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A ruthenium hydride with a bulky tetra-substituted Cp ligand, (CpiPr4)Ru(CO)2H (CpiPr4 = C5(i-C3H7)4H) was prepared from
the reaction of Ru3(CO)12 with 1,2,3,4-tetraisopropylcyclopentadiene. The molecular structure of (Cp

iPr4)Ru(CO)2H was
determined by X-ray crystallography. The ruthenium hydride complex (C5Bz5)Ru(CO)2H (Bz = CH2Ph) was similarly
prepared. The Ru-Ru bonded dimer, [(1,2,3-trimethylindenyl)Ru(CO)2]2, was produced from the reaction of 1,2,3-
trimethylindene with Ru3(CO)12, and protonation of this dimer with HOTf gives {[(1,2,3-trimethylindenyl)Ru(CO)2]2-
(μ-H)}+OTf -. A series of ruthenium hydride complexes CpRu(CO)(L)H [L = P(OPh)3, PCy3, PMe3, P(p-C6H4F)3] were
prepared by reaction of Cp(CO)2RuH with added L. Protonation of (CpiPr4)Ru(CO)2H, Cp*Ru(CO)2H, or CpRu(CO)[P-
(OPh)3]H by HOTf at -80 �C led to equilibria with the cationic dihydrogen complexes, but H2 was released at higher
temperatures. Protonation of CpRu[P(OPh)3]2H with HOTf gave an observable dihydrogen complex, {CpRu[P-
(OPh)3]2(η

2-H2)}
+OTf - that was converted at -20 �C to the dihydride complex {CpRu[P(OPh)3]2(H)2}

+OTf -. These
Ru complexes serve as catalyst precursors for the catalytic deoxygenation of 1,2-propanediol to give n-propanol. The
catalytic reactions were carried out in sulfolane solvent with added HOTf under H2 (750 psi) at 110 �C.

Introduction

Catalytic reactions that convert biomass to useful chemicals
or fuels are needed to effectively and efficiently use abundant,
renewable resources.1 Selective functionalization ofC-Hbonds
is needed to convert hydrocarbons like methane to functiona-
lized organic compounds.2 In contrast, the conversion of
carbohydrates to higher-value chemicals usually requires the
removal of functionality, since sugars typically are “overfunctio-
nalized,”3 with an OH group on nearly every carbon atom. As
shown in eq 1, one approach to deoxygenation is protonation,

loss of water, and hydride transfer, thereby converting an
OH to H. Making such a reaction catalytic requires metal
complexes that can deliver protons and hydrides, and ametal
species that can heterolytically cleave H2 to regenerate the
catalyst. As a model for the deoxygenation of polyols and
more complex carbohydrates, we have studied the catalytic
deoxygenation of diols. The ruthenium complex {[Cp*Ru-
(CO)2]2(μ-H)}+OTf - (Cp*= η5-C5Me5; OTf=OSO2CF3)
catalyzes the selective deoxygenation of 1,2-propanediol
to n-propanol (eq 2) in sulfolane solvent at 110 �C under
H2 with added HOTf.4,5 A key step in the conversion of the

hydride-bridged bimetallic catalyst precursor to the react-
ive mononuclear ruthenium dihydrogen complex is the reac-
tion with H2, as shown in Scheme 1. Under the reaction
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conditions, protonation of the neutral ruthenium hydride
produces the cationic dihydrogen complex6 such that the
overall reaction converts both of the Ru fragments to the
highly acidic dihydrogen complex [Cp*Ru(CO)2(η

2-
H2)]

+OTf-.

Our studies4,5 focused on the Cp*Ru(CO)2 system, and
we have expanded the scope to examine ligands with a wider
range of steric and electronic properties. Since our
studies had shown that the bimetallic catalyst precursor
{[Cp*Ru-(CO)2]2(μ-H)}+OTf- had to be converted to
mononuclear Ru complexes during the reaction, we thought
that Ru complexes with bulky ligands might be more likely
to exist as mononuclear species in the catalyst resting
state, and hence might exhibit improved reactivity. Mono-
nuclear complexes such as [cis-Ru(6,60-Cl2-2,20-bipy)2-
(OH2)2]

+2 have been shown to catalyze the deoxygena-
tion of diols; alcohols were formed in most cases but
in some cases further hydrogenation to alkanes was
observed.7

Our studies4,5 showed that {[Cp*Ru(CO)2]2(μ-H)}+ can be
deprotonated by water to give [Cp*Ru(CO)(μ-CO)]2, which
is catalytically inactive. Since water is produced in the
deoxygenation reaction, deprotonation of {[Cp*Ru-
(CO)2]2(μ-H)}+ is a pathway for catalyst deactivation,
though carrying out the reactions with added HOTf helps
to diminish this pathway. Complexes with stronger donor
ligands should be less acidic, so that deprotonation of their
hydrides should be less favorable. Angelici and co-workers
reported extensive studies of the enthalpies of protonation
of a series ofmetal complexes byHOTf.8Calorimetric studies
on protonation of Ru-Ru bonded dimers showed that
[Cp*Ru(CO)(μ-CO)]2 is more basic than [CpRu(CO)2]2.

9 In
this work we have prepared complexes containing tetra- and
penta-substituted Cp ligands (CpiPr4 and C5Bz5) that are
more sterically demanding than Cp*. We compare these to
the catalytic activity obtained with Tp*Ru(CO)2H (Tp*=
hydridotris(3,5-dimethylpyrazolyl). In addition, we synthe-
sizedCpRu(CO)(L)H (L=phosphine or phosphite) Ru com-
plexes that have a higher electron density at the metal
compared to CpRu(CO)2H. This electronic property should
decrease the acidity of the dihydrogen complex, aswell as that

of the bridging hydride complexes that are analogues of
{[Cp*Ru(CO)2]2(μ-H)}+OTf -. We report here the synthesis
and characterization of several new Ru hydride and Ru-Ru
dimer complexes, studies of their protonation, and an eva-
luation of their activity in the catalytic deoxygenation of 1,2-
propanediol.

Results and Discussion

Synthesis and Characterization of (CpiPr4)Ru(CO)2H.
While unsubstituted η5-C5H5 (Cp) ligands and penta-
methyl substituted η5-C5Me5 (Cp*) ligands are familiar
in organometallic chemistry and homogeneous cata-
lysis, numerous substituted Cp ligands have also been
prepared,10 including some that have very bulky sub-
stituents.11 We synthesized (Cp

tBu2)Ru(CO)2H, but it
was obtained as an impure oil, so we sought a derivative
that would be available in pure form, preferably as a
solid. Sitzmann reported the synthesis of 1,2,3,4-tetra-
isopropylcyclopentadiene (C5(i-C3H7)4H2, abbreviated
as HCpiPr4) and some Fe and Mo complexes with
the CpiPr4 ligand.12 Hanusa and co-workers synthe-
sized a series of stable calcium complexes with CpiPr4

ligands.13,14

CpRu(CO)2H can be prepared by the reaction of
Ru3(CO)12 with cyclopentadiene in refluxing heptane.15

Using similar conditions, we found that the ruthenium
hydride (CpiPr4)Ru(CO)2H can be synthesized by reacting
HCpiPr4 with Ru3(CO)12 in refluxing heptane, leading to
the isolation of (CpiPr4)Ru(CO)2H in 45%yield as a yellow
solid (eq 3). The IR bands for the CO ligands appear at

at slightly higher energy in (CpiPr4)Ru(CO)2H (2015,
1956 cm-1, hexane solution) compared to those of
Cp*Ru(CO)2H (2013, 1955 cm-1, hexane solution), in-
dicating that the CpiPr4 ligand is very slightly less electron-
donating than Cp*. For comparison, the ν(CO) bands
of CpRu(CO)2H in heptane appear at substantially high-
er energy, 2033 and 1973 cm-1, as expected in view of
the unsubstituted Cp being a poorer electron donor
than the alkyl-substituted Cp ligands. Similar results
were reported for tungsten methyl complexes, in
which the energy of the CO bands of (CpiPr4)W-
(CO)3CH3 (2010.1, 1919.2 cm-1, pentane solution) ap-
pear at slightly higher energy than those of (C5Et5)-W-
(CO)3CH3 (2008.3, 1917.3 cm-1, pentane solution).16 IR
band positions of CO ligands of (C5Me5)Mn(CO)3 versus

Scheme 1
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(C5Et5)Mn(CO)3 in heptane differ by no more than
2 cm-1.17 These comparisons suggest that for complexes
with Cp ligands substituted with saturated alkyl groups,
the electron density on the metal is influenced more by
the number of alkyl groups than by their identity (Me vsEt
vs iPr).
The ruthenium hydride (CpiPr4)Ru(CO)2H is readily

converted to theRu-Rubonded dimer, [(CpiPr4)Ru(CO)-
(μ-CO)]2, through reaction with Gomberg’s dimer,18

which exists in equilibrium with trityl radical, Ph3C•
(Scheme 2). Following hydrogen atom transfer from
ruthenium to carbon,19 the metal-centered radicals di-
merize, producing [(CpiPr4)Ru(CO)(μ-CO)]2.

