
Role of the Chemically Non-Innocent Ligand in the Catalytic
Formation of Hydrogen and Carbon Dioxide from Methanol and
Water with the Metal as the Spectator
Haixia Li and Michael B. Hall*

Department of Chemistry, Texas A&M University, College Station, Texas 77843-3255, United States

*S Supporting Information

ABSTRACT: The catalytic mechanism for the production of H2
and CO2 from CH3OH and H2O by [K(dme)2][Ru(H)
(trop2dad)] (K(dme)2.1_exp) was investigated by density func-
tional theory (DFT) calculations. Since the reaction occurs under
mild conditions and at reasonable rates, it could be considered an
ideal way to use methanol to store hydrogen. The predicted
mechanism begins with the dehydrogenation of methanol to
formaldehyde through a new ligand−ligand bifunctional mechanism,
where two hydrogen atoms of CH3OH eliminate to the ligand’s N and
C atoms, a mechanism that is more favorable than the previously
known mechanisms, β-H elimination, or the metal−ligand bifunc-
tional. The key initiator of this first step is formed by migration of
the hydride in 1 from the ruthenium to the meta-carbon atom,
which generates 1″ with a frustrated Lewis pair in the ring between N and C. Hydroxide, formed when 1″ cleaves H2O, reacts
rapidly with CH2O to give H2C(OH)O

−, which subsequently donates a hydride to 6 to generate HCOOH and 5. HCOOH then
protonates 5 to give formate and a neutral complex, 4, with a fully hydrogenated ligand. The hydride of formate transfers to 6,
releasing CO2. The fully hydrogenated complex, 4, is first deprotonated by OH− to form 5, which then releases hydrogen to
regenerate the catalyst, 1″. In this mechanism, which explains the experimental observations, the whole reaction occurs on the chemically
non-innocent ligand with the ruthenium atom appearing as a spectator.

1. INTRODUCTION
Although hydrogen is an attractive “clean” energy carrier, as its
combustion product is only water, its storage is still a challenge.
Thus, the catalytic conversion of carbon dioxide and hydrogen
to and from methanol and water (eq 1 in Chart 1) is considered

an ideal way to store and recover hydrogen because methanol
contains ∼12% hydrogen by weight and is a liquid at room
temperature.1 The conversion of methanol and water to carbon
dioxide and 3 equiv of hydrogen is mildly endothermic by 9.3
kcal/mol (http://cccbdb.nist.gov/hf0k.asp). However, the
conversion is generally realized by using methanol fuel cells
(MFCs) or at high temperatures under heterogeneous catalysts
with low efficiency.2,3 In contrast, homogeneous catalysts
overcome these shortcomings and thus have potential

applications in energy storage. Furthermore, other uses of
CO2 to synthesize useful chemicals have been reviewed by
several groups.4

Several homogeneous catalysts for the conversion of
methanol and water to carbon dioxide and hydrogen have
been reported.5 In 2013, Grützmacher and co-workers
synthesized the ruthenium complex [K(dme)2][Ru(H)
(trop2dad)] (K(dme)2·1_exp in Chart 1, trop2dad = 1,4-
bis(5H-dibenzo[a,d]cyclohepten-5-yl)-1,4-diazabuta-1,3-diene,
and dme = dimethoxyethane).6 The complex was reported to
catalyze the conversion of methanol and water to carbon
dioxide and hydrogen with a high conversion (∼80%).
Remarkably, the reaction can occur at base-free conditions,
representing a breakthrough in this area. Although Beller and
co-workers also reported a base-free hydrogen generation from
methanol, this involved a bicatalytic system.7 For the other
examples, base is required. Among them, the mechanism for the
ruthenium complex [RuHCl(CO) (HN(C2H4PPh2)2]

5a (2 in
Chart 1) has been investigated by density functional theory
(DFT) calculations.8

In the literature, Grützmacher and co-workers proposed a
mechanism for their reported catalytic reaction involving a
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neutral ruthenium complex [Ru(trop2dad)] (3_exp in Chart 2)
formed from the reaction of K(dme)2·1_exp and water with the

release of H2 and OH
−.6 Complicating the nature of the species

involved in this reaction is the non-innocent trop2dad
ligand,9,10 which can be redox “non-innocent” due to the
transformation between trop-NCH−CHN-trop and trop-
N−−CHCH−N−-trop (for example, the transformation
between 3_exp and 3′_exp in Chart 2)11,12 and chemically
“non-innocent” with the formation of trop-NH−CH2−CH2−
NH-trop by adding hydrogen atoms (for example, the
transformation between 3_exp and 4_exp).13 Moreover, the
trop2dad ligand can also be electronically “non-innocent” due
to its two resonance structures 3_exp and 3″_exp (Chart 2).
Our following investigations on the mechanism show that the
trop2dad behaves like a chemically “non-innocent” ligand in the
catalysis. In addition, although the olefinic groups of the trop
residues are usually deemed to be just additional donor sites to
help create a tetrachelating ligand, they may also act as “non-
innocent” ligands. The “non-innocent” nature of alkene ligands
in paramagnetic rhodium and iridium alkene complexes has
been reported, and the “non-innocent” character is attributed to
spin delocalization over the metal and the alkene ligand.14

