and chiral phosphite units derived from diols, aminoalco-
hols, and diamines [5]. Due to the comparative ease of phospho-
rus–nitrogen bond forming reactions in comparison with those in
which phosphorus–carbon bonds are formed it is not surprising that
several examples of transition metal complexes featuring this type
of PN ligands have emerged over the last decades [6–15]. With a few
exceptions [16], however, N-diphenylphosphino-2-aminopyridine
ll rights reserved.
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Kirchner).
(PN-Ph) is the most prominent member of these ligand family. An-
other interesting aspect of PN ligands is the fact that they can be fur-
ther functionalized by oxidation with H2O2, sulfur, and grey
selenium, respectively, to give the chalcogen O, S, and Se derivatives
according to Scheme 1 (EN ligands). Although these heterodifunc-
tional ligands have been known for some time [12], transition metal
complexes thereof are relatively scarce [8,11,17,18].

In the present contribution we report on the reactions of
[Ru(g6-p-cymene)(l-Cl)Cl]2 with the PN and EN ligands shown
in Scheme 2 resulting, with the exception of the ON ligands, in
the formation of a series of cationic p-cymene Ru(II) complexes
of the types [Ru(g6-p-cymene)(PN)Cl]+ and [Ru(g6-p-cyme-
ne)(EN)Cl]+. The X-ray structures of two representative complexes
are presented. In addition, some of these complexes were tested as
precatalysts for the transfer hydrogenation of acetophenone to give
1-phenyl ethanol.
2. Results and discussion

Similarly to the known ligands PN-Ph (1a) [19], PN-iPr (1b), and
2-[(2-pyridyl)amino]dibenzo[d,f][1,2,3]dioxaphosphepine (PN-BI-
POL) (1c) [3], the new ligand PNNH2-iPr (1d) was prepared in 45%
yield by treatment of 2,6-diaminopyridine with 1 equiv. of PiPr2Cl
in the presence of a base NEt3. This compound had to be purified by
chromatography due to the formation of the doubly phosphory-
lated PNP-iPr ligand (Scheme 3) [20]. The EN ligands 2 were pre-
pared according to the literature by the addition of a small
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excess of aqueous H2O2 (30%) to a THF solution of the respective PN
ligands 1 [12a]. The EN ligands 3 and 4 were also prepared follow-
ing the literature method [8,12a] by refluxing the PN ligands 1 with
a stoichiometric quantity of sulfur and grey selenium, respectively,
in toluene.

Treatment of [Ru(g6-p-cymene)(l-Cl)Cl]2 with 2 equiv. of the
respective ligands 1a–d in the presence of 2 equiv. of Ag+ salts
ðSbF6

� or CF3SO3
�) in CH2Cl2 at room temperature afforded the

cationic complexes [Ru(g6-p-cymene)(j2(P,N)-PN-Ph)Cl]+ (5a),
[Ru(g6-p-cymene)(j2(P,N)-PN-iPr)Cl]+ (5b), [Ru(g6-p-cymene)-
(j2(P,N)-PN-BIPOL)Cl]+ (5c), and [Ru(g6-p-cymene)(j2(P,N)-
PNNH2-iPr)Cl]+ (5d) in 59–88% isolated yields (Scheme 4). In the
absence of a silver salt the same reaction took place yielding the
respective complexes with chloride as counterion. There was no
evidence for the formation of intermediates of the type [Ru(g6-p-
cymene)(j1(P)-PN)Cl2] bearing a j1(P)-coordinated PN ligand.
Deprotonation of the PN-iPr ligand was achieved by reacting 5b
with 2 equiv. of KOtBu in THF for 3 h affording the neutral complex
[Ru(g6-p-cymene)(j2(P,N)-PNdep-iPr)Cl] (6) in 37% isolated yield
(Scheme 4).

The complexes [Ru(g6-p-cymene)(j2(S,N)-PN-Ph)Cl]+ (7a),
[Ru(g6-p-cymene)(j2(S,N)-SN-iPr)Cl]+ (7b), [Ru(g6-p-cymene)-
N NH

R2P
1a-d

with or without Ag+
[Ru(η6-p-cymene)(μ-Cl)Cl]2

R'

N
R'

Scheme
(j2(Se,N)-SeN-Ph)Cl]+ (8a), and [Ru(g6-p-cymene)(j2(Se,N)-SeN-
iPr)Cl]+ (8b) were prepared in similar fashion by reacting [Ru(g6-
p-cymene)(l-Cl)Cl]2 with 2 equiv. of the ligands 3 and 4 in the
presence of 2 equiv. of AgSbF6 in 78–86% isolated yields (Scheme
5). It has to be noted that in the absence of a silver salt no clean
reaction took place. Moreover, in the case of the ON ligands ON-
Ph (2a) and ON-iPr (2b) we were unable to obtain complexes of
the type [Ru(g6-p-cymene)(j2(O,N)-ON)Cl]+ and only intractable
materials were obtained. It has to be also noted that several at-
tempts to deprotonate complexes 7 and 8 with KOtBu failed and
intractable materials were obtained only.

