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ABSTRACT: We employ density functional theory (DFT) calculations and
kinetics measurements to understand the mechanism of a xantphos-containing
molecular ruthenium catalyst acting on an alkyl aryl ether linkage similar to that
found in lignin to produce acetophenone and phenol. The most favorable
reaction pathway suggested from DFT is compared to kinetics measurements,
and good agreement is found between the predicted and the measured activation
barriers. The DFT calculations reveal several interesting features, including an
unusual 5-membered transition state structure for oxidative insertion in contrast to the typically proposed 3-membered transition
state, a preference for an O-bound over a C-bound Ru−enolate, and a significant kinetic preference for the order of product
release from the catalyst. The experimental measurements confirm that the reaction proceeds via a free ketone intermediate, but
also suggest that the conversion of the intermediate ketone to acetophenone and phenol does not necessarily require ketone
dissociation from the catalyst. Overall, this work elucidates the kinetically and thermodynamically preferred reaction pathways for
tandem alcohol dehydrogenation and reductive ether bond cleavage by the ruthenium-xantphos catalyst.
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■ INTRODUCTION

Homogeneous molecular ruthenium species are prized for their
ability to perform a number of useful organic transformations
via an assortment of remarkable mechanisms, including
consecutive catalytic reactions in which the product of a
particular reaction is used as the substrate in a second catalytic
cycle that uses the same catalytic species.1,2 In one such
example,3,4 a C−C bond forming reaction between a ketonitrile
and an alcohol is catalyzed by a ruthenium complex that is
che l a t ed by the b iden t a t e phosph ine 4 , 5 - b i s -
(diphenylphosphino)-9,9-dimethylxanthene (xantphos). This
“hydrogen-borrowing” mechanism has been exploited in
numerous other reactions involving related ruthenium com-
plexes.5 The presence of the xantphos ligand is crucial to the
dehydrogenation activity of these species, as evidenced by the
drop in (or absence of) activity reported by substituting other
bidentate phosphine ligands. The ability of these ligands to
promote a variety of catalytic transformations is thought to be a
consequence of a combination of steric and electronic
effects.6−9

There are many additional examples of molecular ruthenium
catalysts that contain a xantphos ligand, and the reactivity of
these compounds is quite varied. Ru-xantphos species promote
a catalytic Knoevenagel reaction,3,4 the conversion of oxide

ethers into nitriles,10 the synthesis of heterocyclic com-
pounds,11,12 and the hydroformylation of alkenes.13 In addition,
Ru-xantphos has been employed extensively in the oxidation of
alcohols: the conversion of 1,4-alkynediols,14−16 the oxidation
of alcohols using levulinic acid as an oxidant,17 and the
conversion of alcohols to methyl esters18,19 and alkenes20 have
all been reported.
Ruthenium-containing molecular catalysts are also frequently

encountered in reactions involving a C−O bond cleavage. A
number of transformations have been recently reviewed21

involving the cleavage of C(sp2)−O bonds. In contrast, to our
knowledge there are fewer examples of cleavage of C(sp3)−O
bonds. The cleavage of C(sp3)−O bonds is important for the
deconstruction and valorization of biomass, where ether bonds
are prevalent. To that end, in 2010, Nichols et al. reported the
sequential acceptorless dehydrogenation of an alcohol moiety
followed by reductive cleavage of a C−O bond in a model
glycerolaryl compound by the Ru-xantphos precatalyst
RuH2CO(PPh3)(xantphos).

22 Wu et al. more recently reported
additional details and results on a wider substrate range for the

Received: February 11, 2013
Revised: March 27, 2013
Published: April 2, 2013

Research Article

pubs.acs.org/acscatalysis

© 2013 American Chemical Society 963 dx.doi.org/10.1021/cs400110r | ACS Catal. 2013, 3, 963−974

pubs.acs.org/acscatalysis


same Ru-xantphos catalyst, and confirmed that the catalytic
cycle likely proceeds via a ketone intermediate.23 Quite
recently, vom Stein et al. demonstrated that a Ru(II)-complex
with a trimethylenemethane ligand also effects the same
transformation on the glycerolaryl compound used by Nichols
et al.24 In the report from Nichols et al., the substrate used in
this reaction (2-phenoxy-1-phenylethan-1-ol, 1) is structurally
similar to the glycerolaryl ether linkages that are ubiquitous in
the naturally occurring heteropolymer lignin, and as such,
mechanistic insights to this reaction could be crucial to using
lignin as a renewable source of fuels and chemicals. As lignin
can comprise up to 30−40% of the plant cell wall depending on
the feedstock,25,26 and, despite many technical challenges
regarding its isolation and utilization, there is significant
incentive to elucidate new reaction mechanisms for decon-
structing lignin for designing biofuel processes.27,28 While there
have been a number of recent reports regarding the selective
deconstruction of lignin model compounds using molecular
ruthenium,22 vanadium,29−31 cobalt,32−34 titanium,35 and nickel
catalysts,36,37 there remains much work to be done in this
exciting and burgeoning field.

