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Several new half-sandwich ruthenium(II) complexes contain-
ing 2-(diphenyphosphanyl)aniline (PNH2) of formula
{Ru[(κ2P,N)PNH2](p-cymene)Cl}Y [Y = Cl (1a), PF6 (1b), BF4

(1c), BPh4 (1d), TfO (1e)] were synthesized and fully charac-
terized both in solution (1H NMR and 31P{1H} NMR spec-
troscopy) and in the solid state (FTIR, X-ray analysis on sin-
gle crystal). Complexes 1a and 1b are active precatalysts in
the hydrogen transfer reaction of acetophenone, leading to
tof values up to 4440 h–1. In comparison, the {Ru[(κ2P,N)-

Introduction
Transition-metal complexes containing hybrid amine

phosphane ligands, generally indicated as P,N ligands, are
among the most studied homogeneous organometallic cata-
lysts.[1] Their success is often attributed to the combination
of the soft (P) and hard (N) character of the two donors,
which assures a good balance between robustness and reac-
tivity. A well known P,N ligand is 2-(diphenylphosphanyl)-
aniline (hereafter referred as PNH2), whose coordination
capability towards several transition-metal ions is known.[2]

Usually, PNH2 chelates the metal in a κ2P,N way,[2b,2c–3]

although κ1P[2e] and bridging[2a,2e] coordination modes are
also reported. Deprotonation of the amine functionality oc-
curs in the presence of a base, giving rise to amido phos-
phane complexes, where the anionic ligand chelates in a κ2-
P,N way.[3a,3d] Half-sandwich ruthenium(II) complexes con-
taining amino phosphane ligands draw the interest of sev-
eral groups,[4] especially for their potential catalytic applica-

[a] Dipartimento di Chimica Generale ed Inorganica, Chimica
Analitica, Chimica Fisica, University of Parma,
Viale G.P. Usberti 17/A, 43100 Parma, Italy
Fax: +39-0521-905557
E-mail: paolo.pelagatti@unipr.it

[b] Laboratory for Crystallography, van’t Hoff Institute of Molecu-
lar Sciences, Faculty of Sciences, Universiteit van Amsterdam,
Valkenierstraat 65, 1018XE Amsterdam, The Netherlands

[‡] Present address: Dipartimento di Chimica Inorganica, Metall-
organica, Analitica, University of Milan,
Via Venezian 21, 20133 Milan, Italy
Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2008, 4462–44734462

PNMe2](p-cymene)Cl}Cl complex leads to a tof value of
100 h–1 under the same catalytic conditions. The mechanism
through which the precatalysts operate was deeply explored
by high-resolution MS (ESI) and DFT/PCM studies. The re-
sults reveal that the complexes containing PNH2 operate
through a bifunctional mechanism analogous to that pro-
posed for diamines and amino alcohol ligands.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

tions.[5] Among these, the hydrogen transfer reaction (HTR)
of ketones represents an important example.[6] Recently,
Ikariya reported on reduction processes[5e,5g] and racemiza-
tion of nonracemic sec-alcohols[5c] catalyzed by neutral
complexes of the type [Cp*Ru(κ2P,N)Cl], where P,N are
several (primary) amino phosphane ligands, PNH2 in-
cluded. A metal–ligand bifunctional catalysis[7] has been
proposed on the basis of the observation that similar com-
plexes containing (dimethyl)amino phosphane ligands
turned completely inactive in the same processes. The pres-
ence of NH2 functionalities is not, however, strictly neces-
sary to construct active precatalysts. Neutral and ionic com-
plexes of the type [(arene)Ru(κ2P,N)X]n+ (arene = Cp or p-
cymene; P,N = several N,N-dimethylaminophosphanes; X
= CH3CN, Cl, or Br; n = 0, 1) have led from moderate to
good activities in the HTR of several ketonic substrates.[5b]

Moreover, tof values up to 220000 h–1 were reached with
the zwitterionic complex [Ru(p-cymene)(κ2P,N)Cl],[5i] where
the ligand 1-diisopropylphosphanyl-2-(N,N-dimethyl-
amino)-1H-indene is void of N–H functionalities. In these
cases, an inner-sphere mechanism (ISM)[8] seems more
likely. On the contrary, Baratta recently demonstrated that
precatalysts containing NH2 functionalities do not auto-
matically operate through an outer-sphere mechanism
(OSM) in HTR.[9] Kinetic data and isolation of isopropox-
ide species suggest in fact that the ruthenium(II) complex
[RuCl(CNN)(dppb)] [dppb = Ph2P(CH2)4PPh2; HCNN =
6-(4�-methylphenyl)-2-pyridylmethylamine] works essen-
tially through an ISM, where the NH2 functionality is, how-
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ever, involved in the activation of the ketone through N–
H···O=C intermolecular hydrogen bonds. To the best of our
knowledge, a detailed mechanistic study on the HTR of
ketones catalyzed by half-sandwich ruthenium(II) com-
plexes bearing P,N ligands has not yet been reported. For
this reason, here we report on the synthesis and characteri-
zation of a series of ruthenium(II) complexes of the type
{Ru[(κ2P,N)PNR2](p-cymene)Cl}Y (R = H, Me; Y = Cl,
PF6, BF4, BPh4, TfO) that have been tested as homogen-
eous precatalysts for the HTR of acetophenone. A detailed
mechanistic study based on MS (ESI), spectroscopic data,
and DFT-PCM calculations was carried out in order to elu-
cidate the role played by the NH2 functionality in the cata-
lytic process.

Results and Discussion

Synthesis of the RuII Complexes

The reaction between [Ru(p-cymene)Cl2]2 with a twofold
excess of PNH2 in dichloromethane at room temperature
led to the isolation of a light-orange powder corresponding
to the neutral complex {Ru[(κ1P)PNH2](p-cymene)Cl2} (1
in Scheme 1).

Scheme 1. Synthesis of isomer complexes 1–1a and 2–2a.

PNH2 uses only the P atom to bind the metal center,
with the amine functionality remaining excluded by the co-
ordination sphere. The pseudooctahedral geometry is com-
pleted by a η6-coordinated p-cymene ring and by two chlo-
ride ligands. The solid structure of 1, as dichloromethane
solvate, was confirmed by X-ray analysis conducted on a
single crystal obtained by slow diffusion of n-pentane in a
dichloromethane solution of 1 (Figure 1).
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Figure 1. Perspective view and labeling scheme of {Ru[(κ1P)-
PNH2](p-cymene)Cl2} in the crystal structure of 1·CH2Cl2. Ther-
mal ellipsoids drawn at the 50% probability level. Relevant bond
lengths [Å] and angles [°] (CM = centroid of the p-cymene ring):
Ru–P 2.376(2), Ru–Cl1 2.400(2), Ru–Cl2 2.429(2), Ru–CM 1.704;
P–Ru–Cl1 88.65(8), Cl1–Ru–CM 124.91(13), Cl2–Ru–CM
125.36(14), P–Ru–CM 130.81(13).