All complexes are air-stable orange compounds which were
characterized by 1H, 13C{1H}, and 31P{1H} NMR spectroscopy as
well as elemental analysis. The 1H NMR spectra contain in most
cases a set of four well-resolved high-field-shifted doublets charac-
teristic of an g6-p-cymene ring attached to a metal center coordi-
nated to three different donor atoms. The methyl groups of the iPr
moiety are diastereotopic exhibiting typically two distinct dou-
blets centered at about 1.1 and 0.9 ppm. The 13C{1H} NMR spec-
trum does not bear any unusual features and is not discussed
here. In the 31P{1H} NMR spectra, 5a–d exhibit singlets which show
the expected low-field shifts of the j2(P,N)-coordinated PN ligands
relative to the free uncoordinated ligands [5a: 97.5 ppm
(Dd = 70.0 ppm), 5b: 123.6 ppm (Dd = 73.7 ppm), 5c: 165.7 ppm
(Dd = 25.7 ppm), 5d: 117.3 ppm (Dd = 69.8 ppm)]. This trend is re-
versed in the case of complexes 7a, 7b, 8a, and 8b. The j2(S,N)- and
j2(Se,N)-coordinated EN ligands give rise to signals at 52.6, 83.6,
44.5, and 77.3 ppm, whereas the uncoordinated ligands are shifted
to lower fields exhibiting singlets at 63.5, 103.4, 54.4, and
102.0 ppm, respectively. In the case of the SeN complexes 8a and
8b, the phosphorus signals exhibit a pair of Se satellites with
31P–77Se coupling constants of 663 and 640 Hz, respectively. The
deprotonated complex 6 also displays a sharp single 31P{1H}
NMR resonance at 132.7 ppm which is shifted slightly to higher
field than the starting material 5b (cf. 134.1 ppm). The 1H spec-
trum of 6 is also very similar to that of 5b except that the NH res-
onance is now absent.

The molecular structures of 5a0 (with chloride as counter ion)
and 7b (with SbF6

� as counter ion) were determined by X-ray crys-
tallography. ORTEP diagrams of the two Ru-complexes are de-
picted in Figs. 1 and 2 with selected bond distances and angles
reported in the captions. Both complexes adopt the typical three
Ru
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Fig. 1. Molecular structure of 5a0 (50% displacement ellipsoids, most H atoms
omitted for clarity). Selected bond lengths (Å) and angles (�): <Ru1–Ccymene> =
2.237(2), Ru1–N1 = 2.099(2), Ru1–P1 = 2.283(1), Ru1–Cl1 = 2.394(1), N1–Ru1–
P1 = 79.84(4), N1–Ru1–Cl1 = 83.23(4), P1–Ru1–Cl1 = 91.56(2), N2� � �Cl2 = 3.032(2).

Fig. 2. Molecular structure of 7b (50% displacement ellipsoids, SbF6
� anion and

most H atoms omitted for clarity). Selected bond lengths (Å) and angles (�): <Ru1–
Ccymene> = 2.189(2), Ru1–N1 = 2.138(1), Ru1–S1 = 2.4394(6), Ru1–Cl1 = 2.4043(6),
N1–Ru1–S1 = 92.56(5), N1–Ru1–Cl1 = 84.71(5), S1–Ru1–Cl1 = 85.80(2); N2� � �Cl1 =
3.183(2) (not shown).

Table 1
Catalytic transfer hydrogenation of acetophenone.a

Entry C S:C:B T (�C) Time (h) Conv. (%)

1 5b 200:1:20 75 22 99
2 5b 200:1:20 75 2.2 25
3 5b 2000:1:20 75 22 75
4 5b 200:1:20 25 44 99
5 5b 200:1:20 25 22 20
6 5b 20:1:20 25 22 75
7 6 200:1:20 75 22 99
8 7b 200:1:20 75 22 99
9 7b 200:1:20 25 22 –

10 8b 200:1:20 75 22 99
11 8b 200:1:20 25 22 –

a S = acetophenone, C = catalyst, B = KOtBu.
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legged piano stool configuration with Cl and the N and P atoms and
the N and S atoms of the bidentate PN-Ph and SN-iPr ligands,
respectively, as the legs. The p-cymene ring is essentially planar
with C–C bond distances in the range 1.392(3)–1.435(3) Å, giving
a mean value of 1.417(3) Å. The Ru–C distances range from
2.173(2) to 2.201(2) Å (mean 2.189(2) Å) in 5a0 and from
2.192(2) to 2.261(2) Å (mean 2.237(2) Å) in 7b. In the case of 5a0

the NH group of the complex forms a characteristic hydrogen bond
to the free chloride ion Cl2 with a comparatively short distance
N2� � �Cl2 = 3.032(2) Å. Further coherence of the solid state struc-
ture is provided by four C–H� � �Cl interactions to Cl2 (not Cl1) with
C� � �Cl distances from 3.321(2) to 3.726(2) Å. In the case of 7b the
NH group forms a N–H� � �Cl hydrogen bond to the chloride of a
neighbouring Ru complex, N2� � �Cl1 = 3.183(2) Å, thus giving rise
to infinite chains parallel to [1 0 1] of H-bonded Ru-complexes.
The SbF6 counter ions are located between these chains and are an-
chored via a five different C–H� � �F interactions with C� � �F distances
between 3.120(2) and 3.464(2) Å.