Here, we apply density functional theory (DFT) calculations
and experimental kinetics measurements to elucidate the
mechanism of the Ru-xantphos-catalyzed reaction of 2-
phenoxy-1-phenylethan-1-ol (1) to acetophenone and phenol,
first reported by Nichols et al.22 To begin, we discuss the
computational approach used in detail. Next, we discuss the
catalytic mechanism of conversion of 1 to 9 and 11 as shown in
Scheme 1 above, including the dehydrogenation step to form a
ketone intermediate, the C−O bond cleavage step, and the
hydrogenation and elimination steps to form the products.
Then, we outline the overall set of catalytic cycles suggested
from the DFT calculations. We conclude with experimental
results regarding the kinetic parameters of the reaction.

■ RESULTS AND DISCUSSION

Computational Studies and Mechanistic Elucidation
Using DFT. The deconstruction of 2-phenoxy-1-phenylethan-
1-ol (1) was modeled with DFT calculations with Gaussian
0938 using the M06-2X functional of Zhao and Truhlar.39 M06-
2X is a hybrid meta-generalized gradient approximation (meta-
GGA) density functional which, through the inclusion of a local
spin kinetic energy density term in the exchange-correlation

Scheme 1. Proposed Mechanism for the Catalytic Deconstruction of 1 by [Ru]H2
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functional, has been shown to be effective at modeling
thermochemical and kinetic parameters, particularly where
nonlocal dispersion interactions play a role.40−44 In reactions
involving changes in C−C bonding such as the aldol, Mannich,
and α-aminoxylation reactions, Houk and co-workers have
shown that M06-2X largely avoids systematic errors in barrier
heights and reaction energies of up to 10 kcal/mol present with,
for example, B3LYP.45 Zhao and Truhlar have performed a
comprehensive study of the catalytic cycle for Grubbs second-
generation Ru-catalyzed olefin metathesis, finding that the

M06-2X and M06 functionals were among the best tested:
averaging over the entire catalytic cycle M06-2X and M06 give
mean unsigned errors relative to CCSD(T) of 4.1 and 1.2 kcal/
mol, respectively, while the error for the widely used B3LYP
functional was 11.0 kcal/mol.46 Below, we report energetics
computed with M06-2X. However, the M06 functional (in
which the percentage of Hartree−Fock exchange is halved in
relation to M06-2X) gives very similar results for the catalytic
cycles examined here as described in the Supporting
Information, Figures S1 and S2. In addition, the optimized

Figure 1. Gibbs free energy diagram for the dehydrogenation of 1 to 5, with the dissociation of 5 to form [Ru] and 6 shown as well. Enthalpies for
each state are shown in parentheses. (a) Free energy landscape with an axial configuration of the substrate relative to the catalyst. (b) Free energy
landscape with an equatorial configuration for the substrate relative to the catalyst.
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geometry of catalyst [Ru]H2 with M06-2X shows good
agreement with the X-ray crystallographic values4 of key Ru−
P and Ru−C distances as shown in Supporting Information,
Figure S3. All subsequent optimizations were performed at the
M06-2X/6-31G(d) level of theory, also using the LANL2DZ
double-ζ valence basis set and associated effective core
potential (ECP) to describe Ru.47 Single point energies were
computed on all optimized geometries with the larger 6-311+
+G(d,p) and LANL2DZ basis sets.48 A fine grid density was
used for numerical integration in all DFT calculations.
Harmonic vibrational frequencies were computed for all
optimized structures to verify that they were either minima
or transition structures, possessing zero imaginary frequencies
or one imaginary frequency, respectively. Each transition state
was further calculated by intrinsic reaction coordinate (IRC)
calculations to confirm that such structures indeed connect two
relevant minima.49−53 We attempted to locate the lowest
energy transition structure by optimizing from different starting
geometries; we tested all possible configurations by changing
the O−C−C−O dihedral angle of each substrate. Low energy
configurations are reported. Free energies were evaluated at 298
K including zero point vibrational energies. All structures are
depicted with CYLview.54 Effects on computed geometries and
energetics of the catalytic cycle were evaluated with single point
energies in a conductor-like polarizable continuum model55,56