Molecular Structure of (CpiPr4)Ru(CO)2H. The molec-
ular structure of the (CpiPr4)Ru(CO)2H complex has been
determined by X-ray diffraction (Figure 1). Crystallo-
graphic data is given in Table 1. The hydride ligand was
located and refined. The Ru-H distance found in the
X-ray structure was 1.531(37) Å, though this may not be
accurate since distances determined by X-ray can be as
much as 0.2-0.3 Å shorter than the distances determined
more accurately by neutron diffraction.20,21 For compa-
rison, theRu-Hdistance found by neutron diffraction of
CpRu(PMe3)2H is 1.630(4) Å.21

The overall structure is similar to (C5Me4Et)Ru-
(CO)2Br

22 and the cationic complex [Cp*Ru(CO)2-
(OH2)]

+OTf -.23 Very small differences were found in
the Ru-C distances in CpRu(CO)2Br compared to
(C5Me4Et)Ru(CO)2Br

22 despite the steric and electronic
differences in Cp versus C5Me4Et. The (CH3)2C plane of
the i-Pr groups of (CpiPr4)Ru(CO)2H are roughly per-
pendicular to the substituted Cp ring, as found in
(CpiPr4)2Ca

13 and (CpiPr4)W(CO)3CH3.
16

Synthesis of (C5Bz5)Ru(CO)2H. The ruthenium hy-
dride complex (C5Bz5)Ru(CO)2H (Bz=CH2Ph) was syn-
thesized from the reaction of C5Bz5H with Ru3(CO)12,
analogous to the method shown in eq 3. The reaction

was very slow, requiring about 10 days in refluxing
heptane, and (C5Bz5)Ru(CO)2H was isolated in 24%
yield. The IR bands for the CO ligands appeared at
2020 and 1963 cm-1, placing them roughly at the mid-
point between the energies found for CpRu(CO)2H and
Cp*Ru(CO)2H, indicating that the five benzyl groups on
the substituted Cp ligand donate significantly less elec-
tron density to themetal compared to the five CH3 groups
in the Cp* ligands. This conclusion is in agreement with

Scheme 2

Figure 1. Molecular structure of (CpiPr4)Ru(CO)2H (30% probability
ellipsoids). Hydrogen atoms are omitted except for the hydride ligand.
Selected bond lengths (Å): Ru(1)-C(1) 1.865(2); Ru(1)-C(2) 1.872(2);
Ru(1)-C(11) 2.252(2); Ru(1)-C(12) 2.288(2); Ru(1)-C(13) 2.291(2);
Ru(1)-C(14) 2.263(2); Ru(1)-C(15) 2.244(2). Selected bond angles
(deg): Ru(1)-C(1)-O(1) 179.4(2); Ru(1)-C(2)-O(2) 178.3(2); C(1)-
Ru-C(2) 90.71(10). Disordered positions for one of the isopropyl groups
are not shown.

Table 1. Crystal Data Collection and Refinement Parameters for (CpiPr4)Ru-
(CO)2H

empirical formula C19H30O2Ru

FW 391.50
cryst. color, form colorless, parallelepiped
cryst system monoclinic
space group C2/c
a (Å) 20.8773(12)
b (Å) 16.1646(9)
c (Å) 14.3727(9)
R (deg) 90.
β (deg) 127.498(1)
γ (deg) 90
V (Å 3) 3848.2(4)
Z 8
density (g/cm3) 1.351
abs. μ (mm-1) 0.820
F(000) 1632
cryst size (mm) 0.46 � 0.32 � 0.32
temp (�C) -100
scan mode Ω
detector Bruker-CCD
θmax (deg) 28.30
no. obsrvd. refs 11704
no. uniq. refs 4416
Rmerge 0.0361
no. params 228
GoFb 1.06
R indices [I > 2σ(I)] wR2 = 0.078, R1 = 0.032
R indices (all data)a wR2 = 0.082, R1 = 0.038
Max min diff peak, hole (e/Å3) 0.60, -0.76
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the energies of IR bands reported by Rausch and co-
workers24 for (η4-C5Bz5H)Fe(CO)3 versus (η

4-C5H6)Fe-
(CO)3. In contrast, Martins and co-workers synthesized
(C5Bz5)Mo(CO)3H and found that its CO bands were
at lower energy than those for Cp*Mo(CO)3H.25 Molyb-
denum complexes with C5Bz5 ligands have been used in
the catalytic epoxidation of olefins26 and in the catalytic
ionic hydrogenation of ketones.27 Astruc and co-workers
reported electrochemical data for iron compounds which
showed thatC5Bz5was not as electron-donating asCp*.

28

Synthesis of [(1,2,3-Trimethylindenyl)Ru(CO)(μ-CO)]2.
Metal complexes with indenyl ligands can show significantly
different reactivity compared to Cp ligands. For example,
catalysis of tail-to-tail dimerization of methyl acrylate was
substantially faster with a Rh catalyst with a trimethylinde-
nyl ligand compared to an analogous catalyst with a Cp*
ligand.29 While the divergent reactivity of Cp/Cp* versus
indenyl ligands is often attributed to the much higher
propensity for ring-slippage reactions of indenyl ligands,30

it is not clear that ring-slippage is involved in the catalysis
of this Rh reaction, so the different steric and electronic
properties of indenyl versus Cp ligands can affect catalysis
in multiple ways. Repeated attempts to prepare (1,2,3-
trimethylindenyl)Ru(CO)2H were made (analogous to
eq 3) by refluxing 1,2,3-trimethylindene with Ru3(CO)12
in heptane, but this route was not successful. Methyl iso-
butyl ketonewas chosen as an alternative solvent based on a
report indicating higher yields of [(η5-indenyl)Ru(CO)-
(μ-CO)]2 being obtained in that solvent compared to hep-
tane.31 When 1,2,3-trimethylindene was refluxed with
Ru3(CO)12 inmethyl iso-butyl ketone for 4 h, the ruthenium
dimer [(1,2,3-trimethylindenyl)Ru(CO)(μ-CO)]2 was pro-
duced (eq 4). Itwas purified and isolated as an analytically

pure yellow solid in 42% yield. The IR bands of [(1,2,3-
trimethylindenyl)Ru(CO)(μ-CO)]2 in CH2Cl2 appear at
1941 (terminal CO) and 1771 cm-1 (bridging CO), which
are significantly higher energies than those found in the
same solvent for [Cp*Ru(CO)(μ-CO)]2 (1925, 1744 cm

-1).
A study of the electronic spectra and photoelectron spec-

troscopy of a series of rhodium complexes showed that the
order of electron donating ability is 1,2,3-trimethylin-
denyl>indenyl>Cp.32 The ruthenium dimer [(1,2,3-trime-
thylindenyl)Ru(CO)(μ-CO)]2 was protonated by HOTf in
dichloromethane to give the bridging hydride complex
{[(1,2,3-trimethylindenyl)Ru(CO)2]2(μ-H)}+OTf -.

Synthesis of CpRu(CO)(L)H. A series of ruthenium
hydride complexes CpRu(CO)(L)H [L=P(OPh)3, PCy3,
PMe3, P(p-C6H4F)3] were prepared to examine the effect of
differing amounts of electron density at the metal. These
complexes were prepared by displacement of one CO
ligand of CpRu(CO)2H

15 by addition of a phosphine or
phosphite ligand (eq 5). The hydrides CpRu(CO)(PMe3)H

and CpRu(CO)(PCy3)H were previously prepared by
Chinn and Heinekey.33 Similar procedures were em-
ployed for the synthesis of the new complexes CpRu
(CO)[P(OPh)3]H and CpRu(CO)[P(p-C6H4F)3]H. All of
these hydride complexes exhibit characteristic hydride
resonances in the 1H NMR spectrum, with coupling to
the phosphine or phosphite ligand. For example, CpRu
(CO)[P(OPh)3]H exhibits a doublet at δ -11.34 (d,
2JHP = 35 Hz). In the (proton coupled) 13C NMR
spectrum, the resonance for the CO of CpRu(CO)-[P-
(OPh)3]H appeared at δ 204.1 as a doublet of doublets,
exhibiting coupling to both the hydride (2JCH=8Hz) and
the phosphite (JCP=26 Hz). The bis-phosphite hydride
CpRu[P(OPh)3]2H was prepared by reacting 2 equiv of P
(OPh)3 with CpRu(CO)2H. It was isolated as yellow
crystals after purification by chromatography and recry-
stallization.
Cp*Ru(CO)(PMe3)H was prepared by reaction of

PMe3 with Cp*Ru(CO)2H at room temperature. This
hydride can be purified by sublimation to give a yellow
solid.