Transfer hydrogenation of acetophenone to give 1-phenyl etha-
nol in refluxing 2-propanol was carried out to test the catalytic
activity of complexes 5b, 7b, and 8b using typically 0.1 M aceto-
phenone solution, 0.5 mol% of the complex as catalyst, and
10 mol% of KOtBu as the base. Under these conditions all four com-
plexes acted as efficient catalyst reaching 99% conversion within
22 h (Table 1, entries 1, 8, and 10). Under the same conditions,
but with 0.1 mol% of 5b the conversion dropped to 75% (entry 3).
Performing the reaction at room temperature with 0.5 mol% of
the precatalysts 5b, 7b, and 8b, and 10 mol% of KOtBu resulted in
either very poor (entry 5) or no conversion (entries 9 and 11). With
5 mol% of 5b the yield of 1-phenyl ethanol was 75% (entry 3). Per-
forming the catalysis with the deprotonated complex 6 gave the
same results as with 5b (entry 7). The catalytic effect of the ruthe-
nium complexes was confirmed by running the reaction without
catalyst. No product was formed and only starting materials were
isolated from the reaction mixture.

The nature of the catalytically active species is not clear at the
moment. On the one hand p-cymene ligand displacement may
not be dismissed, on the other hand the PN and SN ligands may
be hemilabile under the reaction conditions forming reactive
16e� intermediates with j1(P)-bonded or j1(N)-bonded ligands.
However, both 1H and 31P{1H} NMR spectra of 5b, 6, 7b, and 8b
in CD3NO2 at 100 �C did not significantly change as compared to
the room temperature spectra and there was no indication of any
dynamic processes. Moreover, it has to be noted that the addition
of AgSbF6 (stoichiometric with respect to the catalyst) as chloride
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scavenger had no effect on both reaction rates and conversions and
it thus seems that the chloride ligand is not removed from the me-
tal center during the catalysis.

In sum we have shown that the dimeric complex [Ru(g6-p-
cymene)(l-Cl)Cl]2 reacts readily with PN and EN ligands to give
cationic p-cymene Ru(II) complexes of the types [Ru(g6-p-cyme-
ne)(PN)Cl]+ and [Ru(g6-p-cymene)(EN)Cl]+. In the case of [Ru(g6-
p-cymene)(PN)Cl]+ with PN = PN-iPr we have also demonstrated
that deportonation of the acidic NH proton of the PN ligand is pos-
sible yielding the neutral complex [Ru(g6-p-cymene)(j2(P,N)-
PNdep-iPr)Cl]. Some of these complexes act as moderately active
precatalysts for the transfer hydrogenation of acetophenone to give
1-phenyl ethanol.
3. Experimental section

3.1. General procedure

All manipulations were performed under an inert atmosphere
of argon by using Schlenk techniques. The solvents were purified
according to standard procedures [21]. [Ru(g6-p-cymene)-
(l-Cl)Cl]2 [22], N-diphenylphosphino-2-aminopyridine (PN-Ph)
(1a), N-diisopropylphosphino-2-aminopyridine (PN-iPr) (1b),
2-[(2-pyridyl)amino]dibenzo[d,f][1,2,3]-dioxaphosphepine (PN-BI-
POL) (1c) [4], N-(2-pyridinyl)amino-diphenylphosphine oxide
(ON-Ph) (2a), N-(2-pyridinyl)amino-diisopropylphosphine oxide
(ON-iPr) (2b), N-(2-pyridinyl)amino-diphenylphosphine sulfide
(SN-Ph) (3a), N-(2-pyridinyl)amino-diisopropylphosphine sulfide
(SN-iPr) (3b), N-(2-pyridinyl)amino-diphenylphosphine selenide
(SeN-Ph) (4a), and N-(2-pyridinyl)amino-diisopropylphosphine
selenide (SN-iPr) (4b) were prepared according to the literature
[9d]. The deuterated solvents were purchased from Aldrich and
dried over 4 Å molecular sieves. 1H, 13C{1H}, and 31P{1H} NMR
spectra were recorded on a Bruker AVANCE-250 spectrometer
and were referenced to SiMe4 and H3PO4 (85%), respectively.

3.2. Synthesis

3.2.1. N-(Diisopropylphosphino)-2,6-diaminopyridine (PNNH2-iPr) (1d)
PiPr2Cl (3.35 g, 22 mmol) was added dropwise to a solution of

2,6-diaminopyridine (2.18 g, 20 mmol) and triethylamine (2.2 g,
22 mmol) in THF (30 mL) at 0 �C. The mixture was stirred for
20 h at room temperature. After that ethyl acetate was added
and the solution was filtered over neutral Al2O3. The solvent was
removed under reduced pressure and the crude product was chro-
matographed with an ethyl acetate/hexane mixture (1:1) as eluent
in order to remove the doubly phosphorylated PNP-iPr ligand [20].
Yield: 2.02 g (45%). Anal. Calc. for C11H20N3P: C, 58.65; H, 8.95; N,
18.65. Found: C, 58.74; H, 8.70; N, 18.79%. 1H NMR (d, CDCl3,
20 �C): 7.18 (t, J = 7.75 Hz, 1H, py4), 6.40 (dd, J = 6.25 Hz,
J = 1.75 Hz, 1H, py3), 5.83 (d, J = 7.75 Hz, 1H, py5), 4.47 (d,
J = 11.0 Hz, 1H, NH), 4.32 (b, 2H, NH2) 1.70 (m, J = 5.25 Hz, 2H,
CH(CH3)2), 1.06–0.96 (m, 12H, CH(CH3)2). 13C{1H} NMR (d, CDCl3,
20 �C): 169.8 (d, J = 20.8 Hz, py2), 157.3 (py6), 139.5 (d, J = 1.9 Hz,
py4), 98.0 (py3), 97.7 (py5), 26.3 (d, J = 11.3 Hz, CH(CH3)2), 18.6
(d, J = 19.5 Hz, CH(CH3)2), 17.0 (d, J = 7.5 Hz, CH(CH3)2). 31P{1H}
NMR (d, CDCl3, 20 �C): 47.5.

