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ABSTRACT: The catalytic mechanism for oxidizing alcohols
to carboxylate in basic aqueous solution by the bipyridine-
based ruthenium complex 2 (BIPY-PNN)Ru(H)(CI)(CO)
(Nat. Chem. 2013, S, 122) is investigated by density functional
theory (DFT) with the ®B97X-D functional. Using water as
the oxygen donor with liberation of dihydrogen represents a
safe and clean process for such oxidations. Under NaOH, the
active catalyst is 3 (BIPY-PNN)Ru(H)(CO). Four steps are
involved: dehydrogenation of alcohol to aldehyde (Step 1);
coupling of aldehyde and water to form the gem-diol (Step 2);

—P'Bu,
Z
4 N—llz{—co
= N/
7N

catalyst

dehydrogenation of gem-diol to carboxylic acid (Step 3); and deprotonation of carboxylic acid to carboxylate anion under base
(Step 4). The dehydrogenations of alcohol (Step 1) and gem-diol (Step 3) prefer the double hydrogen transfer mechanism to the
B-H elimination mechanism. The coupling of aldehyde and water (Step 2) proceeds through cleavage of water by catalyst 3
followed by concerted hydroxyl and hydrogen transfer to the aldehyde. The formation of the carboxylate anion occurs via direct
deprotonation of the carboxylic acid under base (Step 4), while in the absence of base a stable carboxylic acid-addition complex 6
was formed. Added base was found to play important roles in the generation of catalyst 3 from both the stable carboxylic acid-
addition complex 6 and its chloride precursor complex 2. The chemoselectivity for the formation of carboxylic acid rather than
ester is ascribed to the favorable cleavage of water and the subsequent generation of the stable carboxylate anion that leads to

carboxylic acid upon acidification.

1. INTRODUCTION

Catalytic oxidation of alcohols to produce carboxylic acids
represents an important process in the synthesis of bulk and fine
chemicals. Most of the traditional methods for this trans-
formation require expensive and nonatom-conserving toxic
oxidizing agents (e.g,, iodate, chlorite, or chromium agents),
generating abundant waste.' Recently, cleaner and more efficient
oxidations that use dioxygen or hydrogen peroxide as agents have
made some progress.” However, the highly pressurized dioxygen
that is required for efficient transformations is problematic, and
additional sacrificial hydrogen acceptors such as ketone and
dimethylsulfoxide (DMSO) are often needed, impeding further
development in this area.’ Therefore, greener and more
economical methods for the synthesis of carboxylic acids and
their derivatives from alcohols are in demand. An attractive
approach toward this transformation is to use water as the oxygen
donor with liberation of hydrogen gas. Such a conversion has
been reported with heterogeneous catalysts at high temperature
(320 °C);* a related reaction was only marginally catalytic under
nitrogen at 160 °C.*" In the first report of this homogeneous
catalysis using water and producing H,, Milstein and co-workers
show that the reaction proceeds with high turnovers and high
yields under mild conditions.®

Previously, Milstein and co-workers designed a series of pincer
ruthenium complexes that exhibit high catalytic activity for o-
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bond (X—H, X =H, C, O, and N) cleavage and new bond (X—C,
X = O and N) formation.® For example, the ruthenium
complexes in Figure 1 are reported to catalyze the dehydrogen-
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Figure 1. Ruthenium complexes designed by Milstein and co-workers.

ative coupling reactions of alcohols with themselves or amines to
produce esters and amides, respectively.” They are also used to
perform hydrogenation of carbonates and carbamates, which
provides an indirect way to transform CO, to methanol,
representing an important C, conversion.® Furthermore,
complex 1 was reported to split H,O into O, and H,, an
important development in renewable energy research.” Recently,
the same group has developed another remarkable utilization of
the ruthenium complexes, where complexes 2 and 3 were
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Scheme 1. Hydrogen Activation under the Catalyst Model Cat™!
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reported to catalyze the conversion of alcohols and water to
carboxylic acid salts in basic solution.” The subsequent acid
extraction produces the carboxylic acids. The only byproduct of
this reaction is hydrogen gas. Remarkably, water acts as both the
oxygen donor and reaction medium in this transformation, and
no additional hydrogen acceptors are needed. In contrast with
the previous study of the synthesis of esters from alcohols
catalyzed by complex 1,”* no trace of ester was observed in this
reaction. Furthermore, Bronsted basic media (NaOH) is
required to reform the catalyst.>

The importance of this reaction and its remarkable character-
istics inspired us to conduct computational studies on the
catalytic mechanism, because the understanding of catalytic
reaction mechanisms can help researchers to improve current
and develop new catalysts and reactions. Although a mechanism
was proposed and DFT calculations were performed on a few
intermediates, transition states and alternative pathways were not
investigated. Herein, we investigated this reaction in detail,
examined alternative mechanistic steps, and collected the most
favorable pathways into a single mechanism. The catalytic role of
related ruthenium complexes was greviously studied with DFT
calculations by several groups.'®™'® The reactivity of the pincer
complexes is found to originate from their novel metal—ligand
cooperative effect that is based on the ligand’s noninnocence,
which allows transformation of the central pyridine ring to
change its aromaticity while changing the bonding to the metal.