(CPCM) of xylene solvation, which is the solvent used in the
kinetics experiments. The energies of intermediates and
transition structures closely match the gas phase results, and
the overall energetic span of the catalytic cycle is reduced by 2.4
kcal/mol from the gas phase value. As such, below we report
only gas-phase calculations for the investigated steps in the
catalytic cycle. For all cases, free energies and enthalpies are
reported in kcal/mol, and were calculated with M06-2X/6-
311++G(d,p)//M06-2X/6-31G(d) with LANL2DZ for Ru.
Unless otherwise stated, figures in the text quote free energies
and enthalpies computed at this level of theory.
In the studies from Nichols et al.22 and Wu et al.,23 the

authors propose a catalytic mechanism for Ru-xantphos action
on aryl-ether linkages. Here, we have expanded upon their
proposed mechanisms to incorporate the full suite of
hypothesized elementary steps, as shown in Scheme 1. Scheme
1 expands on the original mechanistic proposal for the catalytic
dehydrogenation of 1 to 5,4 the C−O bond cleavage and
reductive elimination steps from 5 to 9 and 11, and the order of
product release in the C−O bond cleavage steps, which are
reversed from the original proposal.22 As will be discussed
below, the steps presented in Scheme 1 represent the preferred
elementary steps, based on the DFT calculations. We also
compare alternative mechanisms for several components of the
overall cycle.
Scheme 1 begins with the loss of H2 to form [Ru], which

contains a labile PPh3 that can be lost during the reaction, as
reported previously.4 This (CO)Ru(xantphos) molecule was
proposed to be the catalytically active species by Wu et al. in
the hydrogenolysis of lignin model compounds.23 An incoming
substrate molecule 1 coordinates to [Ru] to form 2. Oxidative
addition of [Ru] across the O−H bond of 1 proceeds through
TS2−3 to form 3, which is followed by a β-hydride elimination
that proceeds through TS3−4 to generate 4. The reductive
elimination of H2 leads to 5. Molecule 5 can dissociate to form
6 and [Ru], or proceed through TS5−7 to form enolate 7 via a
C−O bond cleavage. TS5−7 is the key step in which the lignin
model fragment is deconstructed. A molecule of H2 can then

associate to 7 to form 8, which contains a side-on-bound H2
moiety. Release of phenol (9) occurs via TS8−10 to form 10,
which is followed by release of acetophenone (11) and
regeneration of [Ru] to restart the catalytic cycle. We discuss
the catalytic dehydrogenation, C−O bond cleavage, reductive
elimination, and product release portions of the catalytic cycle
separately below.
For each case discussed, we examined the configuration of

the substrates to the catalyst. We assigned the equatorial plane
of the catalyst as containing the two phosphine groups of the
xantphos ligand, and focused on substrate binding in an axial
fashion (i.e., trans to one of the −PPh2 groups) as illustrated in
the Supporting Information, Figure S4. These stereoisomers
were optimized for all intermediates and transition states along
the entire catalytic cycle, as described below.

Catalytic Dehydrogenation Reaction Pathway. Using
DFT, we examined both an axial and an equatorial bound
substrate, starting with 2. We were interested in elucidating the
kinetic trans effect imparted by CO or xantphos using DFT by
alternating substrate coordination in the axial or equatorial
positions, respectively. The free energy profiles for the
dehydrogenation of 1 to form 5 are shown in Figure 1a and
1b for the axial and equatorial cases, respectively.
Figure 1a shows the free energy landscape from DFT

calculations for axial coordination of 1 to [Ru], which is
thermoneutral (exergonic by 0.9 kcal/mol). Oxidative addition
of [Ru] across the O−H bond proceeds through TS2−3 ax to
form 3ax; the free energy of activation for this process is 24.4
kcal/mol. Subsequent β-hydride elimination to form a
ruthenium dihydride with a coordinated molecule of 6
(complex 4ax) is endergonic by 6.1 kcal/mol, and the activation
barrier for this process, which proceeds through TS3−4 ax, is
12.7 kcal/mol. Reductive elimination of H2 gas and formation
of complex 5ax is also endergonic (9.5 kcal/mol) and proceeds
through TS4−5 ax with a free energy of activation of 18.8 kcal/
mol. Dissociation of the substrate molecule 6 has no kinetic
barrier and is essentially reversible (endergonic by 2.3 kcal/
mol).
Figure 1b shows the free energy landscape from DFT