The hexa-hapto coordination of p-cymene is regular,
with Ru–C distances ranging between 2.18 and 2.25Å. The
supramolecular association of 1a·CH2Cl2 in the solid is
based on pairing of molecules by means of one bridging
chloride atom, interacting by N–H···Cl hydrogen bonds
[N1–H1N···Cl2(i) 3.315(3) Å, 133(6)°; N1–H2N···Cl2
3.337(8) Å, 149(5); i = 1 –x, –y, 1 – z]. The coordinated
chlorides Cl1 and Cl2 are involved only in long C–H···Cl
interactions (�3.34Å) with neighboring phenyl groups.
There are also interactions between the solvent molecule
and the Cl atoms of the complex [C1S–H11S···Cl1
3.545(10), 143(6); C1S–C12S···Cl2 3.62(2), 155(4)]. The co-
ordination of the ligand through the P donor was con-
firmed by 31P{1H} NMR spectroscopy. The spectrum re-
corded in deuterated dichloromethane, chloroform, or tolu-
ene at room temperature shows a singlet centered at δ =
26 ppm. Under the same conditions, the 1H NMR signals
indicate a certain degree of fluxionality, evidenced by the
broadness of the cymene protons that give rise to two sig-
nals at δ = 5.46 and 4.84 ppm. The last contains also the
amine protons, as established by exchange with deuterated
water. In the 31P{1H} NMR spectrum recorded in CD2Cl2
at 50 °C the signal at δ = 26 ppm is replaced by a new sing-
let at δ = 56 ppm, which indicates chelation of PNH2. The
deshielding observed upon chelation is a known phenome-
non, usually referred as ring effect (∆R).[10] The amine
functionality then replaces a chloride ligand leading to the
ionic complex {Ru[(κ2P,N)PNH2](p-cymene)Cl}Cl (1a in
Scheme 1).

The 1H NMR spectrum recorded in CD2Cl2 at 50 °C
shows strong deshielding of an amine proton as evidenced
by the appearance of a new broad singlet at δ = 10.49 ppm,
whereas the second amine proton resonates at δ =
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5.43 ppm. The same behavior was observed in CDCl3 or
C6D5CD3. The isomerization 1�1a was also observed af-
ter dissolution of 1 in iPrOH or after addition of iPrOH
to a dichloromethane or chloroform solution of 1.[4c] The
behavior observed in iPrOH is in agreement with DFT cal-
culations, which evidence how the ring-closure process is
favored in iPrOH with respect to vacuum (see Computa-
tional Details). In all cases, the ring closure was ac-
companied by a color change of the solution, from orange
to yellow. Indeed, when PNH2 was treated with [Ru(p-cy-
mene)Cl2]2 in iPrOH a yellow solution was obtained, from
which 1a was isolated (Scheme 1). Its solid structure was
confirmed by X-ray analysis conducted on a single crystal
grown by slow diffusion of n-pentane in dichloromethane.
In 1a, the {Ru[(κ2PN)PNH2](p-cymene)Cl}+ cation pres-
ents a pseudooctahedral coordination around the metal,
constituted by the P,N chelating system, the coordinated
chloride anion, and the η6-p-cymene ligand (Figure 2). The
complex is chiral, but crystallizes in a centrosymmetric
space group, so that both enantiomers (RRu and SRu) are
present. Chelation of PNH2 occurs by forming a five-mem-
bered ring in an envelope conformation with the ruthenium
atom at the flap, deviating by 0.38Å from the ring plane. In
fact, this corresponds to the bending by a dihedral angle of
12° of the aniline skeleton with respect to the coordination
plane defined by the Ru, P, and N atoms (Figure 2), and it
is due to the repulsion between the p-cymene methyl group
and one phenyl group of PNH2 (C28···C20 3.30Å).

Figure 2. Perspective view and labeling scheme of cation
{Ru[(κ2P,N)PNH2](p-cymene)Cl}+ in the crystal structure of 1a.
Thermal ellipsoids drawn at the 50% probability level. Inset: super-
position of {Ru[(κ2P,N)PNH2](p-cymene)Cl}+ in 1a (black thick),
1b (black thin), and 1d·CH2Cl2 (grey thick), hydrogen atoms omit-
ted.[42]

The hexa-hapto coordination of p-cymene is regular,
with Ru–C distances between 2.16 and 2.26Å. In 1a, the p-
cymene is coordinated such that the isopropyl substituent
is almost perfectly eclipsed with respect to the chloride li-
gand [Cl1–Ru1–C2–C25 6.8(5)°]. Solid 1a slowly decom-
poses at room temperature, as evidenced by a color change
from yellow to green. When PNH2 was treated with [Ru(p-
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cymene)Cl2]2 in the presence of halogen scavengers, such as
KPF6, AgBF4, NaBPh4, and AgTfO, the corresponding
ionic complexes {Ru[(κ2P,N)PNH2](p-cymene)Cl}Y [Y =
PF6 (1b), BF4 (1c), BPh4 (1d), TfO (1e)] were isolated in
good yields. The 31P{1H} NMR spectra show a singlet cen-
tered at 55–56 ppm, in accord with what was seen for 1a.
The solid structures of 1b and 1d were solved by X-ray dif-
fraction analysis conducted on single crystals formed upon
diffusion of n-pentane into dichloromethane solutions of
the complexes. The {Ru[(κ2P,N)PNH2](p-cymene)Cl}+ cat-
ion in compound 1b presents the same geometry as that
observed in 1a, with an rms deviation of 0.27 Å between
corresponding atoms in the two structures, mainly due to a
slight misorientation of one phenyl ring (Figure 2, inset). In
compound 1d·CH2Cl2, {Ru[(κ2P,N)PNH2](p-cymene)Cl}-
BPh4·CH2Cl2, the {Ru[(κ2P,N)PNH2](p-cymene)Cl}+ cat-
ion is isolated as a stereoisomer of the ones observed in
1a·CH2Cl2 and 1b (Figure 2, inset). The hexa-hapto p-cy-
mene ligand is in fact rotated around the bond connecting
the metal and the center of mass of the aromatic ring, so
that the isopropyl group is no longer eclipsed to the chlo-
ride ligand [Cl1–Ru–C2–C25 60.6(3)°], but closer to the
NH2 group [N1–Ru1–C2–C25 –23.6(3)°]. The chelation
ring in 1d·CH2Cl2 is perfectly coplanar with the aniline
skeleton, because the steric hindrance between the p-cy-
mene and the phenyl groups of the phosphane is released
by the rotation of the p-cymene (C28···C19 3.60Å). The
hexa-hapto coordination is regular (Ru–C distances ranging
from 2.18 to 2.27Å). Complexes 1c and 1e suffer from a
somewhat marked instability, both in solution and in the
solid state. Contrarily, 1b and 1d can be stored under an
atmosphere of nitrogen at low temperature for several
weeks without decomposition. In solution, however, 1d
tends to decompose more quickly than 1b, as evidenced by
the browning of the solution that occurs within a few hours
at room temperature. The reaction between [Ru(p-cymene)-
Cl2]2 and a twofold excess of PNMe2 [PNMe2 = 2-(di-
phenylphosphanyl)-N,N-dimethylaniline][11] in dichloro-
methane at room temperature led to the isolation of a brick-
red solid, whose elemental analysis is in agreement with the
formula [Ru(PNMe2)(p-cymene)Cl2] (2 in Scheme 1). Al-
though literature data are in favor of κ2P,N chelation,[12]

the 31P{1H} NMR spectrum of 2 recorded in deuterated
chloroform at room temperature shows the presence of two
singlets: one centered at δ = 31 ppm and a second one cen-
tered at δ = 45 ppm. The first can be assigned to the neutral
species {Ru[(κ1P)PNMe2](p-cymene)Cl2} (2), whereas the
latter can be assigned to the ionic species {Ru[(κ2P,N)-
PNMe2](p-cymene)Cl}Cl (2a). The two signals are in a 1:4
ratio. On standing, the solution of 2 at room temperature
slowly converted into 2a, and the isomerization was practi-
cally complete within four days. This suggests that in the
solid state PNMe2 behaves as κ1P monodentate ligand. The
31P{1H} NMR spectrum of 2 in deuterated iPrOH shows
only the singlet at δ = 45 ppm indicating the solvent-pro-
moted 2�2a isomerization. The higher chelation degree
shown by PNMe2 with respect to PNH2 is ascribable to the
higher nucleophilic character of the amine nitrogen. The
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solutions of 2a are definitively more stable than those con-
taining complexes 1a–e, and color changes or the release of
metal particles after several hours at room temperature are
not observed.