Understanding the details of a catalytic mechanism may help
researchers develop new catalysts or improve ones for known
reactions. Herein, we investigated the complicated electronic
structure and reactions of these ruthenium complexes by DFT
calculations. In addition to calculating the mechanism proposed
in the literature, which employs the neutral ruthenium complex,
we also computed alternative pathways based on the anionic
ruthenium complex.

2. COMPUTATIONAL DETAILS
The counterion K(dme)2

+ in the K(dme)2·1_exp complex is assumed
to be a spectator cation for the anionic species 1_exp and thus not
involved in the reaction paths in these calculations. The “_exp” suffix is
used to indicate the species with the full ligands. To investigate a
variety of possible reaction pathways, we simplified the species 1_exp
as 1 by “cutting” the phenyl rings of the trop ligands and replacing the
outer C4H4 groups with two H atoms (the simplified structures are
shown in the following figures). This ligand simplification maintains
the electronic structures and is considered reasonable for the initial
explorations. Calculations with the full ligands are reported after these
explorations.

To choose a reasonable basis set and functional, benchmark
calculations were conducted on several model reactions. Seven basis
sets and 33 DFT functionals were tested. The nonmetal atoms use the
all-electron basis sets (BS), 6-31G(d),15 6-31G(d,p),15 6-311G(d,p),16

6-311+G(d,p),17 and 6-311++G(d,p).17 The ruthenium metal atom
uses the ECP-based BS including SDD,18 cc-pVTZ-PP,19,20 and AUG-
cc-pVTZ-PP.19,20 The tested DFT functionals involve generalized
gradient approximation (GGA), meta-GGA, global-hybrid GGA,
global-hybrid meta-GGA, range-separate hybrid GGA, doubly hybrid
methods, and functionals including dispersion. The details for the
benchmark calculations are in the Supporting Information, SI1.
According to the comparisons of various basis sets, single-point
calculations at BS2, the combination of 6-311+G(d,p) and AUG-cc-
pVTZ-PP, and at geometries optimized at the BS1, the combination of
6-31G(d) and SDD with the same functional, denoted by BS2//BS1,
give the results close to that obtained from optimizations at BS2; thus,
BS2//BS1 is employed in the test of DFT functionals. The single-
point calculations with coupled cluster singles and doubles (CCSD)30

and CCSD(T)31 were conducted at the BS3, the combination of 6-
311+G(d,p) and cc-pVTZ-PP, at the geometries optimized at the level
of ωB97XD/BS1. On the basis of the results of the four key reactions
in SI1, the hybrid-meta-GGA M06 functional, which predicts results
very close to those of CCSD(T) with an average error of less than 4
kcal/mol, was used in the calculations for this mechanistic study.
Moreover, as a “double check”, the influence of functionals were
examined by calculating the actual catalyst system with five functionals
selected from SI1 involving meta-GGA M06L,21 long-range hybrid-
GGA, ωB97XD,26 CAM-B3LYP,27 OHSE2PBE, and MN12SX,29 as
ωB97XD and M06L were reported to perform well in calculating
transition metal complexes,32,33 and the other three functionals also
predict results comparable to those of CCSD and CCSD(T) in our
preliminary calculations.

Geometries of all intermediates and transition states in the
mechanistic study were optimized in gas phase at the level of M06/
BS1. Harmonic vibrational frequencies were calculated to identify
intermediates with no imaginary frequency and transition states with
only one imaginary frequency. When necessary, IRC calculations34