calculations for equatorial coordination of 1 to [Ru]. While this
coordination is reversible when 1 is coordinated axially,
coordination of 1 in an equatorial position is an endergonic
process (ΔG = 5.9 kcal/mol). The activation barrier for
oxidative addition of [Ru] across the O−H bond has a free
energy of activation of 31.0 kcal/mol, which is 6.6 kcal/mol
higher in free energy than the related step using an axial-bound
substrate. We hypothesize that this is due to the enhanced
reaction rate imparted by the configuration of the molecule
whereby the CO ligand is located trans to the substrate ligand.
Calculated transition structures such as TS2−3 eq, where electron
density is increasing at the metal center, are energetically
stabilized when a portion of that electron density is trans to a
ligand that can accept electron density into ligand antibonding
orbitals with π-pseudosymmetry such as CO.57 This effect is
also apparent with phosphine ligands, although it is attenuated
by donation of lone-pair electron density from the P-atom to
the metal center.58 A comparison of the calculated structures of
2eq and TS2−3 eq shows an increase in the Ru−CO distance
(1.832 to 1.951 Å), a decrease in the C−Ocarbonyl distance
(1.160 to 1.153 Å), and an increase in the C−Ocarbonyl
stretching frequency (2057 to 2080 cm−1) from 2eq to
TS2−3 eq, respectively. This is indicative of a stabilizing “push-
pull” interaction between donor alkoxy and acceptor CO ligand
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present when the substrate is axially bound.59−63 Because the
free energy of activation of TS2−3 is lower when 1 is bound
axially (TS2−3 ax), we propose that this is the preferred substrate
coordination mode (i.e., when 1 is trans to CO).
The optimized geometries of 2ax−5ax for the preferred axial

configurations and the related TS2−3 ax−TS4−5 ax are shown in
Figure 2. Complex 2ax contains an axial CO ligand and the
xantphos moiety is arranged in an equatorial fashion about the
Ru center, with the phenyl groups of the phosphine arms
oriented in the same direction as the CO ligand and the
xantphos backbone oriented in the opposite direction. This
allows for coordination of the substrate molecule 1 in an axial
site that is trans to CO (∠OC−Ru−O-H = 167.3°). In this
arrangement, the Ru center is in close proximity to both the
protic hydrogen attached to the O-atom for oxidative insertion
as well as the hydridic hydrogen attached to the α-C-atom for
subsequent β-hydride elimination. TS2−3 ax depicts the oxidative
insertion of the Ru fragment across the O−H bond. Here, the
O-atom moves closer to the Ru center as the protic hydrogen is

abstracted and also moves closer. In complex 3ax, the alkoxide
and hydride moieties are bound to the Ru(II) center.
TS3−4 ax depicts the transition geometry for the β-hydride

extraction. In this step, a 4-membered transition state
containing Ru, the alkoxide-O, the Cα, and the related hydride
is formed, where the hydride is essentially equidistant from the
Ru and Cα. The Ru−H distances of 1.60 and 1.61 Å in complex
4ax agree well with the related Ru−H distances in the crystal
structure of [Ru]H2 (1.60 and 1.69 Å).4

The TS geometry for the reductive elimination of H2 gas
(TS4−5 ax) shows a lengthening of the Ru−H distances and a
contraction of the H−H distance. The Ru−H bond of TS4−5 ax
(1.74 Å) is slightly elongated compared to the dihydride
complex, 4ax (1.60 and 1.61 Å, respectively). The H−H
distance of TS4−5 ax of 0.91 Å belongs to the category of “true
H2 complexes” by the definition of Kubas et al.64 There is a
slight movement of the ketone substrate away from the Ru
center, which is accompanied by a slight twist of this ligand to
bring the face of the B-ring of the substrate closer to the Ru

Figure 2. M06-2X/6-31G(d) (LANL2DZ for Ru) optimized structures of intermediates and transition structures for dehydrogenation of 1 in the
axial binding configuration with selected hydrogen atoms omitted for clarity and selected bond distances in Å. Free energies are given in kcal/mol.
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center. Elimination of H2 results in the formation of 5ax, which
contains a Ru−O bond of 2.29 Å. The formal oxidation state of
the metal changes from Ru(II) to Ru(0). Complex 5ax is
apparently a thermodynamically stable 16e− complex with a
disphenoidal “see-saw” geometry. There do not appear to be
any additional agostic interactions between the Ru center and
any proximal C−H bonds. Generation of highly reactive,
unsaturated intermediates such as 5ax has been previously
proposed as an explanation for the exceptional reactivity of Ru-
hydride catalyst species in the dehydrogenation and decarbon-
ylation of alcohols.65 Overall, the catalytic dehydrogenation of 1
(i.e, [Ru] + 1 → [Ru] + 6 + H2) is somewhat endergonic (9.5
kcal/mol), which is in good agreement with experimental

evidence that shows that the acceptorless dehydrogenation of
alcohols are typically endergonic processes which are driven to
completion by a tandem exergonic process.66