2. COMPUTATIONAL DETAILS

Calculations were conducted by using the Gaussian 09 programs'” with
@B97X-D functional.'® This functional contains both exchange and
dispersion corrections that play important roles in correctly describing
both bond changes and weak interactions. The relative electronic
energies of this functional are calibrated against the CCSD and
CCSD(T) results. The caliberation was conducted by calculating the
hydrogen activation under the catalyst model Cat™%! (Scheme 1).
Geometries were optimized in the gas phase with the wB97X-D
functional at the BS1 level, all-electron 6-31G(d,p) for nonmetal
atoms'® and SDD for Ru.*® The key word “int=ultrafine” with a pruned
(99,590) grid was used to optimize large molecules with many soft
modes such as methyl rotations, making such optimizations more
reliable. Using these geometries, single point calculations were
conducted at the BS2 level, all-electron 6-31++G(d,p) for nonmetal
atoms”' and SDD for Ru. Using the Molpro program,* single point
calculations with CCSD and CCSD(T) functionals were performed at
the BS3 level, all-electron 6-311++G(d,p) for nonmetal atoms and aug-
cc-pVTZ-PP for Ru. For this model reaction, which is representative of
many of key steps in the mechanism, the @B97X-D functional produces
results very close to those from CCSD and CCSD(T) (Table 1).
Geometries of all intermediates and transition states in the
mechanistic study were also optimized in the gas phase at the BS1
level with the key word “int=ultrafine”. Water (solvent) is considered to
play important roles in the deprotonation processes under OH™
(Figures 11 and 13) ;2 thus, the same functional and basis set but in
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Table 1. Energy Results for the Hydrogen Activation with
Different Functionals®

functionals Iso™mode! Tt Pro™od!
wB97X-D/BS2//wB97X-D/BS1 0.1 10.9 —-20.5
CCSD/BS3//wB97X-D/BS1 0.1 12.5 —20.9
CCSD(T)/BS3//wB97X-D/BS1 0.1 9.6 217

“Values in the table are electronic energies in kcal/mol relative to the
separate Cat™®! and H,.

water (£=78.3553) with the SMD solvent model* was used to optimize
the involved geometries. Harmonic vibrational frequencies were
calculated to identify intermediates with no imaginary frequency and
transition states with only one imaginary frequency. The harmonic
frequencies obtained after geometry optimizations were used for the
thermal and entropic corrections for enthalpies and free energies at 298
K and 1 atm. On the basis of the optimized geometries in gas phase or
water, the energetic results were further refined by single-point
calculations with the SMD solvent model (in water) by using the
same functional @B97X-D, but with the higher-level basis set, BS2. An
adjustment for 1 atm to 1 M standard-state concentration of RT
In(24.5), that is, 1.9 kcal/mol, was used for all the species in aqueous
solution except for water itself, for which the adjustment for 1 atm to
55.6 M standard-state concentration of RT In(55.6), 4.3 kcal/mol, was
employed (see the Supporting Information).? Solvation free energies
were added to the free energies with the above adjustments for the
standard-state concentration and the enthalpies at the higher-level basis
set BS2 to produce the AG[AH] reported here. Some species in this
study were found to optimize in more than one geometry, and the
geometry used here is the most favorable one. The JIMP2 molecular
visualizing and manipulating program was employed to draw all the 3D
molecular structures involved in this study.>” The Ru—CO bond order is
greater than 1.0, and the software shows the bond as a double bond.

3. RESULTS AND DISCUSSION

In a catalytic reaction, the electronic and geometric structures of
both catalyst and substrates have significant influences on the
catalytic reactivity. Thus, it is preferable to use the active catalyst
and substrates as are done here rather than truncated models in
the calculations. Various alphatic and aromatic alcohol substrates
were used in the experiment with the reaction yields varying from
61% to 91%.° Among them, eq 1 was chosen as a representative
catalyst 2 or 3 0.2mol%

AN OH H,0 / reflux / 18h / NaOH _

o (o]

HCI
Qe e (1)
- extraction
¢} OH

reaction in this study, because it has a high yield (80%) and the
substrate n-butyl alcohol is relatively small, thereby reducing the
computational cost.
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Scheme 2. Several Species Involved in the Catalysis
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Figure 2. Overall four-step mechanism for the formation of the carboxylate anion from alcohol and water.

On the basis of their experimental work, Milstein and co-
workers proposed a mechanism that involves several species
generated during the four steps in Scheme 2: alcohol
dehydrogenates to generate aldehyde (Step 1); aldehyde couples
with water to form gem-diol (Step 2); gem-diol dehydrogenates
to give carboxylic acid (Step 3); and carboxylic acid deprotonates
to afford carboxylate anion under base (Step 4). The species,
aldehyde, gem-diol, and carboxylic acid, were also proposed as
short-lived intermediates for other similar reactions.***®
However, in examining some obvious transition states for these
steps, high barriers were found. Thus, we undertook a
computational examination of the reaction mechanism to find
lower-barrier steps. In addition, we used these steps to explain the
labeling experimental results, where both oxygen atoms of the
carboxylate anion originate from water.