Catalytic Transfer Hydrogenation

Complexes 1a and 1b were selected as precatalysts,
iPrOH/KOH as the reducing system, and acetophenone as
a model substrate. The catalytic activity of complexes 1c–e
was not deeply investigated, because of their instability in
solution, which impeded satisfactory data reproducibility.
All the catalytic reactions were interrupted after 60 min.
The catalytic results are collected in Table 1. At room tem-
perature no appreciable formation of 1-phenylethanol was
observed. However, when the temperature was increased to
90 °C (oil bath) smooth reduction of acetophenone into 1-
phenylethanol occurred, with conversions ranging from 98
to 99% after 1 h of reaction. The catalytic activities of 1a
and 1b are comparable, with tof values referred to 5 min of
4440 h–1 and 3960 h–1, respectively (Table 1, Entries 5 and
6). These values correspond to 37 and 33% conversions,
respectively. As can be inferred from Table 1, the precata-
lysts as well as the presence of KOH are necessary to ob-
serve appreciable conversions (Table 1, Entries 1 and 2).
The addition of one equivalent of free PNH2 to a catalytic
solution containing 1a led to deactivation (Table 1, En-
try 3), whereas higher concentrations of base blocked the
reaction with catalyst decomposition (Table 1, Entry 4).
The lower activity of 1b with respect to that of 1a seems
mainly imputable to the lower stability of the former, as
evidenced by the more pronounced browning of the reac-
tant solution containing 1b within 5 min of reaction. Some
of the aforementioned catalytic results allow some mechan-
istic speculations. For example, the suppression of catalytic
activity in the presence of an excess amount of free ligand
rules out the possibility that the active catalyst could derive
from decomposition of the precatalyst and subsequent for-
mation of the bis(chelate) complex {Ru[κ2(P,N)PNH2]2-
Cl2}, which could in principle catalyze the reduction of ace-
tophenone.[13] The suppression of the catalytic activity ob-
served when high concentrations of base are used is instead
symptomatic of an OSM.[8,9] The low catalytic activity of
2a, devoid of N–H functionalities (Table 1, Entry 7), is
again symptomatic of an OSM. This implies the formation
of two intermediate organometallic cations (vide infra),
which are the 16e species {Ru[(κ2P,N)PNH](p-cymene)}+

(IV) and the 18e hydride {Ru[(κ2P,N)PNH2](p-cymene)H}+

(V). Attempts to isolate [IV]Y (Y = Cl, PF6) failed, because
of extensive decomposition, with isolation of brown solids
difficult to characterize. However, the reaction between 1a
and four equivalents of KOH in refluxing iPrOH led to the
isolation of a yellow solid, identified as [V]Cl. Its 1H NMR
spectrum recorded in deuterated dichloromethane shows in
fact a doublet at –8.7 ppm, with 2JHP = 48 Hz.[5e,5i] The
31P{1H} NMR spectrum recorded in the same solvent
shows a singlet at δ = 67 ppm, whereas the 31P NMR spec-
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trum shows a doublet with 2JHP = 48 Hz. The instability of
[V]Cl even at low temperatures made its handling difficult.
The IR spectrum was necessarily collected by diffuse reflec-
tance technique, that is, sampling directly the solid, as fast
decomposition occurred both in KBr and nujol. A limited
number of scans was collected, because fast browning of the
solid occurred during spectra collection with concomitant
fading of the Ru–H stretching band, initially centered at
1933 cm–1.[14] For a more complete characterization of the
intermediates involved in the catalytic cycle, we have under-
taken a high-resolution MS (ESI) analysis on precatalytic
solutions containing complexes 1a and 1b. For comparison,
the same MS (ESI) study was performed on precatalytic
solutions of 2a.

Table 1. Transfer hydrogenation of acetophenone catalyzed by 1a
and 1b.[a]

Entry Complex Time [min] Conversion [%][b] tof [h–1][c]

1 – 60 – –
2 1a[d] 60 – –
3 1a[e] 60 �1 –
4 1a[f] 60 �1 –
5 1a 5[g] 37 4440
6 1b 5[g] 33 3960
7 2a 60 10 100

[a] Reactions conditions: refluxing iPrOH; acetophenone/Ru/KOH,
1000:1:4; [acetophenone] = 0.1 . [b] Determined by GC (three in-
dependent catalytic experiments). [c] Referred at the reaction time
indicated in column 3; tof = (mol of product)� (mol Ru)–1 �h–1.
[d] In the absence of base. [e] Excess amount of free PNH2. [f] Ru/
KOH, 1:10 or 1:20. [g] Conversions �98% after 60 min.

MS (ESI) Study

MS (ESI) is a well-suited technique for the transfer of
intact charged organometallic fragments from solution to
the gas phase, which has been successfully employed for the
elucidation of several catalytic mechanisms involving orga-
nometallic complexes.[15] We initially analyzed different pre-
catalytic solutions of 1a and 1b in different refluxing sol-
vents, such as iPrOH, acetonitrile, and THF. A cone voltage
(CV) of 10 V was chosen to amplify the softness character
of the spectrometric technique, thus avoiding collision-in-
duced dissociations. All the MS (ESI) spectra are collected
in the Supporting Information. After 1 h at reflux the pre-
catalysts were preserved, as evidenced by a unique cluster
centered at m/z = 548, corresponding to the expected cation
{Ru[(κ2P,N)PNH2](p-cymene)Cl}+ (III). When the CV was
raised to 30 V a second, a less intense cluster centered at
m/z = 512 appeared, corresponding to the coordinatively
unsaturated cationic fragment {Ru[(κ2P,N)PNH](p-
cymene)}+ (IV). This species is generated from III upon col-
lision-induced dissociation, thus pointing out the facile HCl
releasing form III. The MS (ESI) spectra collected with a
CV of 10 V after having added an excess amount of KOH
to the refluxing iPrOH solutions (Ru/KOH, 1:4) show the
disappearance of the cluster at m/z = 548, which is replaced
by a cluster at m/z = 514 corresponding to the cation
{Ru[(κ2P,N)PNH2](p-cymene)H}+ (V). Lastly, the MS
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(ESI) spectra of basic acetonitrile (a non-hydrogen donor)
solutions of the precatalysts show a unique cluster centered
at m/z = 512 corresponding to IV. These results clearly indi-
cate that both complexes operate through an OSM. For
comparison, the same MS (ESI) study was conducted on a
refluxing iPrOH solution of 2a. With a CV value of 10 V
the spectrum shows a unique intense cluster centered at m/z
= 576, corresponding to the expected cation {Ru[(κ2P,N)-
PNMe2](p-cymene)Cl}+. After the addition of KOH (Ru/
KOH, 1:4) the above signal is replaced by a cluster centered
at m/z = 542, corresponding to the cation {Ru[(κ2P,N)-
PNMe2](p-cymene)H}+. The formation of VII must neces-
sarily occur through a fast β-hydrogen elimination from the
undetected alkoxide {Ru[(κ2P,N)PNMe2](p-cymene)-
(iPrO)}+. This indicates that the low catalytic activity of 2a
is not imputable to the difficulty of forming an hydride spe-
cies but rather to the difficulty to activate acetophenone.
This step must necessary occur through detachment of the
amine functionality or partial decoordination of the aro-
matic ring, steps which appear to be energetically more ex-
pensive than the construction of a pericyclic transition state
as requested by an OSM (vide infra).