Mechanism of Catalytic C−O Bond Cleavage. Follow-
ing dehydrogenation of the alcohol substrate 1, the catalyst
promotes a reductive cleavage of the α-aryloxy C−O bond
using the H2 formed previously. DFT calculations were
performed to investigate the fate of complex 5 to establish
the likely mechanism of the subsequent steps to form
acetophenone and phenol products. Notably, oxidative addition
of the Ru catalyst into the Cα−O bond was found to occur via a
novel concerted 5-membered transition structure, which
neither resembles the concerted 3-membered nor the stepwise

Figure 3. Possible mechanisms considered for the C−O insertion reaction of 5. (a) Pathways for concerted oxidative addition of Ru across the C−O
bond shown in both an axial (blue) and equatorial (green) configuration for the substrate, 5. For all cases, free energies and enthalpies (parentheses)
are reported in kcal/mol. (b) Potential transition structures for C−O activation leading to O- and C-bound M−enolates. Optimized structures of the
O-bound TS5−7 ax (5 membered TS). Hydrogen atoms omitted for clarity. Bond distances are given in Å.
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SN2 transition structure usually found for oxidative insertions of
metal catalysts into C−X bonds.67 The extent of C−O bond
distortion in this TS is significantly less than for the analogous
3-membered oxidative insertion and is thus kinetically preferred
over the possible alternative reaction pathways that could
potentially occur instead. The preferred mechanism for the C−
O activation pathway, which proceeds via a 5-membered
transition structure, is presented in Figure 3.
We were able to successfully locate two transition structures

corresponding to the concerted oxidative insertion of the
catalyst into the C−O bond, TS5−7, differing in the axial or
equatorial positioning of the substrate with respect to the
catalyst. The free energy of activation for this step is 22.4 kcal/
mol for the axial case (TS5−7 ax) and 23.0 kcal/mol for the
equatorial case (TS5−7 eq) from the respective bound substrate
configurations. As mentioned above, the geometry of TS5−7 is
unusual since the insertion takes place via a five-membered
cyclic transition structure. In contrast, the oxidative insertion of
transition metal catalysts via either concerted three-centered
transition structures or a stepwise SN2-recombination process
have been explored extensively with DFT calculations.67

Rather, in TS5−7 ax the metal is coordinated to both oxygen
atoms forming a five-membered cyclic structure, as shown in
Figure 3. This transition structure leads directly (following the
IRC) to the oxygen bound Ru−enolate shown in Figure 3. We
posit that this type of geometry for an oxidative insertion
transition structure will be accessible (and possibly energetically
preferable) wherever the C−X bond is vicinal to a carbonyl or
functional group equivalent (e.g., imine). We also optimized
the structure of a C-bound enolate, 7a, which is 10.4 kcal/mol
more stable. This is the expected product from a conventional
3-membered oxidative insertion into the C−O bond, although
here such a transition structure could not be located. Instead,
the O-bound enolate is formed first, which may then be able to

interconvert to the more stable C-bound form. Interconversion
between isomeric enolates could occur via an η3-bound
intermediate, although attempts to optimize this putative
transition structure were unsuccessful. Anderson and Bergman
have previously characterized (by 1H, 13C, and 31P NMR
spectroscopy) both C- and O-bound acetone Ru-enolates, and
shown equilibration to occur over a wide temperature range of
5−60 °C.68,69 More recently in the aldol additions of Ru-
enolates to aldehydes, the C-bound Ru(II)−enolate form was
observed spectroscopically but found to be catalytically inactive,
suggesting this intermediate is a catalyst resting state while the
O-bound form is necessary for the reaction to progress.70 Our
computational findings support this idea: we computed the
subsequent reductive elimination steps proceeding via C- and
O-bound enolate forms, finding the O-bound enolate to be
more reactive toward these steps, as shown in Supporting
Information, Figure S5.