The details of the four-step mechanism are described in
section 3.1 by presenting key transition states and intermediates.
Inspired by the mechanism for the generation of catalyst 3 from
the carboxylic acid-addition complex under base, the mechanism
for the formation of catalyst 3 from its precursor chloride
complex 2 under base is explained in section 3.2. The
chemoselectivity for the formation of carboxylic acid over ester
is discussed in section 3.3.

3.1. Four-Step Mechanism for the Generation of
Carboxylate Anion from Alcohol. The proposed four-step
mechanism (Scheme 2) is somewhat similar to the mechanism
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for the formation of amides from primary alcohols and amines
catalyzed by complex 1, which produces hemiaminal as an
intermediate by coupling amine with aldehyde.'® However, the
details of the two mechanisms are different.

Figure 2 shows the overall four-step mechanism for the
formation of the carboxylate anion from alcohol and water with
the active catalyst 3. The catalyst first dehydrogenates alcohol to
aldehyde and forms the trans-dihydride ruthenium complex 4,
which releases hydrogen to regenerate catalyst 3 (Step 1). The
dehydrogenation of alcohol to aldehyde is always considered as
the first step of coupling reactions that use alcohol as a
substrate.” In Step 2, water adds to catalyst 3 to form complex 5,
followed by the concerted transfer of the hydroxyl group and
hydrogen atom from complex $ to aldehyde, leading to gem-diol
with regeneration of catalyst 3. It should be noted that the gem-
diol with two labeled oxygen atoms might seem to be
inconsistent with the product formed directly from complex §
and aldehyde where there is only one labeled oxygen atom. The
apparent discrepancy is due to exchange with the high
concentration of labeled water, and the details will be addressed
in section 3.1.3. Subsequently, the gem-diol dehydrogenates to
form carboxylic acid and the trans-dihydride ruthenium complex
4, which then releases hydrogen to reform catalyst 3 (Step 3).
This step is similar to Step 1. In Step 4, the carboxylic acid
deprotonates to carboxylate anion directly under base. In the
absence of base, the carboxylic acid adds to catalyst 3 to give the
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Figure 3. Energy profiles for the dehydrogenation of alcohol via the double hydrogen transfer mechanism (solid line) or the -H elimination mechanism

(broken line).

ruthenium complex 6, followed by deprotonation to form the
carboxylate anion with regeneration of catalyst 3 when base is
added (Step 4'). The computed results for these steps are
discussed in the following subsections, respectively.

3.1.1. Dehydrogenation of Alcohol to Aldehyde. Figure 3
shows the energy profiles for the dehydrogenation of alcohol via
two mechanisms: the double hydrogen transfer mechanism
(solid line) and the 5-H elimination mechanism (broken line).
Optimized geometries of selected intermediates and transition
states are shown in Figure 4.

In the double hydrogen transfer mechanism (solid line in
Figure 3), the proton on O first transfers to the C=C bond (on
the —P(‘Bu), ligand) via transition state TSI, leading to an
intermediate, 7. Subsequently, the hydride transfers to the
ruthenium center via transition state TS2, generating the trans-
dihydride complex 4 with liberation of the aldehyde. Relative to
the separate catalyst 3 and n-butyl alcohol, the barriers for
transition states TS1 and TS2 are 12.6[—0.8] and 9.7[—3.5]
kcal/mol, respectively. In this path, proton transfer is the rate-
determining process, and then intermediate 7 rapidly undergoes
hydride transfer to generate the aldehyde. The trans-dihydride
ruthenium complex 4 and aldehyde are 2.8[1.8] kcal/mol above
the separate catalyst 3 and n-butyl alcohol. In the optimized
geometry of catalyst 3 (Figure 4), the C=C bond on the
—P('Bu), ligand has a bond length of 1.38 A and the central
pyridine ligand has an alternating C—C and C=C bond,
showing the characteristics of dearomatization. In contrast,
complex 4 shows the characteristics of aromatization with the
C—C bond on the —P(‘Bu), ligand at 1.50 A, and the central
pyridine ligand with equal C—C bond. Thus, the transformation
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between dearomatization and aromatization plays an important
role in this process. In the proton transfer transition state TS1,
the breaking O—H bond is 0.44 A longer than that in free alcohol.
The agostic C—H---Ru bond interaction stabilizes intermediate
7, which shows a quite long C—H bond of 1.32 A. In the hydride
transfer transition state TS2, the breaking C—H bond is only 0.22
A longer than that in intermediate 7. Thus, TS2 is an early
transition state, consistent with the rapid hydride transfer
process.