DFT Calculations

HTR of ketones catalyzed by half-sandwich ruthenium-
(II) complexes in alcoholic media has been deeply investi-
gated by theoretical calculations in order to clarify the inti-
mate steps through which the alcohol and ketone interact
with the metal center. Most of these works have been per-
formed on model catalysts containing diamine or amino
alcohol ligands,[7,16] whereas to the best of our knowledge,
no reports dealing with amine–phosphane based catalysts
have so far been reported. Initially we undertook a compu-
tational investigation on the conformational stability of 1 in
vacuo as well as in iPrOH solution to establish the factors
governing the ring-closure process observed in solution that
transforms 1 into 1a. Then, the study was directed to the
OSM promoted by 1a, which is hereafter referred to as Path
I. In order to have a more complete picture, we also mod-
eled the other two mechanisms deriving from the reactions
that iPrO– might trigger off by reaction with 1a, that is, the
formation of the isopropoxide intermediate{Ru[(κ2P,N)-
PNH2](p-cymene)(iPrO)}+ (Path II) and the neutral com-
plex {Ru[(κ2P,N)PNH](p-cymene)Cl}(Path III). These two
last species would promote the HTR by an ISM. Finally,
we compared the corresponding energy profiles to establish
the most energetically favored mechanism. In order to have
an accurate picture from calculations, the organometallic
fragments were built without any simplification, and iPrOH
and acetophenone were used as a hydrogen donor and ac-
ceptor, respectively. The energy profiles were determined by
calculating the ∆G values as a sum of the electrostatic and
nonelectrostatic contributions[17] and a correction for the
zero-point energy[18] (for the evolution of the reacting sys-
tems see the Supporting Information).

The optimized structures of the precatalyst, reaction in-
termediates, and transition states are collected in Figure 3.
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The ring-closure process leading to 1a (Scheme 1) was
studied by DFT calculations in vacuo and in iPrOH solu-
tion on the basis of Equation (1). Here the organometallic
cation {Ru[(κ2P,N)PNH2](p-cymene)Cl}+ is indicated as
III. All the reagents present in the reactant solution at the
onset of the reaction were considered to be present in the
initial step. The starting reactants were located at 0.0 kcal/
mol energy. This means that neutral complex 1 is located
at 0.0 kcal/mol in the energy profile diagram depicted in
Figure 4.

Figure 3. Optimized geometries at B3LYP/BS-0 level of stable inter-
mediate complexes and transition states, related to Paths I and II.
For simplicity, hydrogen atoms are omitted except for hydridic and
aminic functionalities, whereas the phenyl rings of the phosphane
moieties are drawn as single atoms.

1 � III + Cl– (1)

The calculations performed in vacuo show an endother-
mic profile (87.3 kcal/mol) that becomes exothermic once
iPrOH is introduced into the model (–3.5 kcal/mol, Fig-
ure 4). This is in agreement with the experimental observa-
tion that the chelation of the PNH2 ligand occurs easily in
iPrOH, where cation III and anion Cl– are certainly stabi-
lized, whereas in less-polar solvents the breaking of the Ru–
Cl bond is unlikely, and it occurs appreciably only at tem-
peratures �50 °C. As can be seen in Figure 3, the chelation
leads to a shortening of the Ru–P bond, from 2.452 Å in 1
(2.376Å in the X-ray structure) to 2.417Å in III, in accord-
ance with the solid-state structure data of chelate complexes
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Figure 4. Comparison of the energy profiles of Paths I (on the
right) and II (on the left). All the numbered reaction steps are re-
ported as ∆G with respect to 1 and other reactants (see Supporting
Information). Only the most important catalytic species are labeled
in the graph.

1a, 1b, and 1d, where the Ru–P bond lengths are 2.3072,
2.296, and 2.310 Å, respectively. Moreover, an intramolecu-
lar hydrogen bond between the axial aminic proton and the
coordinated chloride ligand is also found (2.331 Å). Now
cation III can react with iPrO– by Path I (Scheme 2) or by
Path II (Scheme 3). The energy profile of Path I (Figure 4)
indicates that the amine deprotonation [Scheme 2, step (i)]
occurs exothermally with a release of energy of 28.1 kcal/
mol. Step (i) can be divided into two subsequent steps:
amine deprotonation with formation of the transient neu-
tral complex {Ru[(κ2P,N)PNH](p-cymene)Cl}[X; Scheme 2,
step (ii)] and chloride dissociation [Scheme 2, step (iii)]. The
energy difference that separates X and IV is low (2.9 kcal/
mol, Figure 4), pointing out a facile dissociation of the
chloride ligand.[19] Structural analysis of the optimized ge-
ometry of IV shows an evident shortening of the Ru–N
bond (1.923Å) with respect to the values found in the com-
plexes crystallographically characterized, in agreement with
a substantial amide character of the coordinated nitrogen.

Scheme 2. Path I: deprotonation of the amine functionality with
formation of IV. Conditions: (i) iPrO–, –iPrOH, –Cl–; (ii) iPrO–;
–iPrOH; (iii) –Cl–.

This is confirmed by the comparison of the calculated
Ru–N–H bond angles in IV and V, which are 120.2 and
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Scheme 3. Reaction steps for Path II. Conditions: (iv) iPrO–, –Cl–;
(v) TS for the β-hydrogen elimination step; (vi) –Me2CO.

109.9°, respectively. On the contrary, the calculated Ru–P
bond length is sensibly longer in IV with respect to those
found in the X-ray structures of 1a, 1b, and 1d·CH2Cl2 and
to that calculated for V, passing from 2.408 to 2.305 Å
(averaged value) to 2.361 Å, respectively. This elongation
could especially explain the difficulty to isolate [IV]Y (Y =
Cl or PF6) as a solid, as mentioned above.