Observations of Catalyst Selectivity. In addition to the
experimentally observed C−O activation pathway,22 we also
investigated the potential competing mechanism via an initial
C−H oxidative insertion step (rather than C−O oxidative
insertion) from 5ax, as shown in Figure 4. Aryl ethers have been
observed to react with RuH2CO(PPh3)3, undergoing kinetically
favored aryl C−H insertion, while C−O insertion was
thermodynamically preferred.71 In addition, Ru(H)2(CO)-
(PR3)3 has been shown to catalyze the addition of the ortho-
C−H bond of benzaldehyde to ethylene.72 To understand the
successful C−O reductive cleavage in 5ax, it is thus important to
characterize competing pathways. The sequence of steps in
which oxidative C−H addition is followed by α-aryloxy
elimination to give the Ru−alkylidene 7c were considered. A
subsequent 1,2-migration of a hydride from Ru to the carbene
gives the O-bound product 7b. Both the C−H bond addition
TS5−7b and the C−O bond cleavage TS5−7c (a three-

Figure 4. Pathway for C−H oxidative insertion, Ru-alkylidene formation, and hydrogen migration.
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Figure 5. Gibbs free energy (and enthalpy) diagram for hydrogenation and reductive elimination steps (blue and cyan represent phenol or
acetophenone release first, respectively). Enthalpies for each state are shown in parentheses.

Figure 6. M062X/6-31G(d) (LANL2DZ for Ru) optimized intermediates and transition structures for the C−O bond hydrogenolysis of 6. Selected
hydrogens have been omitted for clarity. Bond distances are given in Å. Energies are given in kcal/mol calculated with M06-2X/6-311++G(d,p)//
M06-2X/6-31G(d) with LANL2DZ for Ru.
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membered transition structure) show much higher activation
barriers (39.6 and 43.1 kcal/mol, respectively) than the
concerted C−O insertion pathway (TS5−7 ax, 29.6 kcal/mol).
Thus the observed selectivity for C−O activation results from a
pronounced kinetic preference over the C−H activation
pathway. Additionally, we computed the activation barrier for
the oxidative insertion of Ru into the C(sp2)−O bond, since
activation of phenyl ether C−O bonds has been observed
experimentally.73 With a computed barrier of 39.6 kcal/mol, the
3-membered transition structure for this process is much higher
in free energy than C(sp3)−O insertion and hence is highly
kinetically disfavored. Therefore we conclude that the observed
C(sp3)−O activation results from a kinetic preference over
competing C−H insertion; this preference is due to the relative
stability of TS5−7 ax, which maintains strong Ru−O contacts via
a five-membered cyclic structure. Given a strong C(sp3)−O
bond must be broken (the homolytic bond dissociation energy
in the parent alcohol 1 is ca. 70 kcal/mol at the CBS-QB3
level),74 the five-membered transition structure minimizes
lengthening of the breaking C−O bond relative to the three-
membered structure.
Hydrogenation and Reductive Elimination to Form

Phenol and Acetophenone. Lastly, we investigated the steps
to hydrogenate the acetophenone and phenol precursors after
C−O bond cleavage. The results are presented for the O-bound
enolate 8ax, which immediately results from the prior oxidative
insertion step and coordination of H2. While the C-bound
enolate is more stable, the ensuing barriers for reduction to
form the two products were also higher (Supporting

Information, Figure S5), and so we focus our attention on
the more reactive intermediate 8ax.
While the order of product release was originally proposed to

occur via the successive reductive eliminations of acetophenone
(11) followed by phenol (9), we considered the feasibility of
both orders of product release. Figure 5 shows the DFT
computed reaction coordinate for this sequence of steps in the
catalytic cycle for both possibilities. The first reductive
elimination occurs through a σ-bond metathesis type transition
structure, in which dihydrogen adds across either Ru−ligand
bond. These barriers show little preference for the release of
either phenol or acetophenone first. However, the subsequent
reductive elimination step is much more facile for release of
acetophenone (with an activation barriers of 22.5 kcal/mol vs
35.1 kcal/mol for the release of phenol in this step). Thus, our
calculations suggest that the successive release of phenol
followed by acetophenone is instead the favored pathway. Wu
et al. also recently reported experimental findings that support
this order of product release.23

The optimized geometries of 7ax, 8ax, and 10ax as well as the
related TS8−10 ax, and TS10‑[Ru] ax are shown in Figure 6.
Complex 7ax contains a phenoxide and an O-bound enolate,
and coordination of a molecule of H2 in a side-on fashion yields
8ax, in which the O-bound enolate is trans to the CO ligand and
the H2 ligand and phenol are arranged trans to the
bisphosphine via an η2-H2 complex. The two hydrogen atoms
that coordinate after insertion of molecular H2 interact at an
H−H distance of 0.75 Å, which is close to isolated H2 (0.74
Å).64 From 8ax, the release of phenol proceeds through
TS8−10 ax, whereby the heretofore symmetrically η2-bound H2

Figure 7. Free energy diagram for the entire catalytic cycle for the axial (blue) and equatorial (green) isomers. The final activation energy barrier is
shown in a shadowed box based on the preferred pathway. Enthalpies for each state are shown in parentheses.