The f-H elimination mechanism (broken line in Figure 3)
starts with the addition of alcohol to catalyst 3 over transition
state TS3 involving a water molecule as a proton shuttle. Relative
to the separate catalyst 3 and n-butyl alcohol, the barrier for the
transition state TS3 is 4.6][—12.9] kcal/mol, which is lower than
that (17.0[4.4] kcal/mol) for the direct O—H bond cleavage
transition state TS3’, implying that water as a proton shuttle
facilitates this process. Although a second alcohol could act as a
proton shuttle to slightly lower the barrier to 4.5[—18.6] kcal/
mol (TS3”), in the experimental system, hydrogen-bond
interactions between the solvent water and the mediator water
may further stabilize TS3.*® In contrast, the alcohol-mediated
transition state TS3” would not have such strong hydrogen-bond
interactions. Thus, water-catalyzed pathway should dominate
under these conditions. In the following discussions, only the
water-catalyzed pathway is reported, and the alcohol-catalyzed
pathway is considered for comparison purposes if necessary.
After TS3, the ruthenium alkoxide complex 8 is more stable by
2.7[14.4] kcal/mol than the separate catalyst 3 and alcohol.
Optimized geometries in Figure 4 are consistent with the above
discussions. In TS3, water functions as a proton shuttle with the
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Figure 4. Optimized geometries of selected intermediates and transition states involved in Figure 3. Key bond lengths are given in angstroms, and tert-
butyl groups are omitted for clarity. Additional optimized geometries are available in the Supporting Information.

breaking and forming O—H bond lengths at 1.34 and 1.41 A,
respectively. In complex 8, the central pyridine ring becomes
aromatic and there is a hydrogen-bond interaction between the
two atoms of the broken O—H bond (see Figure 4).

To undergo f-H elimination, an unsaturated 16e~ complex is
required to accept the eliminating f-C—H bond. Because Ru"—P
coordination is stronger than Ru""—N coordination, as shown in a
previous study,'® the terminal pyridine ligand in complex 8
dissociates to generate a vacant site on the ruthenium atom. The
transition state for this process is not shown in Figure 3, but its
barrier should be low, because the previous study of complex 1
shows that its —NEt, ligand dissociates easily.'®* Complex 9 with
the terminal pyridine ligand dissociated is less stable by
15.0[15.8] kcal/mol than complex 8. The barrier for the
subsequent f-H elimination transition state TS4 is 17.3[18.1]
kcal/mol relative to complex 8, and is 14.6[3.7] kcal/mol relative
to the separate catalyst 3 and n-butyl alcohol. In the optimized
geometry of TS4 (Figure 4), the eliminating C—H bond is
elongated by 0.47 A from that in complex 8. After TS4, complex
10 then proceeds via the dissociation of aldehyde, hydride
movement, and reassociation of the terminal pyridine ligand to
generate complex 4; these processes are not shown in Figure 3.
Opverall, the barrier for the -H elimination transition state TS4 is
higher by 2.0[4.5] kcal/mol than that for the rate-determining
transition state TS1 in the double hydrogen transfer mechanism.
Calculations of TS1 and TS4 by using other functionals, M06,
TPSS, and LC-wPBE, maintain the trend (see the Supporting
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Information). Therefore, the -H elimination mechanism is less
favorable than the double hydrogen transfer mechanism. TS4 in
the f-H elimination mechanism is unfavorable because it is a
compact inner-sphere transition state where the alcohol needs to
come into the ruthenium center, causing steric repulsions. In
contrast, TS1 and TS2 in the double hydrogen transfer
mechanism have more outer-sphere character where the
alcohol’s oxygen atom is not bound to the ruthenium center.' %P
Furthermore, the dissociation of the pyridine ligand destabilizes
TS$4, disfavoring the f-H elimination mechanism.

An alternative mechanism with a crossing between the two
pathways via transition state TSS was considered. The optimized
geometry of the four-member-ring transition state TSS
corresponds to simultaneously dissociating the alkoxide group
and forming an agostic #-C—H--Ru bond interaction, thus
connecting complex 7 in the double hydrogen transfer pathway
and complex 8 in the #-H elimination pathway. This mechanism
avoids undergoing the unfavorable f-H elimination transition
state TS4. However, TSS is still higher by 4.5[5.6] kcal/mol than
TS1. Therefore, this alternative mechanism is also less favorable
than the double hydrogen transfer mechanism.

The conclusion that the dehydrogenation of alcohol prefers
the double hydrogen transfer mechanism in this system is
consistent with those in the previous ruthenium complex 1 and
its analogues.wa"b In contrast, the previous experimental study
observed the ruthenium alkoxide complex corresponding to
complex 8,*" and as Figure 3 shows the calculations agree that
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Figure 6. Energy profile for the coupling of aldehyde and water to form the gem-diol.