In Path II, the first event is the formation of isopropox-
ide intermediate IX, as depicted in Scheme 3 (step iv). This
step is characterized by a pronounced exothermicity
(–19.2 kcal/mol, Figure 4). The subsequent β-hydrogen eli-
mination occurs through TS1, where the amine function is
not coordinated to ruthenium allowing the formation of an
agostic interaction between the α-hydrogen of the alkoxide
and ruthenium [Scheme 3, step (v)]. This step is quite costly
in energy requiring 16.9 kcal/mol with respect to IX. The
completion of the β-hydrogen elimination leads to hydride
V and acetone [Scheme 3, step (vi)], with a gain in energy
of 30.7 kcal/mol with respect to TS1. The high exotherm-
icity of the last step implies that once the hydride species is
formed the reversed process is strongly unlikely. From an
energetic point of view Path II cannot be considered unpro-
ductive,[7b] as the required energies do not appear inaccess-
ible. However, the absence of experimental evidences about
alkoxide species, as well as the fact that the observed cata-
lytic activities do not increase with base (Table 1, entry 4),
suggest that Path I is definitely more likely. Once hydride V
is formed, the process evolves through Scheme 4. Thus, 16e
species IV interacts with iPrOH through TS2 [Scheme 4,
step (vii)]. This step requires 15.3 kcal/mol and leads to V
and acetone with an exothermic gain of 20.2 kcal/mol. The
hydroxy proton is transferred to the nitrogen atom, whereas
the C–H proton is transferred to ruthenium [Scheme 4,
step (viii)], and the whole oxidation of iPrOH to acetone
gives –4.9 kcal/mol. Now V interacts with acetophenone
through the pericyclic transition state TS3 [Scheme 4,
step (ix)], where the oxygen atom forms a hydrogen bond
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with the axial amine proton of V, whereas the hydride func-
tionality interacts with the carbonyl carbon atom of the
ketone.[20] The simultaneous transfer of the amine proton
and hydride ligand to the ketone leads to the formation
of IV and 1-phenylethanol [Scheme 4, step (x)].[21] The 16e
species IV is 17.6 kcal/mol more stable than TS3 (consider-
ing the Si face of acetophenone) and the reduction of aceto-
phenone to 1-phenylethanol needs 6.2 kcal/mol. Thus, the
∆G value of the entire process of oxidation of iPrOH and
reduction of acetophenone is 1.3 kcal/mol.

Scheme 4. OSM in action for the reduction of acetophenone cata-
lyzed by III. Intermediate X has been omitted.

As regards Path III, the optimized geometries of the re-
actant intermediates and transition states are collected in
the Supporting Information. The ground-state intermedi-
ates are depicted in Scheme 5. Here we have considered that
the initial deprotonation of 1a gives X, iPrOH, and Cl–.

Scheme 5. Reaction steps considered in Path III. Conditions: (xi)
iPrO–, –iPrOH; (xii) iPrO–, –Cl–; (xiii) –Me2CO.
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Compound X reacts with a second iPrO– ion to give
the neutral alkoxide intermediate {Ru[κ2(P,N)PNH](p-
cymene)(iPrO)} (XI), which transforms into the hydride
{Ru[κ2(P,N)PNH](p-cymene)H} (XII) through β-hydrogen
elimination. From an energetic point of view, Path III is
much more disfavored than both Path I and Path II. The
less likely steps are the formation of hydride XII and the
activation of acetophenone by XII. The first requires in fact
the partial decoordination of p-cymene, as the amine is co-
valently bound to the metal, whereas the activation of ace-
tophenone by a pericyclic transition state is hampered by
the sp2 character of the coordinated amide nitrogen atom,
which leads to the formation of a strained and then unfa-
vored Ru–H–C–O–H–N ring.

Conclusions

We synthesized several pseudooctahedral RuII complexes
of formula {Ru[(κ2P,N)PNH2](p-cymene)Cl}Y [Y = Cl
(1a), PF6 (1b), BF4 (1c), BPh4 (1d), and TfO (1e)], which
were fully characterized. Complexes 1a and 1b, being stable
towards decomposition in solution, were investigated as
precatalysts in the HTR of acetophenone in basic 2-propa-
nol. The tof values of 4440 and 3960 h–1 were obtained for
1a and 1b, respectively. On the contrary, complex 2a
{Ru[(κ2P,N)PNMe2](p-cymene)Cl}Cl was much-less active,
leading to tof values not higher than 100 h–1.

A detailed mechanistic study based on high-resolution
MS (ESI) experiments of precatalytic solutions and DFT/
PCM calculations indicates that the catalytic process is gov-
erned by a bifunctional mechanism, analogous to that pro-
posed for bis(amine) and amino alcohol ligands.[16e,22] The
two active catalytic intermediates are the 16e cation
{Ru[(κ2P,N)PNH](p-cymene)}+ (IV) and the cationic hy-
dride {Ru[(κ2P,N)PNH2](p-cymene)H}+ (V). DFT/PCM
calculations show that the oxidation of iPrOH and re-
duction of acetophenone occur by concerted hydride and
proton transfers by pericyclic transition states. Although
DFT calculations predict the possibility that V could also
be formed through β-hydrogen elimination from an alk-
oxide precursor (Figure 4), experimental evidence support-
ing this proposal was not collected. The importance of the
NH2 functionality on catalysis is underlined by the low ac-
tivity of 2a under the same catalytic conditions. Although
the hydride {Ru[(κ2P,N)PNMe2](p-cymene)H} quickly
forms in basic iPrOH, the activation of acetophenone, likely
through detachment of the amine functionality, is ham-
pered. Finally, a mechanism operating through neutral or-
ganometallic intermediates of the type {Ru[(κ2P,N)PNH](p-
cymene)}(X) has been ruled out on the basis of DFT re-
sults.

Experimental Section
Materials and Methods: All reactions were carried out under an
atmosphere of nitrogen by using standard Schlenk techniques. Sol-
vents were dried according to literature methods and stored over



Acetophenone Transfer Hydrogenation Catalyzed by Ruthenium(II) Complexes

activated molecular sieves. All reagents were high in purity and
used as received. The ligands PNH2

[23] and PNMe2
[11] were pre-

pared following literature reported procedures. However, a chroma-
tographic purification, not reported in the original paper, was nec-
essary for PNH2, which allowed the isolation and identification of
{Pd[(κ2P,P)PNP]I2} (SiO2, n-hexane/ethyl acetate, 9:1 for the elu-
tion of the ligand; diethyl ether for the elution of the Pd complex,
PNP = {[2-(diphenylphosphane)amino]phenyl}diphenylphos-
phane)).[24] [Pd(PPh3)4][25] and [Ru(p-cymene)Cl2]2[26] were pre-
pared by standard procedures. 1H NMR spectra were recorded
with AC-300 Bruker or Avance-300 Bruker spectrophotometers,
whereas 31P and 31P{1H}NMR spectra were recorded with a AMX-
400 Bruker instrument (161.9 MHz for 31P{1H}). Unless otherwise
stated, the temperature was 25 °C. IR spectra were collected by
means of a Nicolet-Nexus spectrophotometer in the range 4000–
400 cm–1 from KBr disks or DR (diffuse reflectance) mode. Ele-
mental analyses were performed by using a Carlo Erba 1108 appa-
ratus. The GC analyses were performed by means of a Dani-1000
flame ionization gas chromatograph equipped with a CP Chirasil
Dex CB capillary column (25 m length, 0.25 mm i.d.). A quadru-
pole time-of-flight Micro mass spectrometer (Micromass, Man-
chester, UK) equipped with a pneumatically assisted ESI interface
were used. The system was controlled by Masslynx software version
4.0 (Micromass). The nebulizing gas (nitrogen, 99.999% purity)
and the desolvation gas (nitrogen, 99.998% purity) were delivered
at a flowrate of 10 and 600 L/h, respectively. The interface param-
eters were: ESI voltage 3.0 kV, cone voltage 10–30 V, rf lens 0.5 V,
source temperature 70 °C, desolvation temperature 70 °C. Contin-
uum mode full-scan mass spectra were acquired over the m/z =
400–1300 range by using an acquisition time of 1 s and an interscan
delay of 0.1 s. QqTOF external calibration was performed by using
a 0.1% phosphoric acid solution and a fifth-order nonlinear cali-
bration curve was usually adopted.