ACS Catalysis Research Article

dx.doi.org/10.1021/cs400110r | ACS Catal. 2013, 3, 963−974971



ligand rotates inward toward the Ru center while the phenoxide
ligand moves away from Ru. This arrangement allows for the
release of 9 and the formation of 10ax, which contains a π-
bound enolate ligand. The final reductive elimination of
acetophenone (11) occurs via TS8‑[Ru] ax, which contains a 5-
membered transition state consisting of a Ru metallacycle.
Subsequently, the catalytic species [Ru] is regenerated and the
catalytic cycle can restart. Overall, the C−O bond cleavage of 1
is exergonic by 12 kcal/mol.
Overall Reaction Pathway. As discussed above, we

considered the stereochemistry at the Ru center throughout
the entire cycle. Figure 1 suggests that the dehydrogenation
step will occur through axially coordinated species to form 5ax
from 1 and [Ru]. Figure 7 shows the free energy landscape for
the entire reaction cycle with the substrates in the axial isomer
from 1 to 5ax, and both the axial and the equatorial
coordination pathways for the C−O bond cleavage step.
Murdoch has described a manner for determining the rate-
limiting step for a multistep reaction,75 and Kozuch and Shaik
subsequently introduced convenient terminology to describe
the relevant rate-determining transition states of a multistep
reaction, dubbed the energetic span model.76 Since a given
catalytic cycle occurs a number of times, the apparent activation
energy of the reaction depends on the largest energetic gap
between any given transition state and any given intermediate,
regardless of which occurs first. As a result, the energetic span
model can be applied to determine the apparent free energy of
activation based on the so-called turnover-frequency-(TOF)-
determining transition structure (TDTS) and the TOF-
determining intermediate (TDI). For the case where the entire
cycle goes from 1 to 9 and 11 via the axial coordination, the
activation energy term which limits the TOF of the catalyst uses
TS5−7 ax and 3ax, in which case ΔG(TDTS) − ΔG(TDI) = 29.6
− (−8.4) = 38 kcal/mol. If we assume the axial-to-equatorial
isomerization of 5 to be rapid or if we assume that 5 can
dissociate to 6 easily (as shown in Figure 1), then these two
mechanisms can be mixed.77 The axial and equatorial isomers
can interconvert at complex 5, since the axial isomer has a lower
energy barrier for the dehydrogenation step (from complex 2ax
to TS4−5 ax), while the equatorial isomer has a lower energy
barrier in subsequent C−O bond cleavage steps (from complex
5eq to TS8‑[Ru] eq) as shown in Figure 7. Therefore, the TDI
(TS2−3 ax from the axial isomer, shown in blue) and the TDTS
(7eq from the equatorial isomer, shown in green) correspond to
the most stable intermediate and transition structure along the
reaction coordinate based on the Curtin−Hammett principle.78

As a result, the final rate-limiting activation energy barrier is
G(TDTS) − G(TDI) + ΔGrxn = 23.5 − (−21.6) − 12.0 = 33.1
kcal/mol from the preferred axial to equatorial pathway.
Experimental Kinetics of Model Dimer Conversion.

The mechanism elucidated by DFT calculations as summarized
in Figure 7 involves a Ru-catalyzed C−O bond reduction of 1
to yield monomeric products of acetophenone and phenol
through a key intermediate 5. To identify putative inter-
mediates in their previous study, Nichols et al. showed that 6
can undergo reductive C−O cleavage to yield 9 and 11,
suggesting that the ketone species 6 is a key intermediate.22

Additionally, the DFT calculations suggest two primary
pathways for the reaction of 1 to 9 and 11: one in which C−
O bond cleavage is direct from 1 to 9 and 11 without the
dissociation of 5, and one in which compound 5 dissociates to
form 6 and [Ru], and as such, both mechanisms were

considered in the comparison of the theoretical predictions to
the experimental measurements.
We monitored the change in concentration with respect to