3.2.2. [Ru(g6-p-cymene)(j2(P,N)-PN-Ph)Cl]CF3SO3. (5a)
To a solution of [Ru(g6-p-cymene)(l-Cl)Cl]2 (0.290 g, 0.474

mmol) in CH2Cl2 (10 mL) PN-Ph (0.263 g, 0.947 mmol) and AgCF3-

SO3 (0.243 g, 0.947 mmol) were added and the mixture was stirred
at room temperature for 3 h. After that insoluble materials (AgCl)
were removed by filtration through Celite, and the solvent was re-
moved under reduced pressure. The resulting orange solid was
washed with diethyl ether and dried under vacuum. Yield:
0.514 g (78%). Anal. Calc. for C28H29ClF3N2O3PRuS: C, 48.17; H,
4.19; N, 4.01. Found: C, 48.24; H, 4.11; N, 4.09%. 1H NMR (d, CD2Cl2,
20 �C): 9.28 (d, JHH = 2.92 Hz, 1H, NH), 8.70 (d, JHH = 5.48 Hz, 1H,
py6), 7.90–7.20 (m, 11H, Ph, py4), 7.12 (s, 1H, py5), 6.84 (t,
JHH = 6.28 Hz, 1H, py3), 6.02 (d, JHH = 6.17 Hz, 1H, cym), 5.74 (d,
JHH = 6.62 Hz, 1H, cym), 5.62 (d, JHH = 5.71 Hz, 1H, cym), 4.82 (d,
JHH = 3.65 Hz, 1H, cym), 2.88 (m, JHH = 7.08 Hz, 1H, CH(CH3)2),
2.09 (s, 3H, CH3), 1.06 (d, JHH = 6.85 Hz, 3H, CH(CH3)2), 0.87 (d,
JHH = 6.85 Hz, 3H, CH(CH3)2). 13C{1H} NMR (d, CD2Cl2, 20 �C):
161.5 (d, 2JCP = 12.07 Hz, py2), 154.7 (s, py6), 140.1 (s, py4),
136.3–128.2 (Ph), 117.5 (s, py5), 112.3 (d, 3JCP = 9.20 Hz, py3),
108.8 (s, cym), 101.5 (s, cym), 98.4 (d, 2JCP = 7.47 Hz, cym), 93.1
(d, 2JCP = 5.75 Hz, cym), 88.7 (d, 2JCP = 2.30 Hz, cym), 86.8 (d,
2JCP = 1.46 Hz, cym), 30.6 (s, CH(CH3)2), 22.4 (s, CH(CH3)2), 21.3 (s,
CH(CH3)2), 18.1 (s, CH3). 31P{1H} NMR (d, CD2Cl2, 20 �C): 97.5.

3.2.3. [Ru(g6-p-cymene)(j2(P,N)-PN-Ph)Cl]Cl (5a0)
This complex has been prepared analogously to 5a with [Ru(g6-

p-cymene)(l-Cl)Cl]2 (0.500 g, 0.817 mmol) and PN-Ph (0.344 g,
2.64 mmol) as starting materials but in the absence of a silver salt.
Yield: 0.420 g (88%). Anal. Calc. for C27H29Cl2N2PRu: C, 55.48; H,
5.00; N, 4.79. Found: C, 55.24; H, 5.10; N, 4.88%. The NMR spectra
of this complex are virtually the same as those of 5a�CF3SO3 except
that the NH proton is shifted from 9.28 to 9.43 ppm.

3.2.4. [Ru(g6-p-cymene)(j2(P,N)-PN-iPr)Cl]SbF6. (5b)
This complex has been prepared analogously to 5a with [Ru(g6-