complex 8 is stable on the energy surface. However, the
observation of this ruthenium alkoxide complex does not violate
the conclusion that the double hydrogen transfer mechanism is
favored for the dehydrogenation of the alcohol. This can be
explained by using the energy profiles in Figure 3. When the
ruthenium alkoxide complex 8 is formed, it can go forward over
the -H elimination transition state TS4 to form aldehyde, or go
backward over transition state TS3 to regenerate catalyst 3 and
alcohol. The barrier for the forward transition state TS4 is higher
by 10.0[16.6] kcal/mol than that for the backward transition
state TS3. In addition, complex 8 is not very stable, only
—2.7[—14.4] kcal/mol relative to the separate catalyst 3 and
alcohol. Therefore, complex 8 exists in high concentration, but
regenerates catalyst 3 and alcohol, which then proceed via the
double hydrogen transfer mechanism to form aldehyde.
Furthermore, Milstein and co-workers demonstrated in their
experimental work that alcohol addition is reversible and
indicated that the 8-H elimination mechanism is unlikely.*!
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After release of the aldehyde, the trans-dihydride ruthenium
complex 4 needs to release hydrogen to regenerate catalyst 3.
Figure S shows three pathways: direct hydrogen release over
transition state TS6 and water- or alcohol-catalyzed hydrogen
release over transition states TS6" and TS6", respectively. The
barriers for TS6, TS6’, and TS6” are 38.3[38.1], 35.3[29.9], and
32.2[21.5] kcal/mol, respectively. The hydrogen release in this
step is calculated to be the rate-determining process in
comparison with the other steps. Although the water-catalyzed
hydrogen release transition state TS6 is somewhat less favorable
than the alcohol-catalyzed transition state TS6”, hydrogen-bond
interactions between the solvent water and the mediator water
likely drives the step over TS6'. An alternative hydrogen release
pathway from complex 8 by eliminating the proton on the
—P(Bu), ligand and the hydride on the ruthenium atom was
considered.” The barriers are 46.9[45.0] and 43.3[37.3] kcal/
mol for the direct and water-catalyzed pathways, respectively.
Therefore, the hydrogen release from complex 8 is computed to
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be less favorable than the hydrogen release from complex 4.
Unfavorable hydrogen release pathways are deposited in the
Supporting Information.

3.1.2. Coupling of Aldehyde and Water to Form the Gem-
diol. Figure 6 shows the energy profile for the coupling of
aldehyde and water to form gem-diol. Optimized geometries of
transition states and selected intermediates are drawn in Figure 7.

Figure 7. Optimized geometries of transition states and selected
intermediates involved in Figure 6. Key bond lengths are given in
angstroms, and tert-butyl groups are omitted for clarity. More optimized
geometries are in the Supporting Information.

First, water adds to catalyst 3 over transition state TS7 with
another water molecule as a catalyst for a proton shuttle,
generating complex S. Although previous studies for the water
splitting by the ruthenium complex 1 proposed a direct
mechanism, with no additional water as a proton shuttle (as
TS7'),'"'*'5 the water-catalyzed transition state TS7 is
10.3[15.1] kcal/mol more favorable than that for the direct
water cleavage transition state TS7'. TS7’ is clearly more strained
than TS7 (Figure 7); the breaking O—H bond of water bonding
to the Ru atom is longer by 0.25 A and the five-membered ring on
the ligand’s —P(‘Bu), side is more twisted. Thus, water-catalyzed
transition state TS7 avoids this significant strain energy.
Consistent with the experimental results, water adds to catalyst
3 reversibly, and the water splitting product § is —4.5[—10.5]
kcal/mol relative to the separate catalyst 3 and water. The central
pyridine ring is again aromatic in the optimized geometry of
complex §.

Subsequently, aldehyde attacks complex S, and then the —OH
group and H atom transfer simultaneously from complex 5 to the
aldehyde over a concerted transition state TS8 that was
confirmed by IRC analyses. In the optimized geometry of TS8
(Figure 7), the breaking Ru—OH and C—H bond are elongated
by 0.15 and 0.17 A, respectively, from those in complex 5, a
geometry consistent with a concerted transition state. Complex
12 is 4.0[—8.8] kcal/mol relative to the separate gem-diol and
catalyst 3, so it will readily release the gem-diol. Alternative
mechanisms for producing the gem-diol, including the direct
pathway without catalyst 3 and the pathway over a three-
molecule transition state involving catalyst 3, water, and alcohol,
are calculated to be unfavorable (see the Supporting
Information).
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3.1.3. Dehydrogenation of Gem-diol to Carboxylic Acid.
Figure 8 shows the energy profile for the dehydrogenation of the

in kcal/mol)

T AG[aH]
(

0.0[0.0]

-12.0[-13.6]

Figure 8. Energy profile for the dehydrogenation of the gem-diol via the
double hydrogen transfer mechanism. Key bond lengths are given in
angstroms, and tert-butyl groups are omitted for clarity.

gem-diol via the double hydrogen transfer mechanism that is
similar to the dehydrogenation of the alcohol (section 3.1.1). In
contrast to the stepwise mechanism over transition states TS1
and TS2 for the dehydrogenation of the alcohol (Figure 3), the
dehydrogenation of the gem-diol proceeds over a concerted
transition state TS9 where the proton and hydride transfer
simultaneously. All optimizations of the stepwise transition-state
structures, where the proton and hydride transfer separately,
repeatedly converge to TS9. Convergence to alternative stepwise
transition-state structures can only be obtained with the different
arrangement of the gem-diol relative to the catalyst, but it is
unfavorable (see the Supporting Information). In the optimized
geometry of TS9, the breaking O—H bond and C—H bond are
respectively elongated by 0.36 and 0.08 A from those in the free
gem-diol. Thus, TS9 is somewhat asynchronous where the
proton transfer leads, and the hydride transfer follows it, a
sequence similar to that in the dehydrogenation of the alcohol.
After crossing a barrier of 11.5[—3.7] kcal/mol for TS9, the trans-
dihydride complex 4 and carboxylic acid are more stable than the
separate reactants by 12.0[13.6] kcal/mol. Therefore, this step is
favorable both kinetically and thermodynamically.