Protonation of RutheniumHydrides to Give Dihydrogen
Complexes. Cationic dihydrogen complexes are often
prepared by protonation of neutral metal hydrides.6,33,34

Heinekey and co-workers carried out detailed studies of
the protonation of a series of ruthenium complexes with a
phosphine ligand, CpRu(CO)(PR3)H, as well as dipho-
sphine complexes [CpRu(diphosphine)H], and found that
they are protonated at low temperature by HBF4 3OEt2 to
generate dihydrogen complexes. Intramolecular isomeri-
zation at higher temperatures occurs toproducedihydrides
that are in equilibrium with the dihydrogen complexes.
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Addition of HOTf to (CpiPr4)Ru(CO)2H, Cp*Ru-
(CO)2H, or CpRu(CO)[P(OPh)3]H at -80 �C leads to
mixtures of the neutral hydride and cationic dihydrogen
complexes being observed at -80 �C by 1H NMR
(eq 6). For example, protonation of (CpiPr4)Ru(CO)2H
with HOTf in CD2Cl2 leads to a broad (ω1/2 ≈ 69 Hz)
new resonance at δ-5.85 assigned to the H2 resonance of

{(CpiPr4)Ru(CO)2(η
2-H2)}

+OTf -, which is very similar
to the H2 resonance at δ -5.69 reported for {Cp*Ru-
(CO)2(η

2-H2)}
+.6 The new dihydrogen complex was

formed in 65% yield, with the remaining 35% being the
neutral hydride, which displays a sharp resonance at δ
-11.02. In addition, resonances forHOTf were observed,
and integration of these resonances leads to the determi-
nation of Keq values as shown in Table 2. The HOTf
appears as two separate resonances. In these NMR
spectra at -80 �C, the proton resonance for (HOTf)n
appears around δ 12 and that for ([Ru(η2-H2)]

+ TfO-
3 3 3

H-OTf) is around δ 17. We previously found35 that the
chemical shift of HOTf in CD2Cl2 is dependent on con-
centration, moving progressively more downfield with
increasing concentration because of hydrogen bonding
of the HOTf to itself. Hydrogen bonding of HOTf to an
OTf - counterion leads to TfO-

3 3 3H-OTf which exhibits
a resonance around δ 17.35

When the solution from protonation of (CpiPr4)Ru-
(CO)2H by HOTf was warmed to -60 �C the CH of the
CpiPr4 ligand resonances of both the dihydrogen and
hydride broadened, as did the RuH resonance of
(CpiPr4)Ru(CO)2H, suggesting proton transfer exchange
between the neutral hydride and the cationic dihydrogen
complex. Further warming to -40 �C led to coalescence
of the two CH resonances, and the resonances for both
the [Ru(η2-H2)]

+andRuHbroadened.A sharp resonance
at δ 4.57 was observed for H2 gas, and a new CH of a
CpiPr4 ligand resonance observed at δ 5.06 is assigned
to (CpiPr4)Ru(CO)2OTf resulting from loss of H2 and
coordination of the trifluoromethanesulfonate (triflate)
anion. Higher temperatures led to the disappearance of
resonances because of the dihydrogen complex and the
neutral hydride, together with increased intensity
of resonances of the products, H2 and (CpiPr4)Ru-
(CO)2OTf. Similar results were obtained from proto-
nation of Cp*Ru(CO)2H and CpRu(CO)[P(OPh)3]H
with HOTf at -80 �C, with a broad resonance being
produced in both cases for the dihydrogen ligand at low

temperature and subsequent release of H2 gas at higher
temperatures and concomitant formation of a ruthenium
triflate complex.
While the actual equilibrium constants measured in

these experiments will be subject to uncertainties owing
to the nature of HOTf at low temperatures in this
solvent, the trends observed in relative Keq values are as
expected in view of the corresponding electron density at
the metal. The equilibria we measured upon partial
protonation of (CpiPr4)Ru(CO)2H, Cp*Ru(CO)2H, and
CpRu(CO)[P(OPh)3]H by 1.2 equiv. of HOTf contrasts
with the complete protonation of Cp*Ru(CO)2H by
1.2 equiv. of HBF4 3OEt2 found by Heinekey and co-
workers.While HOTf is a stronger acid thanHOEt2

+, the
effective acidity of HOTf at low temperature in CD2Cl2
may be influenced by the aggregation ofHOTf through its
hydrogen bonding to itself and to the triflate anion.
The slightly larger Keq found for protonation of Cp*Ru-
(CO)2H compared to (CpiPr4)Ru(CO)2H is in agree-
ment with the conclusion based on IR bands for the CO
ligands that Cp* is a slightly better electron donor than
CpiPr4. Protonation of the phosphine complex CpRu(CO)
[P(p-C6H4F)3]H was complete with 1.2 equiv of HOTf, so
the Keq in Table 2 is a lower limit. The resultant dihydro-
gen complex, {CpRu(CO)[P(p-C6H4F)3](η

2-H2)}
+OTf -

was stable at -20 �C, but began to decompose upon
warming to 0 �C.This reactivity is similar to that observed
by Heinekey and co-workers in dihydrogen complexes
prepared by protonation of complexes of formula CpRu-
(CO)(L)H (L= PCy3, PPh3, PMe3, etc.).

33 Heinekey’s
complexes were prepared by protonation of the ruthe-
nium hydrides with HBF4 3OEt2, leading to dihydrogen
complexes [CpRu(CO)(PR)3(η

2-H2)]
+BF4

-, with BF4
-

counterions. The decomposition products they observed
were bimetallic complexes with bridging hydride
ligands, {[CpRu(CO)L]2(μ-H)}+BF4

-. In contrast, our
studies using HOTf as the acid led to decomposition to
ruthenium complexes with triflate ligands (eq 7), which is

understood on the basis of the higher coordinating ability
of OTf- compared to BF4

-.
Protonation of the bis-phosphite complex, CpRu[P-

(OPh)3]2H, with HOTf at -80 �C led to the dihydrogen
complex {CpRu[P(OPh)3]2(η

2-H2)}
+OTf -, which exhi-

bits a broad (ω1/2 ≈ 151 Hz) singlet at δ -8.67 in the 1H
NMR spectrum. This dihydrogen complex is more stable
than the others studied here, but after the solution is
warmed to -20 �C, the dihydrogen ligand oxidatively

Table 2. Equilibrium Constants for the Protonation of Ruthenium Hydride
Complexes at -80 �C

metal hydride Keq (M
-1)

(CpiPr4)Ru(CO)2H 5 � 101

Cp*Ru(CO)2H 2 � 102

CpRu(CO)[P(OPh)3]H 4 � 102

CpRu(CO)[P(p-C6H4F)3]H >104

(35) Bullock, R. M.; Song, J.-S.; Szalda, D. J. Organometallics 1996, 15,
2504–2516.
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adds to themetal to produce a dihydride complex, {CpRu-
[P(OPh)3]2(H)2}

+OTf - (eq 8). The higher stability of

the dihydride complex in this case, compared to the
dihydrogen complexes discussed above, is likely due to
the higher electron density on the metal due to the two
phosphite ligands, which stabilizes the dihydride com-
pared to the dihydrogen form. Closely related conver-
sions of dihydrogen complexes to dihydrides were
studied in detail by Chinn and Heinekey for a series
of [CpRu(diphosphine)(η2-H2)]

+ complexes.33 The
dihydride resonance of {CpRu[P(OPh)3]2(H)2}

+ ap-
pears as a triplet (2JPH = 19 Hz) at δ -7.68. A 31P
NMR spectrum of the dihydride displays a triplet
(2JPH=19 Hz) at δ 141.2. Release of H2 from {CpRu-
[P(OPh)3]2(η

2-H2)}
+OTf - was not detected, unlike

other systems in which decomposition of the dihydro-
gen complex to the triflate derivative took place with
the evolution of hydrogen.

Catalytic Deoxygenation of 1,2-Propanediol with Ru
Catalysts. The ruthenium complexes described above
were used as catalyst precursors for the deoxygenation
of 1,2-propanediol (cf. eq 2). These experiments were
carried out using a 1.0 M solution of 1,2-propanediol in
sulfolane solvent at 110 �C under H2 (750 psi pressure
before heating). In most cases the catalyst precursor was
loaded as a mononuclear metal hydride (10 mM), along
with 65 mM HOTf. For {[CpRu(CO)2]2(μ-H)}+OTf-

and {[(1,2,3-trimethylindenyl)Ru(CO)2]2(μ-H)}+OTf-,
in which the catalyst precursor was a bimetallic bridging
hydride, the initial concentration of the bimetallic cata-
lyst precursor was 5 mM, and the reactions were carried
out with 60 mM HOTf added, providing equivalent
concentrations of total Ru (10 mM) for both mono-
nuclear and dinuclear ruthenium catalyst precursors
(1 mol % Ru). These are the same conditions employed
in our studies of {[Cp*Ru(CO)2]2(μ-H)}+OTf-,4,5 per-
mitting a direct comparison of this new series of catalytsts
with the {[Cp*Ru(CO)2]2(μ-H)}+ system studied in detail
earlier. We showed that essentially identical catalytic
rates were obtained from Cp*Ru(CO)2OTf or from
{[Cp*Ru(CO)2]2(μ-H)}+OTf-, which suggests that un-
der the reaction conditions, [Cp*Ru(CO)2(η

2-
H2)]

+OTf- forms in the reaction of Cp*Ru(CO)2OTf
with H2 (eq 9), or from {[Cp*Ru(CO)2]2(μ-H)}+OTf- as
outlined in Scheme 1.