p-cymene)(l-Cl)Cl]2 (0.808 g, 1.32 mmol), PN-iPr (0.555 g,
2.64 mmol), and AgSbF6 (0.907 g, 2.64 mmol) as starting materials.
Yield: 1.61 g (85%) Anal. Calc. for C21H33ClF6N2PRuSb: C, 35.19; H,
4.64; N, 3.91. Found: C, 35.00; H, 4.51; N, 4.04%. 1H NMR (d, CD2Cl2,
20 �C): 8.63 (d, JHH = 5.4 Hz, 1H, py6), 7.59 (t, JHH = 6.7 Hz, 1H, py4),
7.03 (d, JHH = 8.0 Hz, 1H, py3), 6.83 (t, JHH = 5.0 Hz, 1H, py5), 6.76 (s,
1H, NH), 6.15 (d, JHH = 4.97 Hz, 1H, cym), 5.96 (d, JHH = 4.97 Hz, 2H,
cym), 5.80 (d, JHH = 1.91 Hz, 1H, cym), 2.89 (m, JHH = 6.31 Hz, 2H,
CH(CH3)2), 2.56 (m, JHH = 5.55 Hz, 1H, CH(CH3)2), 2.11 (s, 3H,
CH3), 1.50–1.00 (m, 18H, CH(CH3)2). 13C{1H} NMR (d, CD2Cl2,
20 �C): 161.3 (d, 2JCP = 9.20 Hz, py2), 154.7 (s, py6), 140.1 (s, py4),
117.1 (s, py5), 111.2 (d, 3JCP = 6.90 Hz, py3), 107.4 (s, cym), 99.0
(s, cym), 96.4 (d, 2JCP = 5.75 Hz, cym), 92.5 (d, 2JCP = 5.75 Hz, cym),
88.3 (d, 2JCP = 2.87 Hz, cym), 87.1 (d, 2JCP = 2.87 Hz, cym), 31.6 (d,
1JCP = 28.16 Hz, CH(CH3)2), 31.3 (s, CH(CH3)2), 28.4 (d, 1JCP =
28.74 Hz, CH(CH3)2), 22.1 (d, 2JCP = 20.12 Hz, CH(CH3)2), 18.1 (s,
CH(CH3)2), 17.9 (d, 2JCP = 14.94 Hz, CH(CH3)2), 16.8 (d, JCP = 2.87 Hz,
CH3). 31P{1H} NMR (d, acetone-d6, 20 �C): 134.1.

3.2.5. [Ru(g6-p-cymene)(j2(P,N)-PN-iPr)(Cl)]Cl (5b0)
This complex has been prepared analogously to 5a with [Ru(g6-

p-cymene)(l-Cl)Cl]2 (0.223 g, 0.364 mmol) und PN-iPr (0.153 g,
0.728 mmol) as starting materials but in the absence of a silver salt.
Yield: 0.317 g (84%). Anal. Calc. for C21H33Cl2N2PRu: C, 48.84; H,
6.44; N, 5.42. Found: C, 48.69; H, 6.54; N, 5.38%. The NMR spectra
of this complex are virtually the same as those of 5a except that the
NH proton is shifted from 6.76 to 10.61 ppm.

3.2.6. [Ru(g6-p-cymene)(j2(P,N)-PN-BIPOL)Cl]CF3SO3. (5c)
This complex has been prepared analogously to 5a with [Ru(g6-

p-cymene)(l-Cl)Cl]2 (0.199 g, 0.324 mmol), PN-BIPOL (0.200 g,
0.649 mmol), and AgCF3SO3 (0.167 g, 0.649 mmol) as starting
materials. Yield: 0.280 g (59%). Anal. Calc. for C28H27ClF3N2O5PRuS:
C, 46.19; H, 3.74; N, 3.85. Found: C, 46.14; H, 3.80; N, 3.99%. 1H
NMR (d, CD2Cl2, 20 �C): 9.49 (d, JHH = 7.54 Hz, 1H, py6), 8.74 (d,
JHH = 5.71 Hz, 1H, py4), 7.80–7.10 (m, 9H, Ph, py5), 7.12 (s, 1H,
NH), 6.95 (t, JHH = 6.62 Hz, 1H, py3), 6.16 (d, JHH = 5.03 Hz, 2H,
cym), 5.63 (d, JHH = 5.03 Hz, 1H, cym), 5.13 (d, JHH = 5.94 Hz, 1H,
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cym), 2.51 (m, JHH = 6.80 Hz, 1H, CH(CH3)2), 2.05 (s, 3H, CH3), 1.07
(d, JHH = 6.85 Hz, 3H, CH(CH3)2), 0.97 (d, JHH = 6.85 Hz, 3H,
CH(CH3)2). 13C{1H} NMR (d, CD2Cl2, 20 �C): 161.5 (d, 2JCP = 20.69 Hz,
py2), 155.2 (s, py6), 149.2 (d, 2JCP = 15.52 Hz, Ph), 147.6 (d,
2JCP = 6.32 Hz, Ph), 140.6 (s, py4), 134.3–121.4 (Ph), 119.8 (s, py5),
112.4 (d, 3JCP = 10.92 Hz, py3), 109.8 (s, cym), 109.0 (s, cym), 99.5
(d, 2JCP = 10.92 Hz, cym), 97.5 (d, 2JCP = 5.75 Hz, cym), 89.3 (d,
2JCP = 2.30 Hz, cym), 85.7 (s, cym), 30.8 (s, CH(CH3)2), 22.5 (s,
CH(CH3)2), 21.0 (s, CH(CH3)2), 18.6 (s, CH3). 31P{1H} NMR (d, CD2Cl2,
20 �C): 165.7.