In the experiment, both oxygen atoms of the carboxylic acid
were observed to come from water.> Since the carboxylic acid is
formed from the dehydrogenation of the gem-diol (Figure 8),
both oxygen atoms of the gem-diol need to come from water.
However, Figure 6 shows that only one oxygen atom of the gem-
diol comes from water, and the other one is from aldehyde. The
energy profile from the combination of Figures 6 and 8 as shown
in Figure 9 explains this apparent inconsistency. The gem-diol
can either dehydrogenate to the carboxylic acid over transition
state TS9 (forward), or decompose into aldehyde and water over
transition states TS8 and TS7 (backward). The backward
process allows the aldehyde and water to exchange their oxygen
atoms. Since the barrier for the forward transition state TS9 is
higher than both the backward transition states TS8 and TS7 by
4.4 and 5.8 kcal/mol in free energy, respectively, oxygen
exchange with water, which is in high concentration, should be
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Figure 9. Energy profile for the backward and forward reactions from the gem-diol.
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Figure 10. Energy profile for the cleavage of the carboxylic acid O—H bond by catalyst 3 to form the ruthenium complex 6. Key bond lengths are given in
angstroms, and tert-butyl groups are omitted for clarity. Selected bond lengths for X-ray structure of the carboxylic-acid addition complex formed
between acetic acid and catalyst 3: Ru—0, 2.200(3); Ru—H, 1.55(5); Ru—N1, 2.092(4); Ru—N2, 2.117(4).

rapid. The addition of water to the regenerated catalyst 3 from
complex § forms an intermediate $', resulting in repeated
exchanges of labeled and unlabeled oxygen atoms between
complex § and §'; the equilibrium favors the formation of §'.
Therefore, both the oxygen atoms of the gem-diol finally come
from water.

3.1.4. Deprotonation of Carboxylic Acid to Carboxylate
Anion under Base. The carboxylic acid generated from the
dehydrogenation of the gem-diol is an intermediate that then
deprotonates to the carboxylate anion and water under OH™
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(Step 4). The carboxylate anion and water are more stable than
the carboxylic acid and OH™ by 16.6[20.0] kcal/mol. Because
water plays important roles in the deprotonation,** a transition-
state structure for the proton transferring from the carboxylic
acid to OH™ was sought in water. However, the optimizations
repeatedly converged to the product, carboxylate anion, and
water. The geometric scans in water with the breaking carboxylic
acid O—H bond as the coordinate show that the deprotonation

has no electronic energy barrier.
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Figure 11. Energy profiles for the formation of the carboxylate anion under base via two pathways shown in solid and broken lines. Optimizations are
conducted in water by using the SMD solvent model.

TS14 TS14’

Figure 12. Optimized geometries of transition states involved in Figure 11. Key bond lengths are given in angstroms, and tert-butyl groups are omitted
for clarity. Additional optimized geometries are in the Supporting Information.

3.1.5. Formation of the Carboxylic Acid-Addition Complex 10 shows the energy profile for generating complex 6 through the
without Base Followed by the Deprotonation to Carboxylate cleavage of the carboxylic acid O—H bond by catalyst 3. The
Anion When Base Is Added. In the absence of base, a carboxylic barrier for the water-catalyzed transition state TS10 is lower than
acid-addition complex 6 was formed (Step 4’ in Figure 2). Figure that for the direct transition state TS10’ by 6.3[13.0] kcal/mol,
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Figure 13. Energy profiles for the formation of the active catalyst 3 from its precursor ruthenium chloride complex 2 under OH™ via two pathways shown
as solid and broken lines. Optimizations are conducted in water by using the SMD solvent model.

demonstrating that water again acts as a proton shuttle and
facilitates this process. Complexes formed by either oxygen atom
of the carboxylic acid coordinated to the ruthenium atom of
catalyst 3 are unstable. Complex 6 is more stable than the
separate catalyst 3 and carboxylic acid by 22.4[34.0] kcal/mol. A
corresponding carboxylic acid-addition complex was observed in
experiments for the reaction of water and 1-hexanol or ethanol
under the catalytic conditions but without base.®> Furthermore,
most 1-hexanol and ethanol remained unreacted, because the
formation of the stable complex like 6 deactivates catalyst 3. In
addition, the equilibrium between the free carboxylic acid and the
carboxylic acid-addition complex results in the experimental
observations of small amounts of free carboxylic acid. Optimized
geometry of complex 6 is consistent with the X-ray structure of
the carboxylic acid-addition complex formed between acetic acid
and catalyst 3.