Preparation of {Ru[(κ1P)PNR2](p-cymene)Cl2} (R = H, 1; R = Me,
2): PNR2 (0.289 mmol) was dissolved in CH2Cl2 (15 mL) at room
temperature. [Ru(p-cymene)Cl2]2 (80 mg, 0.131 mmol) dissolved in
CH2Cl2 (5 mL) was transferred by cannula into the ligand solution,
and the resulting orange solution was stirred at room temperature
for 2 h. After partial removal of the solvent by vacuum pump, n-
pentane (5 mL) was added, and the mixture was stored at –18 °C
overnight. A yellow-orange powder was collected, which was
washed with n-hexane and dried under vacuum.

1: Yield: 120 mg (62%). M.p. 228 °C. 1H NMR (300 MHz,
CD2Cl2): δ = 7.68–7.62 (m, 4 H, Ph), 7.40–7.32 (m, 7 H, Ph), 6.88–
6.68 (m, 3 H, Ph), 5.46 (br. s, 2 H, cym), 4.84 (br. s, 4 H, cym,
NH2), 3.07 [sept., 1 H, CH(CH3)2], 1.85 (s, 3 H, CH3), 1.36 [d, 6
H, CH(CH3)2] ppm. 31P{1H} NMR (161.9 MHz, CD2Cl2): δ = 28.9
(s) ppm. IR (KBr): ν̃ = 3363, 3318 (NH2), 1438 (P–Ph) cm–1.
C28H30Cl2NPRu·CH2Cl2 (668.44): calcd. C 52.14, H 4.79, N 2.10;
found C 52.71, H 4.77, N 1.72.

2: Yield: 123 mg (76%). M.p. 152 °C (slow dec.). 1H NMR
[300 MHz, (CD3)2CDOD]: δ = 8.16 (pt, 2 H, Ph), 7.95 (pt, 1 H,
Ph), 7.78–7.50 (m, 11 H, Ph), 6.82 (d, 3JHH = 5.8 Hz, 1 H, cym),
6.68 (d, 3JHH = 5.7 Hz, 1 H, cym), 6.47 (br. d, 1 H, cym), 5.44 (d,
3JHH = 5.6 Hz, 1 H, cym), 5.39 (s, 1 H, CH2Cl2), 4.15 [s, 3 H,
N(CH3)2], 3.51 [s, 3 H, N(CH3)2], 3.06 [sept., 1 H, CH(CH3)2], 1.57
(s, 3 H, CH3), 1.52 [d, 3JHH = 6.7 Hz, 3 H, CH(CH3)2], 1.45 [d,
3JHH = 6.8 Hz, 3 H, CH(CH3)2] ppm. 31P{1H} NMR (161.9 MHz,
CD2Cl2): δ = 47.7 (s) ppm. C30H34Cl2NPRu·1/2CH2Cl2 (654.03):
calcd. C 55.75, H 5.94, N 2.11; found C 56.01, H 5.39, N 2.14.

Preparation of {Ru[(κ2P,N)PNH2](p-cymene)Cl}Cl (1a): [Ru(p-cy-
mene)Cl2]2 (50 mg, 0.081 mmol) was dissolved in iPrOH (12 mL),
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and the solution was thermostatted at 82 °C. An iPrOH solution
(8 mL) of PNH2 (45 mg, 0.162 mmol) was added by cannula, and
the mixture was stirred for 12 h. The final brick-red solution was
cooled to room temperature, and the solvent was removed under
vacuum. The solid residue was then treated with diethyl ether to
obtain a reddish solution and a yellow powder. The supernatant
was removed by cannula, and the solid was repeatedly washed with
diethyl ether and dried under vacuum. Yield: 94 mg (64%). M.p.
152 °C (dec.). 1H NMR (300 MHz, CD2Cl2): δ = 10.49 (s, 1 H,
NH), 8.00–7.94 (m, 3 H, Ph), 7.59–7.49 (m, 8 H, Ph), 7.40–7.30
(m, 3 H, Ph), 6.09 (d, 2 H, cym), 5.69 (d, 3JHH = 5.7 Hz, 1 H,
cym), 5.31 (d, 1 H, cym), 5.43 (br. s, 1 H, NH), 2.93 [sept., 1 H,
CH(CH3)2], 1.78 (s, 3 H, CH3), 1.27 [d, 3JHH = 6.7 Hz, 3 H,
CH(CH3)2], 1.23 [d, 3JHH = 6.9 Hz, 3 H, CH(CH3)2] ppm. 31P{1H}
NMR (161.9 MHz, CD2Cl2, 25 °C): δ = 56.3 (s) ppm. IR (KBr): ν̃
= 3383, 3319, 3215 (NH2), 1435 (P-Ph) cm–1. The low stability of
the solid prevented a correct elemental analysis.

General Procedure for the Preparation of the Ionic Complexes
{Ru[(κ2P,N)PNH2](p-cymene)Cl}Y: [Y = PF6 (1b), BF4 (1c), BPh4

(1d), TfO (1e)]: PNH2 (90 mg, 0.325 mmol) was dissolved in
CH2Cl2 (30 mL) at room temperature. A CH2Cl2 solution (10 mL)
of [Ru(p-cymene)Cl2]2 (100 mg, 163 mmol) was added by cannula,
and the resulting mixture was stirred until complete dissolution.
After the addition of CH3CN (1 mL), an excess amount of solid
halogen scavenger [KPF6 (1b), AgBF4 (1c), NaBPh4 (1d), AgTfO
(1e); 1.62 mmol] was added, and the resulting mixture was stirred
for 12 h. The solvent was then removed under vacuum, and the
solid residue was treated with CH2Cl2 (5 mL). After filtration, con-
centration under vacuum, and refrigeration at –18 °C, a yellow so-
lid was filtered off, which was washed with n-hexane and diethyl
ether and finally dried under vacuum.

1b: Yield: 57% (130 mg). M.p. 156.8–158.2 °C. 1H NMR
(300 MHz, CD2Cl2): δ = 7.92 (m, 2 H, Ph), 7.76 (m, 1 H, Ph),
7.63–7.44 (m, 9 H, Ph), 7.18 (m, 2 H, Ph), 6.83 (br. d, 1 H, N-H),
5.75 (pt, 2 H, cym), 5.67 (br. s, 1 H, N-H), 5.61 (d, 3JHH = 5.7 Hz,
1 H, cym), 5.40 (d, 3JHH = 5.4 Hz, 1 H, cym), 2.53 [sept., 1 H,
CH(CH3)2], 1.77 (s, 3 H, CH3), 1.18 [d, 3JHH = 6.9 Hz, 3 H,
CH(CH3)2], 1.11 [d, 3JHH = 6.9 Hz, 3 H, CH(CH3)2] ppm. 31P{1H}
NMR (161.9 MHz, CD2Cl2): δ = 57 (s, PNH2), –141 (sept., PF6)
ppm. IR (DR): ν̃ = 3292 (NH2), 1438 (P–Ph), 843 (P–F) cm–1.
C28H30ClF6NP2Ru·1/4CH2Cl2 (714.25): calcd. C 48.11, H 4.33, N
1.99; found C 47.56, H 4.28, N 2.15. By slow diffusion of n-pentane
into a dichloromethane solution of the complex, X-ray quality crys-
tals were collected.