3.2.7. [Ru(g6-p-cymene)(j2(P,N)-PNNH2-iPr)Cl]CF3SO3. (5d)
This complex has been prepared analogously to 5a with [Ru(g6-

p-cymene)(l-Cl)Cl]2 (0.200 g, 0.327 mmol), PNNH2-iPr (0.147 g,
0.653 mmol), and AgCF3SO3 (0.168 g, 0.654 mmol) as starting
materials. Yield: 0.374 g (87%). Anal. Calc. for C22H34ClF3N3O3PRuS:
C, 40.96; H, 5.31; N, 6.51. Found: C, 40.87; H, 5.54; N, 6.49%. 1H
NMR (d, CD2Cl2, 20 �C): 7.55 (d, JHH = 5.00 Hz, 1H, py5), 7.30 (t,
JHH = 6.50 Hz, 1H, py4), 6.51 (d, JHH = 5.00 Hz, 1H, py3), 6.23 (m,
2H, cym), 6.11 (b, 1H, NH), 5.97 (m, 2H, cym), 5.82 (d,
JHH = 13.38 Hz, 2H, NH), 3.08 (m, 1H, CH(CH3)2), 2.63 (m, 1H,
CH(CH3)2), 2.55 (m, 1H, CH(CH3)2), 1.92 (s, 3H, CH3), 1.65–1.00
(m, 18H, CH(CH3)2). 13C{1H} NMR (d, CD2Cl2, 20 �C): 162.3 (s,
py6), 160.2 (d, 2JCP = 7.98 Hz, py2), 145.9 (s, cym), 141.0 (s, py4),
135.1 (s, cym), 102.0 (s, py5), 99.5 (d, 3JCP = 6.98 Hz, py3), 128.8
(s, cym), 126.2 (s, cym), 31.0 (s, CH(CH3)2), 30.4–29.7 (m,
CH(CH3)2), 23.8–16.8 (m, CH3). 31P{1H} NMR (d, CD2Cl2, 20 �C):
117.3.

3.2.8. [Ru(g6-p-cymene)(j2(P,N)-PNdep-iPr)Cl] (6)
A solution of 5b (200 mg, 0.28 mmol) in THF (15 mL) was trea-

ted with KOtBu (38 mg, 0.33 mmol) for 2 h at room temperature.
After removal of the solvent under reduced pressure the residue
was dissolved in benzene (20 mL). Insoluble materials were re-
moved by filtration and the solvent was again removed under re-
duced pressure affording an orange solid which was dried under
vacuum. Yield: 50 mg (37%). Anal. Calc. for C21H32ClN2PRu: C,
52.55; H, 6.72; N, 5.89. Found: C, 51.90; H, 6.84; N, 5.79%. 1H
NMR (d, acetone-d6, 20 �C): 8.49 (d, J = 6.6 Hz, 1H, py6), 7.00 (t,
J = 7.5 Hz, 1H, py4), 6.48 (d, J = 8.3 Hz, 1H, py3), 6.21 (d, J = 6.6 Hz,
1H, cym), 6.02 (d, J = 6.6 Hz, 1H, cym), 5.95 (t, J = 6.6 Hz, 1H, py5),
5.70 (d, J = 6.6 Hz, 1H, cym), 5.59 (d, J = 6.6 Hz, 1H, cym), 2.66–
2.50 (m, 3H, CH(CH3)2), 2.01 (s, 3H, CH3), 1.42–1.00 (m, 18H,
CH(CH3)2). 31P{1H} NMR (d, acetone-d6, 20 �C): 132.7.

3.2.9. [Ru(g6-p-cymene)(j2(S,N)-SN-Ph)Cl]SbF6. (7a)
This complex has been prepared analogously to 5a with [Ru(g6-

p-cymene)(l-Cl)Cl]2 (0.100 g, 0.163 mmol), SN-Ph (0.106 g,
0.332 mmol), and AgSbF6 (0.114 g, 0.342 mmol) as starting materi-
als. Yield: 0.223 g (84%). Anal. Calc. for C27H29ClF6N2PRuSSb: C,
39.70; H, 3.58; N, 3.43. Found: C, 39.74; H, 3.64; N, 3.59%. 1H
NMR (d, CD2Cl2, 20 �C): 9.50 (br, 1H, NH), 9.08 (d, JHH = 5.03 Hz,
1H, py6), 8.50–7.30 (m, 13H, Ph, py), 5.90 (d, JHH = 5.48 Hz, 1H,
cym), 5.65 (d, JHH = 5.63 Hz, 1H, cym), 5.35 (d, JHH = 5.18 Hz, 1H,
cym), 5.25 (d, JHH = 5.33 Hz, 1H, cym), 2.77 (m, JHH = 6.66 Hz, 1H,
CH(CH3)2), 1.75 (s, 3H, CH3), 1.25 (d, JHH = 7.01 Hz, 3H, CH(CH3)2),
1.23 (d, JHH = 6.85 Hz, 3H, CH(CH3)2). 13C{1H} NMR (d, CD2Cl2,
20 �C): 155.6 (s, py6), 155.3 (d, 2JCP = 5.39 Hz, py2), 141.2 (s, py4),
134.6–129.2 (Ph), 120.7 (s, py5), 119.5 (d, 3JCP = 4.72 Hz, py3),
102.1 (s, cym), 101.8 (s, cym), 89.7 (s, cym), 84.1 (s, cym), 83.7
(s, cym), 81.4 (s, cym), 30.8 (s, CH(CH3)2), 21.7 (s, CH(CH3)2), 21.5
(s, CH(CH3)2), 17.3 (s, CH3). 31P{1H} NMR (d, CD2Cl2, 20 �C): 52.6.