The carboxylic acid-addition complex 6 deactivates catalyst 3.
Therefore, Bronsted base NaOH is required in the experiment to
reform catalyst 3 by deprotonating complex 6. Structures
involved in this process were optimized in water, because
water plays important roles in deprotonation.”” The process
involves two closely related pathways as shown in Figure 11.
Optimized geometries of transition states are shown in Figure 12.
In the solid-line pathway, complex 6 deprotonates first over
transition state TS11. TS11 is lower by 4.2[5.5] kcal/mol than
transition state TS11’ where OH™ withdraws the other hydrogen
atom. The optimized geometry in Figure 12 shows a hydrogen-
bond interaction with a length of 2.03 A between OH™ and the
carboxylate group, which stabilizes TS11; no such hydrogen-
bond interaction exists in TS11’. Furthermore, the breaking C—
Hbond in TS11’ is longer by 0.08 A than that in TS11, so TS11’
is more product-like than TS11. The unstable anionic complex
13 dissociates the carboxylate anion through TS12 with a barrier
of only 1.8[3.6] kcal/mol. Although the carboxylate anion and
catalyst 3 are 7.3[15.2] kcal/mol higher than the separate OH™
and complex 6, the excess OH™ drives the reaction to the
carboxylate anion.
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In the broken-line pathway, the carboxylate anion first
dissociates easily from complex 6 through transition state
TS13 with a barrier of 4.9[3.1] kcal/mol. In the optimized
geometry of TS13 in Figure 12, the breaking Ru—O bond is
longer by 0.71 A than that in complex 6. In the deprotonation
process by OH™, there are two transition states: TS14 and TS14’
where OH™ attacks the ligand from the bottom side and upper
side, respectively. TS14 is lower than TS14’ by 3.1[2.3] kcal/
mol, the C—H bond in TS14 is less stretched than that in TS14’
by 0.02 A; consistently, the lower transtion states are earlier.

When comparing the two pathways, the barrier for the rate-
determining transition state TS14 in the broken-line pathway is
more favorable, but the alternative pathway through TS11 is
closely competitive. In the experiment, the reaction with non-
Bronsted base NBu; gave results similar to those with no base.
This mechanistic study shows that the Bronsted base NaOH is
needed, because the non-Breonsted base NBuj is not strong
enough to deprotonate the ligand. Therefore, NBu; cannot affect
the regeneration of catalyst 3 from the carboxylic acid-addition
complex 6.

3.2. Formation of the Active Catalyst 3 from Its
Precursor Complex 2. The above mechanistic studies of the
catalytic role of base inspired us to investigate the mechanism of
the formation of the active catalyst 3 from its precursor
ruthenium chloride complex 2 under base. Structures involved
in this process were also optimized in water. Figure 13 shows
energy profiles for the two pathways that are similar to those in
Figure 11. Optimized geometries for transition states are shown
in Figure 14. In the solid-line pathway, OH™ first attacks complex
2 and withdraws the proton from the ligand over transition state
TS1S. TS1S is lower by 5.0[6.0] kcal/mol than transition state
TS15" where OH™ withdraws the “bottom” proton of the ligand.
Consistent with this energy difference, the breaking C—H bond
in TS1S is less stretched than that in TS15' by 0.09 A, and the
Cl--H interaction with length of 2.47 A further stabilizes TS15.
Intermediate 15 is formed next and is less stable by 11.7[9.1]
kcal/mol than the separate complex 2 and OH™. The next barrier
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0.97,

TS16 TS17

Figure 14. Optimized geometries of transition states involved in Figure
13. Key bond lengths are given in angstroms, and tert-butyl groups are
omitted for clarity. Additional optimized geometries are in the
Supporting Information.

for TS16 corresponding to chloride anion dissociation is low,
1.8[1.5] keal/mol above 15. Although the formation of catalyst 3,
CI7, and H,0 is unfavorable by 6.8[10.3] kcal/mol, excess OH™
and favorable reactions with catalyst 3 drive this process. In the
broken-line pathway, the dissociation of chloride anion is
favorable by crossing a barrier of 4.3[4.3] kcal/mol for TS17.
The next barrier, TS14 for the deprotonation, is 14.1[6.3] kcal/
mol relative to the intermediate 14. As in the formation of the
carboxyate anion described above, these two pathways also
compete with each other, because the rate-determining barrier in
the solid-line pathway, 14.3[6.4] kcal/mol, is comparable with
that in the broken-line pathway, 14.1[6.3] kcal/mol.

The reaction examined here occurs in water, where NaOH
dissociates into Na* and OH™. In contrast, similar reactions
studied previously often take place in neutral solvents (e.g.,

toluene),’ where NaOH does not dissociate. The Supporting
Information describes our study for the formation of catalyst 3
from complex 2 under NaOH in toluene.