were conducted to verify that the transition states connected the
reactants and products at the level of M06/BS1. 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. In the experiment, the reaction was performed in a
water−tetrahydrofuran (THF) mixture (water and THF are 40.0 and
30.8 mmol, respectively, as reported in the reaction b.3 of 3.1 in the
Supporting Information of ref 6). Thus, on the basis of the optimized
geometries in gas phase, the energetic results were further refined by
single-point calculations with the SMD35 solvent model using water or
THF as solvent at the level of M06/BS2. An adjustment for the change
in standard state from 1 atm to 1 M concentration of RT ln(24.5), 1.9
kcal/mol, was used for all the species in solution. For water itself in
aqueous solution for which the standard state concentration is 55.6 M,
an adjustment for the change from 1 to 55.6 M concentration of RT
ln(55.6), 4.3 kcal/mol, was further employed (see SI2).36 Solvation
free energies were added to the free energies with the above
adjustments for the change in standard state concentration and the
enthalpies at the BS2. The free energies and enthalpies in water and
the free energies in THF represented as ΔGw[ΔHw](ΔGTHF) are
reported here. Unless otherwise specified, the energies discussed in the
text refer to the free energies in water. Some species in the calculations
were found to have more than one structure, and the structure used
here is the most favorable one. JIMP2 molecular visualizing and
manipulating program was employed to draw all the three-dimensional
molecular structures involved in this study.37

All DFT calculations were performed using the Gaussian 09
programs,38 and the CCSD and CCSD(T) calculations were
conducted using the Molpro program.39 The Natural Bond Orbital
(NBO) analysis40 was carried out at the M06/BS1 level to investigate
the electronic structures of some species.
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3. RESULTS AND DISCUSSION

In the experimentally proposed mechanism, the anionic
ruthenium complex 1_exp first reacts with water to form the
neutral ruthenium complex 3_exp with the release of H2 and
OH−. The complex 3_exp subsequently catalyzes the trans-
formation of methanol and water to carbon dioxide and
hydrogen. As mentioned in the Introduction, the trop2dad
ligands are considered to be non-innocent. Thus, the electronic
structures of the species 1_exp and 3_exp were first analyzed in
section 3.1 by using their simplified models 1 and 3. In
addition, possible reaction mechanisms catalyzed by the anionic
species 1 and the neutral species 3 were discussed therein; the
former is found to be more favorable than the latter. The details
for the catalytic steps with the anionic species 1 were reported
in section 3.2. In section 3.3, selected transition states and
intermediates of the actual catalyst, 1_exp, were recalculated on
the basis of the reported mechanism.
3.1. Electronic Structures of the Species 1 and 3. The

anionic species 1 and the neutral species 3 are computed to be
singlets; the corresponding triplet states are less stable by 18.4
and 8.5 kcal/mol, respectively. Unrestricted calculations of their
open shell singlet diradicals repeatedly converged to the close
shell singlet states. Optimized geometries and the natural
population analysis (NPA) charges obtained from the NBO
analysis are shown in Figure 1.
The neutral free ligand L is singlet and can be described as

trop-NCH−CHN-trop on the basis of its optimized bond
distances; for example, the C1N1 and C2N2 bonds are
1.27 Å, and the C1−C2 bond is 1.48 Å. In contrast, the ligand
becomes trop-N−−CHCH−N−-trop in the anionic ruthe-
nium complex 1, where the C1−N1 and C2−N2 bonds are
1.36 Å, and the C1C2 bond is 1.38 Å. The NBO analysis for
complex 1 (in SI3) is consistent with this description of the
electronic structure, in which the doubly occupied p orbitals of
two N atoms donate to the d orbitals of the ruthenium atom to
form two partial Ru−N π bonds at 1.99 Å. Furthermore, the
olefinic bond distances in the free ligand L (C3C4 and C5
C6 at 1.36 Å) become much longer in the complex 1 (C3−C4
and C5−C6 at 1.46 Å), consistent with their crystal structures
(C3−C4 at 1.440 Å and C5−C6 at 1.434 Å) and their
experimental 1H NMR spectrum.6 Thus, the trop fragment is
supporting the π donation from N to Ru.

Unlike 1, which has Cs symmetry, the optimized geometry of
the neutral species 3 (Figure 1) has no symmetry; its C2v and Cs
structures are not local minima. In the species 3, the C1−N1,
C2−N2, and C1−C2 bonds have distances that are between
those in the free ligand L and those in the species 1, but like 1,
the C3−C4 and C5−C6 bond distances are long at 1.43 and
1.45 Å, respectively. The asymmetry mentioned above is most
apparent here in the unexpected lengthening of Ru−C3 bond;
the details of the unusual electronic structure and potential
energy surface of 3 will be reported in the future.
In addition to reporting the catalytic reaction, Grützmacher

and co-workers conducted several experiments to elucidate
details of the mechanism. In one experiment, complex 4 was
observed when adding EtOH and H2O to a solution of 1. In
another experiment, 1 was regenerated from 4 when adding
KOtBu at 65 °C. Thus, on the basis of these experimental
observations, they proposed a mechanism beginning with the
neutral species 3 that was proposed to be generated from the
reaction of 1 and H2O with the release of H2 and OH