1c: Yield: 69% (59 mg). 1H NMR (300 MHz, CD2Cl2): δ = 7.69–
7.27 (m, 14 H, Ph), 6.99 (br. d, 1 H, N-H), 6.52 (br. d, 1 H, N-H),
6.04 (m, 2 H, cym), 5.92 (d, 3JHH = 6.0 Hz, 1 H, cym), 5.78 (d,
3JHH = 5.5 Hz, 1 H, cym), 2.62 [sept., 1 H, CH(CH3)2], 1.82 (s, 3
H, CH3), 1.16 [d, 3JHH = 6.0 Hz, 3 H, CH(CH3)2], 1.08 [d, 3JHH =
6.0 Hz, 3 H, CH(CH3)2] ppm. 31P{1H} NMR (161.9 MHz,
CD2Cl2): δ = 58 (s) ppm. IR (DR): ν̃ = 3242 (NH2), 1445 (P–Ph),
813 (B-F) cm–1. The instability of the complex prevented correct
elemental analysis and the recording of the m.p.

1d: Yield: 89% (395 mg). M.p. 145 °C. 1H NMR (300 MHz,
CD2Cl2): δ = 7.94 (pt, 1 H, Ph), 7.60–7.38 (m, 9 H, Ph), 7.27–7.17
(m, 12 H, Ph), 7.00–6.96 (m, 8 H, Ph), 6.85–6.81 (m, 5 H, Ph), 6.70
(br. s, 1 H, N-H), 6.19 (br. s, 1 H, N-H), 5.70 (m, 2 H, cym), 5.46
(m, 2 H, cym), 2.53 [sept., 1 H, CH(CH3)2], 1.66 (s, 3 H, CH3),
1.14 [d, 3JHH = 6.0 Hz, 3 H, CH(CH3)2], 1.04 [d, 3JHH = 6.0 Hz, 3
H, CH(CH3)2] ppm. 31P{1H} NMR (161.9 MHz, CD2Cl2): δ = 58
(s) ppm. IR (KBr): ν̃ = 3238, 3194 (NH2), 1445 (P–Ph), 843 (B–Ph)
cm–1. C52H50BClNPRu·CH2Cl2 (952.22): calcd. C 66.85, H 5.50, N
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1.47; found C 66.75, H 5.33, N 1.50. By slow diffusion of n-pentane
into a dichloromethane solution of 1d crystals suitable for X-ray
analysis were collected.

1e: Yield: 25% (74 mg). M.p. 130 °C (dec.). 1H NMR (300 MHz,
[D8]THF): δ = 8.29 (br. d, 1 H, N-H), 8.09 (pt, 2 H, Ph), 7.71–7.30
(m, 12 H, Ph), 6.98 (br. d, 1 H, N-H), 6.08 (d, 3JHH = 6.1 Hz, 1
H, cym), 5.89 (d, 3JHH = 6.1 Hz, 1 H, cym), 5.74 (d, 3JHH = 6.0 Hz,
1 H, cym), 5.66 (d, 3JHH = 6.0 Hz, 1 H, cym), 2.79 [sept., 1 H,
CH(CH3)2], 1.60 (s, 3 H, CH3), 1.21 [pt, 6 H, CH(CH3)2] ppm.
31P{1H} NMR (161.9 MHz, [D8]THF): δ = 56 (s) ppm. IR (DR):
ν̃ = 3320 (NH2), 1430 (P–Ph), 1024 (S–O) cm–1. The instability of
the complex precluded a correct elemental analysis.

[V]Cl: Compound 1 (10 mg, 0.017 mmol) was dissolved in iPrOH
(5 mL) and then KOH (4 equiv.) was added. The solution was the
heated at reflux for not more than 60 min. The final yellow-brown
solution was passed through sintered glass, and the resulting yellow
solution quickly dried under vacuum to release a yellow powder.
1H NMR (300 MHz, CD2Cl2): δ = 7.90 (m, 2 H, Ph), 7.41 (m, 8
H, Ph), 6.97 (pt, 3JHH = 9 Hz, 1 H, Ph), 6.7 (pt, 3JHH = 8.1 Hz, 1
H, Ph), 6.33 (m, 3JHH = 7 Hz, 1 H, Ph), 6.00 (pt, 3JHH = 7 Hz, 1
H, Ph), 5.30 (d, 1 H, cym, overlapped with CD2Cl2), 5.05 (d, 3JHH

= 5.7 Hz, 1 H, cym), 4.97 (d, 3JHH = 6 Hz, 1 H, cym), 4.84 (d,
3JHH = 5.7 Hz, 1 H, cym), 3.48 (br. s, 2 H, NH2), 2.33 [sept., 1 H,
CH(CH3)2], 1.82 (s, 3 H, CH3), 1.16 [d, 3 H, CH(CH3)2 overlapped
with residual iPrOH], 1.13 [d, 3JHH = 6.9 Hz, 3 H, CH(CH3)2] ppm.
31P{1H} NMR (161.9 MHz, CD2Cl2): δ = 67 (s) ppm. 31P NMR
(400 MHz, CD2Cl2): δ = 67 (d, 2JHP = 48 Hz) ppm. IR (DR): ν̃ =
3400 (NH2), 1933 (Ru–H), 1435 (P–Ph) cm–1. The high instability
of the solid prevented determination of the yield, m.p., and elemen-
tal analysis.

X-ray Crystallographic Analysis: Crystal data collection and struc-
ture determination results are given in Table 2. For complex 1, data
collection was performed with an Enraf–Nonius CAD-4 dif-
fractometer with graphite-monochromated Cu-Kα radiation and ω-
2θ scan. Corrections for Lorentz and polarization effects were ap-
plied. Absorption correction was performed with the program

Table 2. Crystal data and structure refinement for 1·CH2Cl2, 1a, 1b, and 1d·CH2Cl2.

1·CH2Cl2 1a 1b 1d·CH2Cl2

Formula C29H32Cl4NPRu C28H30Cl2NPRu C28H30ClF6NP2Ru C53H52BCl3NPRu
Formula weight 668.4 583.47 692.99 952.16
Wavelength [Å] 1.5418 0.71073 0.71073 0.71073
a [Å] 9.383(2) 11.1548(6) 11.088(2) 14.710(1)
b [Å] 13.317(5) 14.8570(8) 11.816(2) 18.427(1)
c [Å] 13.401(5) 16.7902(9) 22.556(4) 18.163(1)
α [°] 71.05(3) 90 90 90
β [°] 77.29(3) 105.069(1) 97.762(3) 102.2680(10)
γ [°] 70.37(3) 90 90 90
V [Å3] 1480.1(9) 2686.9(3) 2928.1(9) 4810.9(5)
Crystal system Triclinic Monoclinic 07monoclinic Monoclinic
Space group P1̄ P 21/n P 21/n P 21/n
Z 2 4 4 4
Dx [g cm–3] 1.50 1.442 1.572 1.315
Abs. coeff. 8.26 0.858 0.793 0.561
F(000) 680 1192 1400 1968
θ range [°] 3.5–74.9 1.86–27.50 1.82–23.31 1.59–26.38
Meas. refls. 6084 32500 19944 52744
Ind. refls. [R(int)] 6084 6160 [0.0490] 4220 [0.0727] 9819 [0.0350]
Data/restr./param. 5112/0/422 6160/0/309 4220/536/307 9819/0/552
Final R1,wR2[I�2σ(I)] 0.072/0.079 0.0378, 0.0873 0.1272, 0.2965 0.0358, 0.0980
Goodness-of-fit on F2 1.02 0.870 1.300 1.014
∆F (max, min) [e Å–3] 2.23, –2.23 0.643, –0.350 1.715, –2.624 0.838, –0.647
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PLATON,[27] following the method of North et al.[28] by using Ψ-
scans of five reflections, with coefficients in the range 0.731–0.942.
The structure was solved by the PATTY option of the DIRDIF-
99[29] program system. After isotropic refinement of the initial
model, a difference Fourier map revealed 3 peaks that were inter-
preted as belonging to CH2Cl2, one of the solvents used during
crystallization. The hydrogen atoms were calculated. Full-matrix
least-squares refinement on F, anisotropic for the non-hydrogen
atoms, and isotropic for the hydrogen atoms, restraining the latter
in such a way that the distance to their carrier remained constant
at approximately 1.0 Å and with a fixed atomic displacement pa-
rameter of u = 0.08Å2, converged to R = 0.072, Rw = 0.079,
(∆/σ)max = 0.06, S = 1.02. A weighting scheme was used. The sec-
ondary isotropic extinction coefficient refined to g = 2(38).[30] A
final difference Fourier map revealed a residual electron density
between –2.16 and 2.23 e Å–3 in the vicinity of the heavy atom.
Scattering factors were taken from Cromer and Mann.[31] The
anomalous scattering of Ru, Cl, and P was taken into account.[32]