3.3. Explanations for the Chemoselectivity for Acid
Rather Than Ester. Ester formation was not observed in the
experiment, and the hydrolysis of ester to acid was also excluded.’
However, a previous study found that ester was produced from
primary alcohols catalyzed by the ruthenium complex 1.”* As
shown in Figure 15, ester could be formed in alternatives of Step
2 and Step 3 of the mechanism described here. In the alternative
Step 2, the catalyst 3 binds alcohol to form the ruthenium
alkoxide complex 8, followed by the concerted transfer of the
alkoxide group and hydrogen atom to the aldehyde, generating
the hemiacetal intermediate. Then in the alternative Step 3, the
hemiacetal dehydrogenates to form ester. Figure 1S compares
the energy profiles for this alternative route to the ester with the
route to the acid described earlier. The corresponding transition
states and intermediates involved in the pathway leading to ester
are marked by the superscript “e”. As shown in Figure 15,
although the barrier for TS7 is slightly higher than that for TS3
by 0.3 kcal/mol, the barriers for TS8 and TS9 for producing acid
are lower than those for the corresponding transition states TS8°
and TS9® for producing ester by 2.3 and 2.0 kcal/mol,
respectively. The calculations are consistent with the exper-
imental observations that the reaction will produce acid rather
than ester. The chemoselectivity can be explained as follows.
First, the acid intermediate formed in Step 3 further deprotonates
by OH™ to generate the carboxylate anion in Step 4. The
carboxylate anion and water are more stable than the separate
carboxylic acid and OH™ by 16.6[20.0] kcal/mol. In contrast,
there are no further transformations to stabilize the ester.
However, when ester is formed, it can decompose back into
alcohol. Then, alcohol and water can finally produce the
carboxylate anion by following the pathway of the solid line.
Therefore, the formation of the stable carboxylate anion drives
the whole reaction to produce the carboxylic acid rather than
ester. Second, the reaction differences for the formation of
carboxylic acid or ester start from the cleavage of water or alcohol

AG[aH) -
T(in keal/mol) 158

TS9® 'Bu,
12.7(-13.3] R
—_— ]

OG—Ru—N
I\

-29.4[-39.3]

Step 2

Step 3 — Step 4

Figure 15. Comparisons of the energy profiles for the formation of acid (in solid line) and ester (the alternative steps shown in broken line), respectively.
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by catalyst 3. Although the pathway for water cleavage is less
favorable than that for alcohol cleavage kinetically, it is more
favorable thermodynamically, because the water cleavage
product 5 is more stable than the alcohol cleavage product 8
by 1.8 kcal/mol. In addition, the hydrogen-bond interactions
between the splitting water and the solvent water may favor the
water cleavage pathway. Consistent with these calculations, only
the water splitting product 5 was observed in a closed system
without base in the experiment. Therefore, the pathway for
producing acid is more favorable than that for producing ester.
For further comparisons, stationary points involved in Figure 15
were recalculated with M06, TPSS, and LC-wPBE functionals,
and these methods predict that the acid pathway would even be
kinetically favored over the ester pathway (see the Supporting
Information).

4. CONCLUSION

In summary, DFT calculations with ®B97X-D functional were
conducted to investigate the mechanism for producing a
carboxylate anion from alcohol and water under a base catalyzed
by the active catalyst 3. Water is used as both solvent and oxygen
donor. The studied mechanism involves four steps: dehydrogen-
ation of alcohol to aldehyde (Step 1); coupling of aldehyde and
water to form gem-diol (Step 2); dehydrogenation of gem-diol to
carboxylic acid (Step 3); and deprotonation of carboxylic acid to
carboxylate anion (Step 4). For the dehydrogenation steps (Step
1 and Step 3), the double hydrogen transfer mechanism is more
favorable than the -H elimination mechanism. For Step 2, the
gem-diol is generated through the cleavage of water by catalyst 3,
followed by the hydroxyl group and hydrogen atom transferring
to the aldehyde concertedly. The formed gem-diol can either
dehydrogenate to the carboxylic acid (forward, Step 3), or
decompose into aldehyde and water (backward). The backward
decomposition allows the aldehyde and water to exchange their
oxygen atoms, explaining the experimental observations that
both oxygen atoms of the carboxylate anion come from water.
The deprotonation of carboxylic acid to carboxylate anion (Step
4) occurs directly under base. In the absence of base, a stable
carboxylic acid-addition complex 6 is formed, followed by the
deprotonation to produce carboxylate anion when base is added.
There are two competing pathways for the deprotonation from
the carboxylic acid-addition complex 6 depending on the
reaction sequence of the ligand deprotonation and the
carboxylate anion dissociation. The reaction requires additional
base, and base was found to play important roles in the
generation of the active catalyst 3 from the chloride ruthenium
complex 2 and from the stable carboxylic acid-addition complex
6. Consistent with the experimental results, we predict complex §
to be the resting state in aqueous solution. However, for
convenience we have used complex 3 which is in equilibrium
with complex § as the active catalyst in our discussions. In
agreement with the experimental results, the calculations also
predict that the reaction does not produce ester. The
chemoselectivity for acid over ester involves two points. First,
the formation of carboxylate anion drives the reaction to produce
acid and will thus consume any traces of ester produced. Second,
the cleavage of water by catalyst 3 in the pathway for producing
acid is more favorable than the cleavage of alcohol by catalyst 3 in
the pathway for producing ester, because water is in excess.
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