−. 3 reacts
with methanol and water to produce the hydrogen-addition
complex 4, which then regenerates 1 by releasing H2 and the
proton to the base. However, our calculations predict that the
production of the neutral species 3 from complex 4 is more
unfavorable by over 24 kcal/mol in electronic energy than the
formation of the anionic species 1 from complex 5 (Tables S4
and S5 in SI1). Moreover, the formation of 3, H2, and (OH···
H2O)

− from the anionic species 1 and (H2O···H2O) is
computed to be endergonic by 0.3 and 16.4 kcal/mol in
water and THF, respectively. As shown below, section 3.2.2, the
highest barrier for the dehydrogenation of methanol, the first
step in the whole catalytic reaction, is more than 30 kcal/mol
for the neutral species 3, which is higher than the barrier for the
anionic species 1 (23.8 kcal/mol). Thus, a catalytic cycle based
on the neutral species 3 seems less likely than one based on the
anionic species 1. Furthermore, the mechanism based on the
anionic species 1 as discussed in the following explains these
experimental observations.

3.2. Mechanism for the Catalytic Production of
Carbon Dioxide and Hydrogen from Methanol and
Water. The mechanism for the catalytic production of carbon
dioxide and hydrogen (eq 1) by the anionic ruthenium complex
1 involves three steps: dehydrogenation of methanol to
formaldehyde (step 1), hydroxide attack on formaldehyde

Figure 1. Optimized geometries for the free ligand L, the anionic species 1, and the neutral species 3. The black and red numbers are the selected
bond lengths in Å and selected NPA charges. Selected bond distances (Å) of the X-ray structure of 1_exp: Ru−N1:1.963(4), Ru−N2:1.978(4), Ru−
H1:1.60(6), C3−C4:1.440(7), C5−C6:1.434(6), N1−C1:1.356(6), N2−C2:1.348(6), C1−C2:1.377(7).
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and formation of formate (step 2), and hydride transfer to
release carbon dioxide and regenerate the catalyst (step 3).
Formaldehyde was also proposed as a short-lived intermediate
in the experiments.5,6,41,42 Likewise, both experimental and
computational studies of the reduction of carbon dioxide to
methanol by boranes or silanes were also reported to involve
the formaldehyde intermediates.43 The species 1″ that is
formed from 1 through a hydrogen “walking” process, where
the hydrogen atom migrates from the ruthenium atom in 1 to
the nitrogen atom and then to the carbon atom, is considered
an important species in the catalytic mechanism. Thus, the
details for the hydrogen “walking” process are first discussed in
section 3.2.1. Then the details for the three steps are described
in the following sections 3.2.2, 3.2.3, and 3.2.4, respectively.
3.2.1. Hydrogen “Walking” Process. The calculated energy

profiles for the hydrogen “walking” process are shown in Figure
2, and the optimized geometries for some species are in Figure

3. As shown in Figure 2, the hydrogen first migrates from the
ruthenium atom to the nitrogen atom over a barrier of 19.3
kcal/mol (TS1); this process generates a species 1′. In the
optimized geometry of TS1, the migrating hydrogen atom
(H1) becomes protonic (its net NPA charge is 0.22), while it is
hydridic in the species 1 (its net NPA charge is −0.02) (see
Figure 1). Likewise, the ruthenium atom in TS1 is less positive
than that in 1. Water may assist this hydrogen migration
process. However, the barrier for the one-water-mediated
transition state TS11w is very high, 31.3 kcal/mol, relative to the
separate reactants. Although the two-water-mediated transition
state TS12w is close to TS1 in free energy in water, TS12w is
higher than TS1 by 5.0 kcal/mol in THF. Thus, water does not
seem to offer much help for this process. The intermediate
species 1′ is at 6.5 kcal/mol relative to the species 1. In the
optimized geometry of 1′, due to the protonation of the N2
atom, the Ru−N2 and C2−N2 bonds are longer than the Ru−
N1 and C1−N1 bonds. There is still a C1C2 bond that has
been confirmed by the NBO analysis (see SI3).
From species 1′, the hydrogen atom moves from the

nitrogen atom to the adjacent carbon atom to make the species
1″. Two water molecules help this proton transfer process
through transition state TS22w, where they act as proton
shuttles. Relative to the separate reactants, 1 and (H2O···H2O),
the barrier for TS22w is only 12.8 kcal/mol, much lower than

those for the direct transition state TS2 (46.2 kcal/mol) and
one-water-mediated transition state TS21w (20.2 kcal/mol).
Relative to the species 1, the species 1″ formed after the proton
transfer is at 2.8 kcal/mol. The optimized geometry of 1″ shows
that it has a C1N1 double bond at 1.28 Å and a C1−C2
single bond at 1.49 Å. The electronic structure of the species 1″
is verified by its NBO analysis results (see SI3). Further,
complexes that are similar to species 1″ have been proposed as
intermediates in other systems.44