All calculations were performed with XTAL3.7,[33] unless otherwise
stated. Mo-Kα radiation (λ = 0.71073 Å), T = 293 K with a
SMART AXS 1000 CCD diffractometer for compounds 1a, 1b,
and 1d·CH2Cl2. Lorentz, polarization, and absorption corrections
were applied.[34] Structures were solved by direct methods by using
SIR97[35]and refined by full-matrix least-squares on all F2 by using
SHELXL97[36] implemented in the WingX package.[37] Hydrogen
atoms partly located on Fourier difference maps and refined iso-
tropically and partly introduced in calculated positions. Aniso-
tropic displacement parameters refined for all non-hydrogen atoms.
Hydrogen bonds were analyzed with SHELXL97[36] and
PARST97,[38] and extensive use was made of the Cambridge Crys-
tallographic Data Centre packages[39]for the analysis of crystal
packing.

CCDC-673489 (for 1·CH2Cl2), -673490 (for 1a), -673491 (for 1b),
-673492 (for 1d·CH2Cl2), and -673493 {for Pd[(κ2P,P)PNP]I2} con-
tain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Catalytic HTR: By way of an example, the acetophenone
reduction catalyzed by 1a is reported. Compound 1 (2.5 mg,
4.284�10–3 mmol) was introduced into a 200-mL capacity Schlenk
reactor equipped with a magnetic bar. The vessel was evacuated
and refilled with nitrogen at least three times. Then, dry iPrOH
(42 mL) was introduced by cannula, and the solution was thermo-
statted at 90 °C (oil bath) for 1 h. During the warming period, the
solution turned from orange to yellow indicating the isomerization
of 1 into 1a. After the addition of a KOH solution (0.29  in
iPrOH, 60 µL) the stirring was maintained for another 30 min be-
fore acetophenone (500 µL, 4.284 mmol) was added. The final con-
centration of ruthenium in the reactant solution was 10–4 ,
whereas the final concentration of acetophenone was 0.1 . Four
subsequent samples (0.5 mL) were withdrawn after 5, 15, 30, and
60 min. Each sample was passed through a short silica column in
order to remove the metal (diethyl ether as eluent) and then treated
with water and extracted with diethyl ether (3�). After drying with
anhydrous sodium sulfate and filtering, the samples were analyzed
by GC.

MS (ESI) Experiments: The solutions were prepared as described
for the catalytic runs. Aliquots of the reactant solutions were with-
drawn and immediately analyzed by direct infusion into the ESI
source equipped with a Qq-TOF high-resolution MS spectrometer.
All the experimental isotope clusters were in agreement with the
theoretical masses and with the reconstructed singly charged ESI
isotope patterns.

Computational Details: The geometries of all minimums and saddle
points were optimized in the gas phase at density functional theory
(DFT) level by means of hybrid B3LYP functional.[40] For geome-
try optimization D95V (H, C, N, O) and ECP plus DZ (P, Cl, Ru)
basis sets were used (BS-0). Thermochemical analysis was per-
formed on all intermediates and unique imaginary frequencies se-
arched in transition states. Accurate energy calculation was per-
formed on gas-phase optimized geometry at B3LYP level in solvent
environment simulation by using integral formalism polarizable
continuum model (IEF-PCM) at five different basis set levels: (a)
BS-0; (b) 6-31G (H, C, N, O) and ECP plus DZ (P, Cl, Ru) (BS-
I); (c) 6-31G(d,p) (H, C, N, O, P, Cl) and ECP plus DZ (Ru) (BS-
II); (d) 6-31G(d,p) (H, C, N, O, P, Cl) and ECP plus DZ (Ru) (BS-
III); (e) 6-31++G(d,p) (H, C, N, O, P, Cl) and ECP plus DZ (Ru)
(BS-IV), see Supporting Information. Only BS-IV results are re-
ported, because different levels of accuracy did not show important
variation in the qualitative and quantitative description of the cata-
lytic cycle. The PCM parameters are: Ua0 model for building of
cavities, dielectric constant fixed to 18.3, density of the medium
equal to 0.007876 particle/Å–3 and 0.3 Å–2 the areas of tesserae.
Additional spheres were added on acid hydrogens. All the calcula-
tions were performed with the Gaussian03 package.[41]

Supporting Information (see footnote on the first page of this arti-
cle): Crystal data, structure refinement, and ORTEP view of
{Pd[(κ2P,P)PNP]I2}; MS (ESI) spectra of the precatalytic solutions;
reaction steps considered in the evaluation of the ∆G values of
the reaction paths; free energy data in Hartree comprehensive of
electrostatic, repulsive, dispersive, and cavitation energy of the in-
termediates of Path I–III; zero-point energy correction in Hartree
computed on the gas-phase optimized geometry; number of imagi-
nary modes and relative frequencies in cm–1 of the most important
transition states found in Paths I–III; optimized geometries of in-
termediates and transition states located for Path III.
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1d·CH2Cl2. 1a: Ru1–N1 2.125(3), Ru1–P1 2.3072(9), Ru1–Cl1
2.3936(9), Ru1–CM 1.714; N1–Ru1–P1 81.12(9), N1–Ru1–Cl1
82.0(1), P1–Ru1–Cl1 83.71(3), Cl1–Ru1–CM 127.3, N1–Ru1–
CM 128.7, P1–Ru1–CM 135.4. 1b: Ru1–N1 2.13(1), Ru1–P1
2.296(5), Ru1–Cl1 2.380(4), Ru1–CM 1.706; N1–Ru1–P11
81.1(4), N1–Ru1–Cl1 79.8(4), P1–Ru1–Cl1 85.4(2), CM–Ru1–
Cl1 127.5, CM–Ru1–P1 133.4, CM–Ru1–N1 130.9. 1d·CH2Cl2:
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Ru–N 2.146(2), Ru–P 2.3102(7), Ru–Cl1 2.3952(7), Ru–CM
1.717; N–Ru–P 81.49(7), N–Ru–Cl1 82.51(7), P–Ru–Cl1
84.75(3), Cl1–Ru–CM 126.4, N–Ru–CM 129.9, P–Ru–CM
133.9.
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