Acid-catalyzed dehydration of 1,2-propanediol gener-
ates propionaldehyde (eq 10), which was observed under
the reaction conditions. Inmost of the catalytic experiments

the maximum concentration of propionaldehyde ob-
served was less than 100mM. For example, in the reaction

using Cp*Ru(CO)(PMe3)H as the catalyst precursor,
53 mM of propionaldehyde was detected at t=7 h, and
its concentrationdecreased at later reaction times. In a few
cases, a higher build-up of propionaldehyde was detected.
The reaction catalyzed by {[(1,2,3-trimethylindenyl)Ru
(CO)2]2(μ-H)}+OTf- led to 295 mM propionaldehyde at
t = 2 h, and 300 mM of propionaldehyde was detected at
t=2 h for the reaction catalyzed by CpRu(CO)(PMe3)H.
Hydrogenation of the CdO bond of propionaldehyde

to give n-propanol (eq 11) is proposed to occur through an
ionic hydrogenation mechanism involving proton trans-
fer to the aldehyde from the cationic dihydrogen complex
of Ru, followed by hydride transfer from the neutral
ruthenium hydride to the protonated aldehyde. Ionic
hydrogenations of ketones36 have been studied in detail
for molybdenum and tungsten catalysts.37

A small amount of condensation of n-propanol was
observed, giving di-n-propyl ether; the highest amount of
this condensation productwas 44mMobserved at t=72h
for the reaction catalyzed by {[CpRu(CO)2]2(μ-
H)}+OTf-. Another ether product observed in larger
amounts was propylene glycol propyl ether (two isomers
as shown in eq 12), which forms through acid-catalyzed
cross-condensation of n-propanol with the starting ma-
terial, 1,2-propanediol. In the catalytic reactions reported

here, 80-190 mM of propylene glycol propyl ether was
typically detected.
In addition to these deoxygenation/hydrogenation prod-

ucts, two isomers of the acetal, cis/trans-2-ethyl-4-methyl-1,
3-dioxolane (eq13)were formed; themaximumconcentration

observedwas 153mMat t=2h in the reaction catalyzed by
CpRu(CO)(PCy3)H. This substituted dioxolane forms

(36) (a) Bullock, R. M. Chem.;Eur. J. 2004, 10, 2366–2374. (b) Bullock,
R. M. Ionic Hydrogenations. InHandbook of Homogeneous Hydrogenation; de
Vries, J. G., Elsevier, C. J., Eds.; Wiley-VCH: Weinheim, Germany, 2007;
Chapter 7, Vol. 1, pp 153-197.

(37) (a) Bullock, R.M.; Voges,M.H. J. Am.Chem. Soc. 2000, 122, 12594–
12595. (b) Voges, M. H.; Bullock, R. M. J. Chem. Soc., Dalton Trans. 2002,
759–770. (c) Kimmich, B. F. M.; Fagan, P. J.; Hauptman, E.; Marshall, W. J.;
Bullock, R. M.Organometallics 2005, 24, 6220–6229. (d) Wu, F.; Dioumaev, V.
K.; Szalda, D. J.; Hanson, J.; Bullock, R. M. Organometallics 2007, 26, 5079–
5090.
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through acid-catalyzed condensation of 1,2-propanediol
with propionaldehyde.We previously identified this acetal
in our studies using {[Cp*Ru(CO)2]2(μ-H)}+OTf-4,5 and
showed that it is readily converted to products under the
reaction conditions.
Along with studies of Ru complexes containing Cp and

Cp* ligands, we also studied catalysis by Ru complexes
with a Tp* ligand (Tp*= hydridotris(3,5-dimethylpy-
razolyl). The time-dependence of the intermediates and
products from deoxygenation of 1,2-propanediol cata-
lyzed by Tp*Ru(CO)2H is shown in Figure 2. In this
example, the acetal, 2-ethyl-4-methyl-1,3-dioxolane
builds up to 77 mM at 10 h, and its concentration
decreases at later reaction times. The maximum concen-
tration of propionaldehyde observed in this reaction is
20 mM (at t = 34 h).
Figures 3 and 4 show the total deoxgenation products,

defined as [Deoxygenation Products]= [n-propanol]+ 2
[di-n-propyl ether]+[propylene glycol propyl ether]. Each
equivalent of di-n-propyl ether produced represents two
deoxygenation equivalents, since production of 1 equiv of
di-n-propyl ether requires 2 equiv of n-propanol. All of
the catalytic reactions shown in Figures 3 and 4 were
carried out under the same experimental conditions for
comparison of relative activity. Under these conditions,
not all of the 1,2-propanediol is consumed. In our earlier
studies using {[Cp*Ru(CO)2]2(μ-H)}+OTf-,4,5 we car-
ried out a study of the catalytic rate as a function of acid
concentration, and showed that higher rates and conver-
sions are observed using higher concentrations of
HOTf. For the reaction catalyzed by CpRu(CO)[P(p-
C6H4F)3]H, 0.15M 1,2-propanediol remained at t=53 h.
In contrast, deoxygenation catalyzed by Cp*Ru(CO)-
(PMe3)H, a catalyst of lower activity, had 0.32 M 1,2-
propanediol remaining after 68 h. Concentrations of the
organic intermediates and products were determined
by gas chromatography using an internal standard for

integration. All of the catalysts reported in Figures 3 and
4 showed 78-100% mass balance throughout the reac-
tion. The deoxygenation reaction catalyzed by {[(1,2,3-
trimethylindenyl)Ru(CO)2]2(μ-H)}+OTf- gave poor
performance and resulted in only 60% mass balance.
Tables of concentrations of the products from each of
these reactions are provided in the Supporting Informa-
tion, Tables S1-S12.
Excellent regioselectivity is found for the deoxygena-

tion, as there is a high preference for dehydration of the
secondaryOH rather than the primaryOHof the diol. An
upper limit of 0.5% yield is estimated for isopropyl
alcohol. We cannot completely exclude the possibility
that a small amount of isopropyl alcohol could be formed
in the reaction, since it would be more reactive under
the reaction conditions than n-propanol. Further evi-
dence against the formation of significant amounts of
isopropyl alcohol having been formed is that no di(iso-
propyl) ether or mixed ether (n-propyl isopropyl ether)
was detected.
Among the three complexes with one phosphine ligand,

similar activity profiles were observed for CpRu(CO)[P-
(p-C6H4F)3]H, CpRu(CO)(PCy3)H, and CpRu(CO)-
(PMe3)H. Figure 3 shows the time dependence for reac-
tion catalyzed by CpRu(CO)[P(p-C6H4F)3]H and CpRu-
(CO)(PMe3)H, and a plot showing all of these complexes,
including CpRu(CO)(PCy3)H and CpRu(CO)[P(OPh)3]H,
is shown in the Supporting Information, Figure S1.
Each of these three phosphine-substituted complexes pro-
duced a higher conversion to total deoxygenation products
compared to the dicarbonyl catalyst {[CpRu(CO)2]2(μ-
H)}+OTf-, which gave 0.45 M after 72 h. For example,
the yield of deoxygenation products at t=72 h was 0.60 M
for CpRu(CO)[P(p-C6H4F)3]H. None of these gave as high
of conversion to deoxygenation products as {[Cp*Ru-
(CO)2]2(μ-H)}+OTf-, which produced 0.68 M of deoxy-
genation products after 78 h. The electronic effects alone do
not explain all the trends in reactivity found, however, as the
activity decreased on going from the dicarbonyl catalyst
{[CpRu(CO)2]2(μ-H)}+OTf- to the more electron rich

Figure 2. Time-dependence of intermediates and products formed from
the deoxygenation of 1,2-propanediol (1.0 M) catalyzed by Tp*Ru-
(CO)2H (10 mM) and HOTf (65 mM) in sulfolane at 110 �C under
750 psi H2.