3.2.10. [Ru(g6-p-cymene)(j2(S,N)-SN-iPr)Cl]SbF6. (7b)
This complex has been prepared analogously to 5a with [Ru(g6-

p-cymene)(l-Cl)Cl]2 (0.100 g, 0.163 mmol), SN-iPr (0.080 g,
0.326 mmol), and AgSbF6 (0.112 g, 0.330 mmol) as starting materi-
als. Yield: 0.195 g (80%). Anal. Calc. for C21H33ClF6N2PRuSSb: C,
33.68; H, 4.44; N, 3.74. Found: C, 33.59; H, 4.51; N, 3.71%. 1H
NMR (d, CD2Cl2, 20 �C): 9.24 (br, 1H, NH), 9.08 (d, JHH = 6.00 Hz,
1H, py6), 7.99 (t, JHH = 7.42 Hz, 1H, py4), 7.70 (d, JHH = 7.90 Hz, 1H,
py3), 7.31 (t, JHH = 6.48 Hz, 1H, py5), 6.01 (d, JHH = 6.00 Hz, 1H,
cym), 5.97 (d, JHH = 5.69 Hz, 1H, cym), 5.55 (d, JHH = 5.69 Hz, 1H,
cym), 5.53 (d, JHH = 5.37 Hz, 1H, cym), 3.01 (m, JHH = 7.27 Hz, 1H,
CH(CH3)2), 2.95 (m, JHH = 6.63 Hz, 1H, CH(CH3)2), 2.32 (m,
JHH = 7.06 Hz, 1H, CH(CH3)2), 1.66 (s, 3H, CH3), 1.64–1.33 (m, 12H
CH(CH3)2), 1.14 (dd, J = 19.27 Hz, 1JHH = 6.63 Hz, 3H, CH(CH3)2),
0.70 (dd, J = 18.64 Hz, JHH = 6.95 Hz, 3H, CH(CH3)2). 13C{1H} NMR
(d, CD2Cl2, 20 �C): 157.8 (d, 2JCP = 5.98 Hz, py2), 156.2 (s, py6),
140.9 (s, py4), 120.2 (s, py5), 119.7 (d, 3JCP = 3.99 Hz, py3), 102.0
(s, cym), 101.5 (s, cym), 90.2 (s, cym), 86.1 (s, cym), 83.6 (s,
cym), 82.4 (s, cym), 32.3 (d, JCP = 49.37 Hz, CH(CH3)2), 30.8 (s,
CH(CH3)2), 25.9 (d, JCP = 54.35 Hz, CH(CH3)2), 22.2–15.7 (CH(CH3)2),
14.6 (s, CH3). 31P{1H} NMR (d, CD2Cl2, 20 �C): 83.6.

3.2.11. [Ru(g6-p-cymene)(j2(Se,N)-SeN-Ph)Cl]SbF6. (8a)
This complex has been prepared analogously to 5a with [Ru(g6-

p-cymene)(l-Cl)Cl]2 (0.100 g, 0.163 mmol), SN-Ph (0.114 g,
0.319 mmol), and AgSbF6 (0.115 g, 0.335 mmol) as starting materi-
als. Yield: 0.238 g (86%). Anal. Calc. for C27H29ClF6N2PRuSbSe: C,
37.55; H, 3.38; N, 3.24. Found: C, 37.54; H, 3.41; N, 3.19%. 1H
NMR (d, CD2Cl2, 20 �C): 9.47 (br, 1H, NH), 9.18 (d, JHH = 6.00 Hz,
1H, py6), 8.48 (d, JHH = 7.90 Hz, 1H, py4), 8.42 (d, JHH = 7.90 Hz,
1H, py3), 8.10–7.10 (m, 11H, Ph, py5), 5.82 (d, JHH = 6.63 Hz, 1H,
cym), 5.68 (d, JHH = 5.37 Hz, 1H, cym), 5.35 (d, JHH = 6.00 Hz, 1H,
cym), 5.20 (d, JHH = 5.37 Hz, 1H, cym), 2.77 (m, JHH = 6.87 Hz, 1H,
CH(CH3)2), 1.75 (s, 3H, CH3), 1.24 (d, JHH = 6.95 Hz, 3H, CH(CH3)2),
1.21 (d, JHH = 6.95 Hz, 3H, CH(CH3)2). 13C{1H} NMR (d, CD2Cl2,
20 �C): 155.9 (d, 2JCP = 4.72 Hz, py2), 155.5 (s, py6), 141.2 (s, py4),
134.6–128.4 (Ph), 120.9 (s, py5), 120.2 (d, 3JCP = 4.04 Hz, py3),
102.1 (s, cym), 101.6 (s, cym), 88.7 (s, cym), 84.1 (s, cym), 83.3
(s, cym), 79.2 (s, cym), 31.0 (s, CH(CH3)2), 22.1 (s, CH(CH3)2), 21.3
(s, CH(CH3)2), 17.3 (s, CH3). 31P{1H} NMR (d, CD2Cl2, 20 �C): 44.5
(with satellites JP-Se = 663 Hz).