time at 130 °C of starting material 1, product 9, and the key
intermediate 6 with GC/MS. Because the reaction shown in
Scheme 1 evolves H2, which is later used up as a stoichiometric
reactant, we required a reactor system that could contain H2.
We found Teflon-stoppered screw-cap glass reactor tubes ideal
for this application. Unfortunately, the use of such reactors
precludes the ability to sample the reaction directly for GC/MS
analysis during the course of each reaction, as any small loss of
H2 gas during the sampling process would necessarily prevent
the reaction from proceeding to completion. As such, we
devised a scheme that involved making a stock reaction solution
at room temperature, separating it among a number of reactor
tubes, and running each reaction in parallel at temperature.
Then, we could quench each reaction at a specified time point
and collect concentration data for that time point using GC/
MS. This method proved effective for gathering concentration
data as a function of time, and the average of four experimental
measurements is shown in Figure 8 (solid markers). Additional

experimental details are provided in the Supporting Informa-
tion. We then used COPASI79 to conduct kinetic simulations to
fit these experimental data to various mass action kinetic
models, and those fits are shown with the experimental data in
Figure 8 with the elementary rate constants, k1, k2, and k3
shown in the inset. We found that a mass action kinetic model
that employs a direct conversion of 1 to 9 and 11 and an
explicit treatment of the dissociation step to form 6 with first
order kinetics for each species best models the experimental
data. We note that kinetic models of the form 1 → 9 + 11, 1→
6 → 9 + 11, and models of the same form where the reactions
are in equilibrium do not adequately fit the experimental data.
Only a model wherein we consider an explicit dissociation and
a direct path from 1 to 9 and 11 yielded reasonable fits to the
kinetic data.

Figure 8. (b) Plot of concentration of 1, 6, and 9 (red, green, and blue,
respectively) as a function of time for the reaction given by (a).
Reaction conditions: [1]0 = 0.10 M. The solid lines are the kinetic fits
using COPASI. The rate constants for the reaction are shown in the
inset. Each data point represents the average of 4 independent
measurements.
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The experimental results shown in Figure 8 suggest that the
rate constant for the direct conversion of 1 to 9 and 11 is only
slightly higher than that of the pathway wherein 6 is able to
dissociate from the catalyst. Given the similarity in the rate
constants here, the flux through each pathway will likely be
similar. To compare the experimentally measured activation
barriers to the barriers computed from DFT, we used the
Eyring equation. Using k1 or k2 yields ΔG⧧ = 30.34 ± 0.04 or
30.58 ± 0.06 kcal/mol, respectively. This activation barrier
measured experimentally is within less than 3 kcal/mol of the
computed free energy of activation (33.1 kcal/mol) from the
rate-limiting pathway, which is within the expected error of
DFT calculations of 1−3 kcal/mol.

■ CONCLUSIONS

Using DFT calculations, we were able to elucidate a number of
mechanistic, kinetic, and thermodynamic parameters for the
hydrogenolysis of C−O bonds that are relevant to biomass
deconstruction using a Ru-xantphos catalyst.22 First, we
determined that coordination of 1 to [Ru] in an axial fashion
is kinetically preferable to that in an equatorial fashion (ΔG⧧

ax

= 24.4 kcal/mol, ΔG⧧
eq = 31.0 kcal/mol). In addition, we were

able to determine that interconversion between a C- and O-
bound enolate structure is thermodynamically accessible; while
the C-bound enolate is thermodynamically more stable, the O-
bound enolate is required for the reaction to proceed to
completion. Furthermore, we concluded that the C−O bond
cleavage step proceeds via an oxidative C−O bond addition and
not the related oxidative C−H bond addition, since the former
is kinetically favored over the latter (ΔG⧧

C−O = 29.6 kcal/mol,
ΔG⧧

C−H = 43.1 kcal/mol). Related to the aforementioned, we
were able to locate a transition structure for the C−O bond
cleavage of 1 that includes an unprecedented 5-membered
metallacycle, in contrast to an anticipated 3- or 4-membered
transition structure. Finally, we were able to ascertain a
preference for the release of phenol (9) before acetophenone
(11) in the catalytic cycle: while there is little kinetic preference
for the release of either phenol or acetophenone first, the
ensuing step is much more facile for release of acetophenone
than for phenol (ΔG⧧

11 = 22.5 kcal/mol, ΔG⧧
9 = 35.1 kcal/

mol).
Along with a thorough DFT study, we experimentally

determined the rate constants of this reaction by monitoring
the concentration of all of the reactants and products using
GC/MS. This allowed us to fit our experimental data based on
the reaction steps and determine the rate constants for those
steps. We were also able to compare the rate constant (and
subsequent free energy of activation) of the first (first-order)
step, namely, the catalytic acceptorless dehydrogenation of our
substrate alcohol to the corresponding ketone. The exper-
imentally determined free energy of activation (30.3 kcal/mol)
compares favorably with that determined by DFT calculations
(33.1 kcal/mol).
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