Figure 3. Catalytic deoxygenation of 1,2-propanediol (1.0 M) in sulfo-
lane at 110 �C under 750 psi H2. Mononuclear metal hydride catalyst
precursors used at initial concentrations of 10 mM RuH and 65 mM
HOTf. {[Cp*Ru(CO)2]2(μ-H)}+OTf- was used at 5 mM and 60 mM
HOTf.
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monophosphite complex CpRu(CO)[P(OPh)3]H to the even
more electron rich diphosphite complex CpRu[P(OPh)3]2H.
The productivity of Cp*Ru(CO)(PMe3)H (0.41 M

deoxygenation products after 68 h) was inferior to that
of CpRu(CO)(PMe3)H (0.54 M deoxygenation products
after 51 h), providing further evidence that too much
electron density on themetal (higher for Cp* than for Cp)
is not conducive to higher catalytic activity. Higher
electron density at the metal compared to {[CpRu-
(CO)2]2(μ-H)}+OTf- can increase performance, as both
{[Cp*Ru(CO)2]2(μ-H)}+OTf- and CpRu(CO)(PMe3)H
provided better catalysis than {[CpRu(CO)2]2-
(μ-H)}+OTf-. But Cp*Ru(CO)(PMe3)H, in which the
electron density was increased by changing to a Cp*
system and having a strongly electron-donating phos-
phine, apparently has too much electron density since
the performance of Cp*Ru(CO)(PMe3)H was poorer than
that of either CpRu(CO)(PMe3)H or {[CpRu(CO)2]2-
(μ-H)}+OTf-.
The two complexes with bulky substituted ligands, (CpiPr4)

Ru(CO)2H and (C5Bz5)Ru(CO)2H, gave a lower number of
turnovers than either the Cp* system [Cp*Ru(CO)2]2(μ-
H)}+OTf- or the Cp system {[CpRu(CO)2]2(μ-H)}+OTf-.
After 50 h, 0.38Mof deoxygenation productswere produced
by (C5Bz5)Ru(CO)2H, and 0.30 M deoxygenation products
were produced by {[(1,2,3-trimethylindenyl)Ru(CO)2]2(μ-
H)}+OTf- after 74 h. Plots of the time-dependence of these
andother catalysts are shown in theSupporting Information,
Figure S2.
Tp*Ru(COD)H showed a much inferior performance

(Figure 4) compared to Tp*Ru(CO)2H, underscoring the
preference for strongly bound ligands over the weakly
bound COD ligand. Presumably the weakly bound COD
ligand dissociated from the catalyst during the reaction,
leading to decomposition.
The dinuclear complex{[(C5H3)2(SiMe2)2]Ru2(CO)4(μ-

H)}+BF4
-, in which the two Cp ligands are joined by two

SiMe2 bridges, has been synthesized and studied in de-
tail by Angelici and co-workers.38 This complex exhibits

essentially no catalytic activity for deoxygenation of 1,2-
propanediol, producing less than 2% n-propanol after 71
h (not shown in Figure 4). The two SiMe2 groups linking
the substitutedCp ligandsmay prevent this complex from
readily forming a mononuclear catalyst. Thus, the low
activity observed suggests that successful catalysis in this
system requires access to a mononuclear metal species, as
concluded from our earlier mechanistic studies with the
Cp* system.4,5

Thus, the observed order of decreasing activity for
total amount of deoxygenation product in this series of
Ru(CO)2 complexes is {[Cp*Ru(CO)2]2(μ-H)}+OTf->
{[CpRu(CO)2]2(μ-H)}+OTf->Tp*Ru(CO)2H>(C5Bz5)-
Ru(CO)2H> (CpiPr4)Ru(CO)2H>{[(1,2,3-trimethylind-
enyl)Ru(CO)2]2(μ-H)} > Tp*Ru(COD)H> {[(C5H3)2-
(SiMe2)2]Ru2(CO)4(μ-H)}BF4.

Fe, Os, and Re Complexes as Catalysts for the Deox-
ygenation of 1,2-Propanediol. Our studies have concen-
trated on the use of Ru catalysts, but a few experiments
were carried out to assess the activity using other metals.
No more than 12 turnovers were observed under any
conditions using [Cp*Fe(CO)2]2 at 750 psi hydrogen
pressure at temperatures up to 150 �C. Moving to the
third row of the periodic table, a few experiments were
conducted using Cp*Os(CO)2H. Up to 30 turnovers were
observed with Cp*Os(CO)2H at 750 psi H2 pressure at
100�C (at 52 h), so catalysis with Os can be obtained,
though it is slower than Ru and was not pursued in detail.
Heinekey and co-workers found that Cp*Re(CO)(NO)H
can be protonated to give a dihydrogen complex and the
corresponding dihydride, which decompose at higher
temperatures to generate the bridging hydride bimetallic
complex {[Cp*Re(CO)-(NO)]2(μ-H)}+.6 The similarity
of this reactivity to that observed for Cp*Ru(CO)2H led
us to consider whether the Re complexes might have
catalytic activity. Cp*Re-(CO)(NO)H (10 mM) + 55 mM
HOTf at 750 psi H2 (1.0 M diol) for 98 h at 110 �C gave a
maximum of 22 turnovers of the catalyst, again less
reactive than the Ru catalysts.

Conclusions

Ruthenium hydride complexes with highly substituted
Cp ligands were prepared, including (CpiPr4)Ru(CO)2H and

Figure 4. Catalytic deoxygenation of 1,2-propanediol (1.0 M) in sulfo-
lane at 110 �C under 750 psi H2. Mononuclear metal hydride catalyst
precursors used at initial concentrations of 10 mM RuH and 65 mM
HOTf. {[Cp*Ru(CO)2]2(μ-H)}+OTf- and{[CpRu(CO)2]2(μ-H)}+OTf -

were used at 5 mM and 60 mMHOTf.

(38) (a) Ovchinnikov, M. V.; Angelici, R. J. J. Am. Chem. Soc. 2000, 122,
6130–6131. (b) Ovchinnikov,M. V.; Guzei, I. A.; Angelici, R. J.Organometallics
2001, 20, 691–696. (c) Ovchinnikov, M. V.; LeBlanc, E.; Guzei
I. A.; Angelici, R. J. J. Am. Chem. Soc. 2001, 123, 11494–11495.
(d) Ovchinnikov, M. V.; Ellern, A. M.; Guzei, l. A.; Angelici, R. J. Inorg. Chem.
2001, 40, 7014–7019. (e) Klein, D. P.; Ovchinnikov, M. V.; Ellern, A.; Angelici,
R. J. Organometallics 2003, 22, 3691–3697.
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(C5Bz5)Ru(CO)2H. Cationic dihydrogen complexes were
observed by NMR at low temperatures from protonation
of (CpiPr4)Ru(CO)2H, Cp*Ru(CO)2H, or CpRu(CO)[P-
(OPh)3]H by HOTf. At higher temperatures the H2 ligand
is lost, generating ruthenium triflate complexes. These new
Ru complexeswere usedas catalyst precursors in the presence
of added HOTf for the catalytic deoxygenation of 1,2-
propanediol to give n-propanol. Increasing the electron
density at themetal can improve performance of the catalyst,
as shown by the higher conversion to products obtained with
CpRu(CO)(PMe3)H, CpRu(CO)(PCy3)H, or CpRu(CO)[P-
(p-C6H4F)3]H, compared to {[CpRu(CO)2]2(μ-H)}+OTf-.
Similarly, changing from Cp to Cp* improves performance,
as {[Cp*Ru(CO)2]2(μ-H)}+OTf-provides better results than
{[CpRu(CO)2]2(μ-H)}+OTf-. Too much electron density at
the metal (and perhaps increased steric interference), how-
ever, results in a poorer performance since Cp*Ru(CO)-
(PMe3)H gives worse results than those obtained from either
{[CpRu(CO)2]2(μ-H)}+OTf- or CpRu(CO)(PMe3)H. Simi-
larly, the bis-phosphite complex CpRu[P(OPh)3]2H does not
give high conversions as a catalyst precursor, suggesting that
the lower acidity of the corresponding dihydrogen or dihy-
dride complex, or increased steric demands of the ligands, is
deleterious to catalytic activity.

Experimental Section

All manipulations were carried out under an atmosphere
of argon using Schlenk or vacuum-line techniques, or in a
Vacuum Atmospheres drybox. Quantitative analysis of the
intermediates and products was carried out by gas chromato-
graphy, using an internal standard for integration, follow-
ing protocols previously described in detail.4,5 Preparations of
HCpiPr4,13 HC5Bz5,

28 1,2,3-trimethylindene,39 Tp*Ru(COD)H,40

Tp*Ru(CO)2H,40 Cp*Ru(CO)2H,41 and {[CpRu(CO)2]2-
(μ-H)}+OTf-9 were carried out according to the literature
procedures. CpRu(CO)(PCy3)H was prepared by a minor
modification of the route described by Heinekey.33 The head-
to-tail dimer of trityl radical (Gomberg’s dimer,18 1-diphenyl-
methylene-4-triphenylmethyl-2,5-cyclohexadiene;see Scheme2)
was prepared by reaction of Ph3CBrwith Cu, as described for a
substituted derivative.19