3.2.12. [Ru(g6-p-cymene)(j2(Se,N)-SeN-iPr)Cl]SbF6. (8b)
This complex has been prepared analogously to 5a with [Ru(g6-

p-cymene)(l-Cl)Cl]2 (0.100 g, 0.163 mmol), SeN-iPr (0.096 g,
0.332 mmol), and AgSbF6 (0.124 g, 0.361 mmol) as starting materi-
als. Yield: 0.202 g (78%). Anal. Calc. for C21H33ClF6N2PRuSbSe: C,
31.70; H, 4.18; N, 3.52. Found: C, 31.68; H, 4.08; N, 3.55%. 1H
NMR (d, CD2Cl2, 20 �C): 9.20 (d, JHH = 4.87 Hz, 1H, py6), 8.45 (br,
1H, NH), 8.03 (t, JHH = 7.61 Hz, 1H, py4), 7.58 (d, JHH = 7.77 Hz, 1H,
py3), 7.37 (t, JHH = 5.48 Hz, 1H, py5), 6.08 (d, JHH = 4.72 Hz, 1H,
cym), 5.97 (d, JHH = 5.18 Hz, 1H, cym), 5.62 (d, JHH = 4.87 Hz, 1H,
cym), 5.46 (d, JHH = 4.72 Hz, 1H, cym), 2.95 (m, 2H, CH(CH3)2),
2.45 (m, 1H, CH(CH3)2), 1.60 (s, 3H, CH3), 1.54–1.08 (m, 15H
CH(CH3)2), 0.79 (dd, J = 19.26 Hz, JHH = 6.93 Hz, 3H, CH(CH3)2).
13C{1H} NMR (d, CD2Cl2, 20 �C): 157.8 (d, 2JCP = 5.39 Hz, py2),
156.2 (s, py6), 141.1 (s, py4), 120.7 (s, py5), 120.4 (d, 3JCP = 4.04 Hz,
py3), 101.9 (s, cym), 101.5 (s, cym), 90.3 (s, cym), 85.5 (s, cym), 83.8
(s, cym), 81.3 (s, cym), 32.6 (d, JCP = 39.07 Hz, CH(CH3)2), 30.9 (s,
CH(CH3)2), 26.2 (d, JCP = 47.16 Hz, CH(CH3)2), 22.0–15.7 (CH(CH3)2),
14.9 (s, CH3). 31P{1H} NMR (d, CD2Cl2, 20 �C): 77.3 (with satellites JP-

Se = 640 Hz).

3.3. X-ray structure determination of 5a0 and 7b

X-ray data of 5a0 and 7b were collected on a Bruker Smart APEX
CCD diffractometer using graphite-monochromated Mo Ka
radiation (k = 0.71073 Å) and 0.3� x-scan frames. Corrections for
absorption and k/2 effects were applied [23]. After structure
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solution with program SHELXS97 refinement on F2 was carried out
with the program SHELXL97 [24]. Non-hydrogen atoms were refined
anisotropically. H atoms were placed in calculated positions and
thereafter treated as riding. Important crystallographic data are:
5a0: C27H29Cl2N2PRu, Mr = 584.46, orange block from CD2Cl2, 0.59 �
0.38 � 0.30 mm, monoclinic, space group P21/n (no. 14), a =
9.2754(5) Å, b = 18.7332(10) Å, c = 15.1296(8) Å, b = 106.380(1)�,
V = 2522.2(2) Å3, Z = 4, l = 0.916 mm�1, dx = 1.539 g cm�3,
T = 100(2) K. 22820 reflections were collected up to hmax = 30.0�
and, after applying absorption corrections, merged to 7261 inde-
pendent data (Rint = 0.018); final R indices: R1 = 0.0306 (6781
reflections with I > 2r(I)), wR2 = 0.0789 (all data), 298 parameters.
7b: C21H33ClF6N2PRuSSb, Mr = 748.79, orange plates from
CD2Cl2, 0.34 � 0.26 � 0.22 mm, monoclinic, space group P21/n
(no. 14), a = 11.1387(2) Å, b = 20.6898(3) Å, c = 12.5233(2) Å, b =
104.463(1)�, V = 2794.63(8) Å3, Z = 4, l = 1.788 mm�1, dx = 1.780
g cm�3, T = 100(2) K. 41994 reflections were collected up to
hmax = 30.0� and, after applying absorption corrections, merged to
8266 independent data (Rint = 0.027); final R indices: R1 = 0.0306
(8266 reflections with I > 2r(I)), wR2 = 0.0777 (all data), 317
parameters.

3.4. Hydrogen transfer catalysis with the precatalysts 5b, 6, 7b, and 8b

In a typical procedure, to a 0.1 M solution of acetophenone in
2-propanol the pre-catalyst (0.5 mol%) and KOtBu (10 mol%) were
added (acetophenone:precatalyst:KOtBu = 200:1:20) to a Schlenk
tube and heated at 75 �C for 22 h unless otherwise noted (see Table
1). After the reaction time the solvent was removed under pressure
and the product distribution was determined by 1H NMR
spectroscopy.

4. Supplementary material

Crystallographic data for the crystal structures of 5a0 and 7b
have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication under reference CCDC
771456 (5a0) and 782837 (7b). These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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