Synthesis of (CpiPr4)Ru(CO)2H. A solution of HCpiPr4 (0.300 g,
1.28 mmol) and Ru3(CO)12 (0.273 g, 0.427 mmol) in heptane
(25 mL) was refluxed for 9 h, and the extent of the reaction was
monitored by IR spectroscopy. The dark brown reaction mixture
was filtered, and the filtrate was evaporated to give an oil, which
was dissolved in pentane and filtered though silica gel to obtain
a clear yellow solution. The solvent was evaporated to give obtain
a yellow oil, which was cooled at-40 �C to give (CpiPr4)Ru(CO)2H
as a yellow solid (0.226 g, 45%). 1H NMR (C6D6): δ 4.80 (s, 1H,
HC5

iPr4), 2.57 (sept, 3JHH=7Hz, 2H, CHMe2); 2.49 (sept,
3JHH=7

Hz, 2H, CHMe2); 1.24 (d,
3JHH=7Hz, 6H, CHMe2); 1.18 (d,

3JHH

=7Hz, 6H, CHMe2); 1.11 (d,
3JHH=7Hz, 6H, CHMe2); 0.94 (d,

3JHH=7Hz, 6H,CHMe2);-10.3 (s, 1H,Ru-H). 13CNMR(C6D6):
δ 203.6 (d, 2JCH=9Hz, CO); 113.7 (s, Cp-ring-C-Pri); 112.4 (s, Cp-
ring-C-Pri); 75.9 (dt, 1JCH=171Hz, 2JCH=5Hz,Cp-ring-CH); 26.7
(q, 1JCH=127 Hz, CHMe2); 26.2 (q, 1JCH=126 Hz, CHMe2);

25.7 (d, 1JCH=133Hz, CHMe2); 25.5 (q,
1JCH=126Hz, CHMe2);

25.4 (d, 1JCH=127Hz, CHMe2); 25.2 (q,
1JCH=126Hz, CHMe2).

IR (hexane) ν(CO): 2015 (s) cm-1, 1956 (s) cm-1. Anal. Calcd
for C19H30O2Ru: C 58.27%; H 7.72%. Found: C 58.45%;
H 7.67%.

Synthesis of [(CpiPr4)Ru(CO)(μ-CO)]2.A solution of (CpiPr4)-
Ru(CO)2H (0.100 g, 0.255 mmol) and Gomberg’s dimer
(0.062 g, 0.128 mmol) were stirred in hexane (15 mL) at room
temperature in the dark for 1 day, giving a yellow precipitate.
The reaction mixture was concentrated to 10 mL for further
precipitation, and the precipitate was isolated by filtration to
give [(CpiPr4)Ru(CO)(μ-CO)]2 as a yellow solid (0.052 g, 52%).
1H NMR (C6D6): δ 4.51 (s, 1H, HC5

iPr4), 3.07 (sept, 3JHH=
7 Hz, 2H, CHMe2); 2.87 (sept, 3JHH=7 Hz, 2H, CHMe2); 1.58
(d, 3JHH=7Hz, 6H, CHMe2); 1.27 (d,

3JHH=7Hz, 6H, CHMe2);
1.23 (d, 3JHH=7 Hz, 6H, CHMe2); 1.06 (d, 3JHH=7 Hz, 6H,
CHMe2).

13C NMR (C6D6): δ 229 (br, CO); 118.0 (s, Cp-ring-
C-Pri); 111.1 (s, Cp-ring-C-Pri); 82.4 (dt, 1JCH=171Hz, 2JCH=4
Hz, Cp-ring-CH); 26.8 (d, 1JCH=126 Hz, CHMe2); 26.3
(q, 1JCH= 126 Hz, CHMe2); 25.3 3 (d,

1JCH=131 Hz, CHMe2);
24.7 (q, 1JCH=126Hz, CHMe2); 24.5 (q,

1JCH=126Hz, CHMe2);
22.7 (q, 1JCH=126Hz, CHMe2). IR (C6D6) ν(CO): 1936 (s) cm

-1,
1761 (s) cm-1. IR (toluene) ν(CO): 1938 (s) cm-1, 1762 (s) cm-1.
IR (hexane) ν(CO): 1943 (s) cm-1, 1768 (s) cm-1. Anal. Calcd
for C38H58O4Ru2: C 58.42%; H 7.48%. Found: C 58.17%;
H 7.79%.

Protonation of (Cp
iPr4)Ru(CO)2H by HOTf at Low Tempera-

tures. HOTf (4.0 μL, 0.045 mmol) was added to (CpiPr4)Ru-
(CO)2H (0.015 g, 0.038mmol) in CD2Cl2 (0.69mL) at-80 �C in
an NMR tube, and the reaction was monitored by 1H NMR
spectroscopy. At-80 �C, the dihydrogen complex {(CpiPr4)Ru-
(CO)2(η

2-H2)}
+OTf- (65%)was found to be in equilibriumwith

(CpiPr4)Ru(CO)2H (35%) and with the unreacted HOTf [TfO-

3 3 3H-OTf and (HOTf)n]. The equilibrium constant (Keq) for the
reaction was found to be 51 M-1 at -80 �C. There was only a
small change in the observed equilibrium constant on warming
to-60 �Cas theKeq value only changed to 61M

-1. Upon further
elevating the temperature, broadening of {(CpiPr4)Ru-(CO)2(η

2-
H2)}

+OTf - and (CpiPr4)Ru(CO)2H resonances were observed,
suggesting the occurrence of proton transfer exchange between
these complexes. Coalescence of the HC5

iPr4 resonances was
observed at-40 �C, and decomposition to (CpiPr4)Ru(CO)2OTf
(HC5

iPr4 resonance at δ 5.08), accompanied by the formation of
H2 (δ 4.60), was observed upon warming to 27 �C. {(CpiPr4)Ru-
(CO)2(η

2-H2)}
+OTf -: 1H NMR (CD2Cl2) -80 �C: δ 5.48 (s,

1H, HC5
iPr4), 2.3-3.0 (CHMe2 not resolved); 0.8-1.5

(CHMe2 not resolved); -5.85 (s broad w1/2=69 Hz, 2H, Ru-
(η2-H2)).

Synthesis of (C5Bz5)Ru(CO)2H.AsolutionofHC5Bz5 (0.500g,
0.969 mmol) and Ru3(CO)12 (0.207 g, 0.324 mmol) in heptane
(25mL)was refluxed for 10 days, and the extent of the reactionwas
monitored by IR spectroscopy. The brownish-yellow reaction
mixture was filtered through alumina inside a drybox, and the
solvent was evaporated to give a dark brown oil. The oil was
dissolved in pentane (5 mL), and cooled to-30 �C. A brown oily
solid precipitated. The supernatant pentane extract was decanted,
and the solvent was evaporated to obtain (C5Bz5)Ru(CO)2H as an
oily yellow solid (0.154 g, 24%). 1HNMR (C6D6): δ 7.02-6.87 (m,
25H, C6H5), 3.61 (s, 10H, CH2C6H5), -9.92 (s, 1H, Ru-H).
IR (hexane) ν(CO): 2020 (s) cm-1, 1963 (s) cm-1.

Synthesis of CpRu(CO)[P(OPh)3]H. A solution of freshly
cracked cyclopentadiene (9.00 mL, 109 mmol) and Ru3(CO)12
(0.900 g, 1.41mmol) was refluxed in heptane (70mL) for 4.5 h.15

The color of the solution changed from dark orange to lemon
yellow. An aliquot taken for IR spectroscopy showed predomi-
nant formation of CpRu(CO)2H (2033 and 1973 cm-1) along
with the minor amounts of [CpRu(CO)2]2 (1944 and 1793 cm

-1)
and (η4-C5H6)Ru(CO)3 (2064, 1998, and 1987 cm-1).15 The
reaction mixture was cooled to -78 �C, and a solution of

(39) (a) O’Hare, D.; Green, J. C.; Marder, T.; Collins, S.; Stringer, G.;
Kakkar, A. K.; Kaltsoyannis, N.; Kuhn, A.; Lewis, R.; Mehnert, C.; Scott,
P.; Kurmoo, M.; Pugh, S. Organometallics 1992, 11, 48–55. (b) Miyamoto, T.
K.; Tsutsui, M.; Chen, L.-B. Chem. Lett. 1981, 729–730.

(40) Moreno, B.; Sabo-Etienne, S.; Chaudret, B.; Rodriguez, A.; Jalon,
F.; Trofimenko, S. J. Am. Chem. Soc. 1995, 117, 7441–7451.

(41) (a) Cheng, T.-Y.; Bullock, R. M. Organometallics 2002, 21, 2325–
2331. (b) Fagan, P. J.; Mahoney, W. S.; Calabrese, J. C.; Williams, I. D.
Organometallics 1990, 9, 1843–1852.
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P(OPh)3 (0.510 g, 1.65 mmol) in heptane (25 mL) was added
to it over 30 min. The reaction mixture was stirred overnight at
-78 �C. The solvent was evaporated to obtain a yellow oil,
which was chromatographed inside a drybox over silica gel and
eluted with 5% Et2O: 95% hexane. The first yellow band was
collected, and the solvent was removed to obtain a yellow oil.
The yellow oil was washed with hexane (5 mL), and CpRu(CO)-
[P(OPh)3]H precipitated out as a a light yellow solid (0.087 g).
The supernatant hexane solution was decanted and again left at
-30 �C for further crystallization (0.135 g of microcrystals were
obtained). The overall yield was 27% (0.222 g, 0.439mmol) with
respect to P(OPh)3.

1HNMR (C6D6): δ 7.30 (d,
3JHH=8Hz, 6H,

-OC6H5 ortho H’s); 7.03 (virtual triplet, 3JHH=8 Hz, 6H,
-OC6H5 meta H’s); 6.86 (t, 3JHH=8 Hz, 3H, -OC6H5 para
H’s); 4.43 (d, 3JHP = 1 Hz, 5H, C5H5); -11.34 (d, 2JHP = 35
Hz, 1H, Ru-H). 13C NMR (C6D6): δ 204.1 (dd, 2JCH = 8 Hz,
2JCP=26Hz, CO); 152.7 (d, 2JCP=6Hz, C-1(ipso) of Ph); 129.8
(dd, 1JCH=161 Hz, 2JCH=8 Hz, m-C of Ph); 124.9 (dt, 1JCH=
163 Hz, 2JCH=8 Hz, p-C of Ph); 122.6 (dd, 1JCH=163 Hz,
3JCP=5 Hz, o-C of Ph); 83.7 (dd, 1JCH=177 Hz, 2JCP=2 Hz,
Cp). 31P NMR (C6D6): δ 160.9 (d, 2JPH=35 Hz). IR (hexane)
ν(CO): 1967 (br) cm-1. Anal. Calcd for C24H21O4P1Ru1:
C 57.02%; H 4.19%. Found: C 57.65%; H 4.40%.

Protonation of CpRu(CO)[P(OPh)3]H by HOTf at Low

Temperature. HOTf (4.0 μL, 0.045 mmol) was added to Cp-
Ru(CO)[P(OPh)3]H (0.020 g, 0.039 mmol) was reacted with at
-80 �C in an NMR tube in CD2Cl2 (0.68 mL). Partial proto-
nation of CpRu(CO)[P(OPh)3]H was observed at low tempera-
tures. The dihydrogen complex {CpRu(CO)[P(OPh)3](η

2-
H2)}

+OTf - (86%) was found to be in equilibrium with CpRu-
(CO)[P(OPh)3]H (12%), and with the unreacted HOTf. A
decomposition product, presumably CpRu(CO)[P(OPh)3]OTf,
constituted the remaining about 2% of the reaction mixture.
The equilibrium constant (Keq) for the reaction wasmeasured to
be 348 M-1 at this temperature. At -60 �C the Keq value
decreased to 157 M-1. Upon further elevating the temperature,
broadening of the resonances of {CpRu(CO)[P(OPh)3](η

2-
H2)}

+OTf - and CpRu(CO)[P(OPh)3]H were observed, sugge-
sting a rapid exchange between these complexes. Coalescence of
the Cp resonances was observed at-20 �C. Complete decompo-
sition, presumably to CpRu(CO)[P(OPh)3]OTf (Cp resonance
at δ 4.65) was observed uponwarming to 27 �C, accompanied by
the formation of H2 (δ 4.60). Characterization of {CpRu(CO)-
[P(OPh)3](η

2-H2)}
+OTf -: 1H NMR (CD2Cl2) -60 �C: δ 7.49

(virtual triplet, 3JHH=8 Hz, 6H, -OC6H5 meta H’s); 7.35 (t,
3JHH=7 Hz, 3H, -OC6H5 para H’s); 7.29 (d, 3JHH=8 Hz, 6H, -
OC6H5 ortho H’s); 5.02 (s, 5H, C5H5);-7.52 (s broad w1/2=52
Hz, 2H, Ru-(η2-H2)).

31P{1H} NMR (CD2Cl2)-60 �C: δ 143.4.

Synthesis of CpRu[P(OPh)3]2H.Amixture of freshly cracked
cyclopentadiene (5.00 mL, 60.6 mmol) and Ru3(CO)12 (0.450 g,
0.704 mmol) was refluxed in heptane (35 mL) for 3 h. The color
of the solution changed from dark orange to lemon yellow. The
reactionmixturewas cooled to room temperature and a solution
of P(OPh)3 (1.309 g, 4.22 mmol) in hexane (25 mL) was added.
The reaction mixture was stirred at room temperature for 1 day.
The solvent was evaporated to obtain a yellow oil which was
chromatographed over silica gel inside a drybox, and elutedwith
5% Et2O: 95% hexane. The first yellow band was collected in
two fractions (100mL each). CpRu[P(OPh)3]2H crystallized out
as light yellow microcrystals from the second fraction (0.458 g,
28%). Another crop of CpRu[P(OPh)3]2H could be obtained
from the first fraction (0.370 g, 11%) but it was contanimated
with triphenylphosphite (50:50 mixture by 1HNMR). 1HNMR
(C6D6): δ 7.36 (d, 3JHH=8 Hz, 12H, -OC6H5 ortho H’s); 7.04
(virtual triplet, 3JHH=8 Hz, 12H, -OC6H5 meta H’s); 6.87
(t, 3JHH=8 Hz, 3H, -OC6H5 para H’s); 4.27 (s, 5H, C5H5); -
12.06 (t, 2JHP=36 Hz, 1H, Ru-H). 13C NMR (C6D6): δ 153.2
(t, 2JCP=3Hz, C-1(ipso) of Ph); 129.5 (dd, 1JCH=160Hz, 2JCH=
9Hz,m-C of Ph); 124.0 (td, 1JCH= 162Hz, 2JCH=8Hz, p-C of

Ph); 122.4 (d, 1JCH=160 Hz, o-C of Ph); 81.9 (d, 1JCH=177 Hz,
Cp). 31PNMR (C6D6): δ 155.7 (d,

2JPH=36Hz).Anal. Calcd for
C41H36O6P2Ru1: C 62.51%; H 4.61%. Found: C 62.70%;
H 4.83%.

Protonation of CpRu[P(OPh)3]2H by HOTf at Low Tempera-

ture. HOTf (3.0 μL, 0.034 mmol) was added to CpRu[P-
(OPh)3]2H (0.025 g, 0.032 mmol) at -80 �C in an NMR tube
in CD2Cl2 (0.66 mL). Complete protonation produced the
dihydrogen complex {CpRu[P(OPh)3]2(η

2-H2)}
+OTf - (81%)

as a major component along with the dihydride complex {CpRu-
[P(OPh)3]2(H)2}

+OTf - (19%). Unlike in other systems where
the dihydrogen complex would start decomposing on warming
above about -40 �C, this dihydrogen complex {CpRu[P-
(OPh)3]2(η

2-H2)}
+OTf - cleanly converted to the dihydride com-

plex {CpRu[P(OPh)3]2(H)2}OTf upon reaching 27 �C. At-20 �C,
about 50% conversion of the dihydrogen complex to the dihydride
complex was observed. No formation of H2 was observed. Char-
acterization of {CpRu[P(OPh)3]2(η

2-H2)}
+OTf -: 1HNMR (CD2-

Cl2)-80 �C: δ 7.40 (virtual triplet, 3JHH=7Hz, 12H, -OC6H5meta
H’s); 7.28 (t, 3JHH=7Hz, 6H, -OC6H5 para H’s); 7.11 (d, 3JHH=7
Hz, 12H, -OC6H5 ortho H’s); 4.49 (s, 5H, C5H5); -8.67 (s, broad,
w1/2=151 Hz, 2H, Ru-(η2-H2)).

31P NMR (CD2Cl2) -80 �C: δ
145.5 (s).

Characterization of {CpRu[P(OPh)3]2(H)2}
+OTf -: 1H

NMR (CD2Cl2): δ 7.46 (virtual triplet, 3JHH=8 Hz, 12H, -
OC6H5 meta H’s); 7.36 (t, 3JHH=7 Hz, 6H, -OC6H5 para H’s);
7.07 (d, 3JHH=8 Hz, 12H, -OC6H5 ortho H’s); 4.73 (s, 5H,
C5H5);-7.68 (t, 2JHP=19Hz, 2H, Ru-H). 13C NMR (CD2Cl2):
δ 151.0 (t, 2JCP=4Hz,C-1(ipso) of Ph); 131.1 (dd, 1JCH=163Hz,
2JCH=9Hz,m-C of Ph); 127.0 (dt, 1JCH=163Hz, 2JCH= 8Hz,
p-C of Ph); 121.8 (dt, 1JCH=164 Hz, 3JCP=2 Hz, o-C of Ph);
88.8 (d, 1JCH=184Hz,Cp). 31PNMR(CD2Cl2):δ 141.2 (t,

2JPH=
19 Hz).

Synthesis of CpRu(CO)[P(p-C6H4F)3]H.A solution of freshly
cracked cyclopentadiene (5.00 mL, 60.6 mmol) and Ru3(CO)12
(0.450 g, 0.704 mmol) was refluxed in heptane (50 mL) for 4 h,15

and the color of the solution changed fromdark orange to lemon
yellow. The reaction mixture was then cooled to room tempera-
ture followed by the addition of a solution of P(p-C6H4F)3
(0.467 g, 1.48mmol) in heptane (30mL). Themixturewas stirred
overnight at room temperature. The solvent was then removed
under vacuum to obtain a orangish-yellow oil, which was
chromatographed over silica gel inside the drybox and eluted
with 5%Et2O: 95% hexane. The first yellow band was collected
and the solvent was evaporated to obtain a yellow oil. The
yellow oil was washed with hexane (ca. 3 mL), leading to the
separation of CpRu(CO)[P(p-C6H4F)3]H as a light yellow mi-
crocrystalline solid (0.070 g). The supernatant hexane solution
was cooled again to-30 �C for further crystallization (0.270 g of
microcrystals). Total yield was 45% (0.34 g, 0.665 mmol) based
on P(p-C6H4F)3.

1H NMR (C6D6): δ 7.34 (multiplet, 6H, C6H4

ortho H’s); 6.69 (virtual triplet, 3JHH=8 Hz, 6H, C6H4 meta
H’s); 4.68 (s, 5H,C5H5);-11.17 (d, 2JHP=33Hz, 1H,Ru-H). 13C
NMR (C6D6): δ 206.2 (dd,

2JCH=9Hz, 2JCP=18Hz, CO); 163.9
(dd, 1JCF=251 Hz, 4JCP=2 Hz, p-C of C6H4F); 135.5 (ddm,
1JCH=158 Hz, 2JCP=22 Hz, 3JCF=8 Hz, o-C of C6H4F); 134.9
(dd, 1JCP=49Hz, 4JFC=3Hz, C-1(ipso) of C6H4F); 115.3 (ddd,
1JCH=165Hz 2JCF=32Hz, 3JCP=11Hz,m-C ofC6H4F); 83.7
(dm, 1JCP=176 Hz, 2JCP=1 Hz, Cp). 31P{1H} NMR (C6D6):
δ 66.5 (s). 19F{1H} NMR (C6D6): δ -110.8 (d, 5JPF=2 Hz). IR
(hexane) ν(CO): 1940 (br) cm-1.

Protonation of CpRu(CO)[P(p-C6H4F)3]H with HOTf at Low

Temperatures. HOTf (4.0 μL, 0.045 mmol) was added to CpRu-
(CO)[P(p-C6H4F)3]H (0.020 g, 0.039 mmol) at-80 �C in anNMR
tube in CD2Cl2 (0.61mL), giving complete protonation to yield the
dihydrogen complex {CpRu(CO)[P(p-C6H4F)3](η

2-H2)}
+OTf -.

This dihydrogen complex was stable until about 0 �C. At higher
temperatures, the triflate derivate (Cp resonance at δ 5.04) was
observed, accompanied by the formation of H2 (δ 4.60).
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Characterization of {CpRu(CO)[P(p-C6H4F)3](η
2-H2)}

+OTf -:
1HNMR (CD2Cl2)-60 �C: δ 7.31-7.21 (m, 12H, [P(p-C6H4F)3]);
5.44 (s, 5H, C5H5);-7.01 (s, broad, w1/2=66Hz, 2H, Ru-(η2-H2)).
31P{1H} NMR (CD2Cl2) -60 �C: δ 44.6.

Synthesis of [(1,2,3-Trimethylindenyl)Ru(CO)(μ-CO)]2.A so-
lution of 1,2,3-trimethylindene (0.300 g, 1.90 mmol) and
Ru3(CO)12 (0.405 g, 0.633 mmol) in methyl iso-butyl ketone
(50 mL) was refluxed for 4 h during which time the formation of
a dark brown precipitate was observed. The reaction mixture
was concentrated to 10 mL. The precipitate was isolated by
filtration, washed with hexane, and dried under vacuum to
obtain [(1,2,3-trimethylindenyl)Ru(CO)(μ-CO)]2 as a brown
solid (0.253 g, 42%). Further purification of the dimer can be
obtained by Soxhlet extraction using toluene to obtain [(1,2,3-
trimethylindenyl)Ru(CO)(μ-CO)]2 as a yellow solid. 1H NMR
(CD2Cl2): δ 7.18 (m, 2H, C6H4-ring); 6.99 (m, 2H, C6H4-ring);
2.09 (s, 3H,MeC5-ring); 2.05 (s, 6H, twoMe groups of C5-ring).
1HNMR (C6D6): δ 7.06 (m, 2H, C6H4-ring); 6.83 (m, 2H, C6H4-
ring); 1.85 (s, 3H,MeC5-ring); 1.82 (s, 6H, twoMe groups of C5-
ring). 13C NMR (CD2Cl2): δ 126.0 (dd, 1JCH=162 Hz, 2JCH=7
Hz, 2C, C6H4-ring); 119.0 (dd, 1JCH=167 Hz, 2JCH=6 Hz, 2C,
C6-ring); 109.1 (s, 1C, C5-ring); 108.5 (s, 2C, C5-ring); 95.8 (s,
2C,C5-ring); 10.2 (q,

1JCH=128Hz, 2C,Me groups ofC5-ring);
9.3 (q, 1JCH=128Hz, 1C,MeC5-ring). IR (CH2Cl2) ν(CO): 1941
and 1771 cm-1. Anal. Calcd for C28H26O4Ru2: C 53.48%; H
4.17%. Found: C 53.71%; H 4.39%.

Protonation of [(1,2,3-Trimethylindenyl)Ru(CO)(μ-CO)]2 with
HOTf. HOTf (2 μL; 0.02 mmol) was added to [(1,2,3-trimethyl-
indenyl)Ru(CO)(μ-CO)]2 (0.01 g, 0.02 mmol) in CD2Cl2 at room
temperature to give the bimetallic bridging hydride comp-
lex {[(1,2,3-trimethylindenyl)Ru(CO)2]2(μ-H)}+OTf -. 1H NMR
(CD2Cl2): δ 7.46 (m, 4H, C6H4-ring); 7.41 (m, 4H, C6H4-ring); 2.38
(s, 12H, twoMe groups ofC5-ring); 2.26 (s, 6H,MeC5-ring);-17.5
(s, 1H, μ-H). IR (CD2Cl2) ν(CO): 2103 (w), 2080 (w), 2049 (w),
2030 (s) and 1995 (s) cm-1.

Synthesis of Cp*Ru(CO)(PMe3)H. This complex was pre-
viously prepared by reaction of Cp*Ru(CO)(PMe3)Cl with
NaBH4,

42 and also by a photochemical reaction between
[Cp*Ru(CO)(μ-CO)]2 and PMe3.

43 We report here a new route
that provides Cp*Ru(CO)(PMe3)H through displacement of a
CO ligand by PMe3. PMe3 (0.250 g, 3.28 mmol) was added to
a solution of Cp*Ru(CO)2H (0.500 g, 1.70 mmol) in hexane
(30 mL), and the reaction mixture was stirred at room tempera-
ture for 90min. The solvent was evaporated to obtain an orange

solid. The orange solid was sublimed (60 �C, 30 mTorr) to give
Cp*Ru(CO)(PMe3)H as a yellow solid (0.412 g, 71%). 1HNMR
(CD2Cl2): 1.97 (d,

4JHP = 2 Hz, 15H, C5Me5); 1.37 (d,
2JHP=9

Hz, 9H, PMe3);-12.38 (d, 2JHP=39 Hz, 1H, Ru-H). 13C NMR
(CD2Cl2): δ 204.1 (dd, 2JCH=9 Hz, 2JCP=17 Hz, CO); 95.8 (d,
2JCP=2 Hz, C5Me5); 22.7 (dq, 1JCH=128 Hz, 1JCP=31 Hz,
PMe3); 11.8 (q,

1JCH=127Hz, C5Me5).
31P{1H}NMR (CD2Cl2):

δ 9.9 (s, PMe3). IR (hexane) ν(CO): 1924 (br) cm-1.

Catalytic Deoxygenation Experiments. This is a representa-
tive example of the procedure used for the catalytic reactions,
following procedures very similar to those developed earlier for
reactions catalyzed by {[Cp*Ru(CO)2]2(μ-H)}+OTf -.5 CpRu-
(CO)[P(p-C6H4F)3]H (0.128 g, 0.250mmol) was added to 25mL
of 1.0 M solution of 1,2-propanediol (containing 0.1 M toluene
as an internal standard) in sulfolane in a 300 mL Parr (Model
4561) minireactor. HOTf (122 μL, 1.37mmol) was added slowly
dropwise to the reaction mixture. The autoclave was then sealed
tightly inside the glovebox, taken out and was pressurized with
H2 gas to 750 psi. The system was then heated to 110� C. The
reaction was monitored by removing samples at various time
intervals and subjecting them toGC analysis. After 94 h, 0.03M
(3%) of the l,2-propanediol remained, and the concentrations
and yields of hydrogenated products were n-propanol (0.46 M,
46%), di-n-propyl ether (0.053 M, 5%), and propylene glycol
propyl ether (0.06 M, 6%). The total yield of deoxygenation
products from this experiment indicated 62 catalyst turnovers
(62% yield).
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