In addition to the hydrogen “walking” process shown in
Figure 2, other possible pathways were studied (see SI4). These
pathways involve the formation of 1″ from 1′ via the hydrogen
migrating from the nitrogen atom to the meta-carbon atom and
the formation of 1″ from 1 via the hydrogen migrating from the
ruthenium to the carbon atom in one step. These pathways are
less favorable than that in Figure 2. For example, the barriers
for the formation of 1″ from 1 in one step without or with the
aid of water are over 30 kcal/mol.

3.2.2. Dehydrogenation of Methanol to Formaldehyde.
The β-H elimination transition state (TS) shown in Figure 4,
panel A has been widely proposed for the dehydrogenation of
alcohols by transition metal complexes.45−47 In this mechanism,
the transition metal complex splits the alcohol’s O−H bond by
using the metal alone or the metal−ligand active sites to
generate the transition metal alkoxide complex. Subsequently,
the H atom of the β-CHR2 eliminates to the metal center
through a four-member-ring transition state (Figure 4A),
producing a transition metal hydride complex and the aldehyde.
With non-innocent ligands, another β-H elimination TS in
which the H atom of the β-CHR2 eliminates to the non-
innocent ligand rather than to the metal could occur (Figure
4B). Recently, a metal−ligand bifunctional TS, in which the
alcohol’s proton (on the O atom) transfers to the non-innocent
ligand and the alcohol’s H atom (on the β-C atom) transfers
(as a hydride) to the transition metal atom, has been proposed
(Figure 4C).48 This mechanism may occur in a concerted or a
stepwise fashion; generally in the latter, the proton transfers
first and then the Hδ− transfers. For some cases, the metal−
ligand bifunctional mechanism has been calculated to be more
favorable than the β-H elimination mechanism.48 In this report,
we propose a new bifunctional TS, a ligand−ligand bifunctional
TS in which both H atoms from the alcohol (one on the O
atom and the other on the β-C atom) transfer to the non-
innocent ligand’s basic and acidic centers in a concerted or a
stepwise fashion (Figure 4D).
By following the four TSs in Figure 4, possible pathways for

the dehydrogenation of methanol with the anionic species 1, 1′,
and 1″, and the neutral species 3 were calculated. The most
favorable among these possible pathways are shown in Figure 5.
Other less favorable pathways shown in SI5 are discussed
briefly below. As shown in Figure 5, once 1″ is generated, the
CH3OH’s proton and one H atom on the β-CH3 move to the
ligand’s N and sp2 C atoms, respectively, by crossing a
concerted ligand−ligand bifunctional transition state, TS3.
Relative to separated 1 and methanol, the barrier for TS3 is
23.8 kcal/mol, and the formed 5 after releasing CH2O is at 11.3
kcal/mol. Both Int1 and Int2 are higher than their separated
species; thus, no long-lived intermediates were formed before
and after TS3. In the mechanism via TS3, the reaction occurs on
the chemically non-innocent ligand with the Ru atom appearing as
a spectator. Previously, bifunctional mechanisms occur on the
Ru−N bond as the active site to accept the two H atoms of
methanol by transferring the proton to the N and the H atom

Figure 2. Energetic profiles for the formation of the species 1″ from
the species 1 via the hydrogen “walking” process. Barriers for the two-
water-mediated transition states TS12w and TS22w are relative to
separated 1 and (H2O···H2O).
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on the β-CH3 to the Ru atoms.8,49 However, such a mechanism
is unfavorable in this system because the corresponding
ruthenium hydride intermediates 5−3, 5−5, 5−9, 5−10, and
5−11 (the isomers of 5) after releasing CH2O are 37.4, 32.1,
54.7, 44.8, and 39.7 kcal/mol relative to separated 1 and
methanol (see the Figure S2 in SI5). In a separate experiment
conducted by Grützmacher and co-workers, a complex with a
deuterated trop2dae ligand (trop2dae is the fully hydrogenated
trop2dad) was observed by using the perdeuterated ethanol
(CD3CD2OD) as a substrate.6 This observation supports the
mechanism that the trop2dad ligand of 1 participates in the
dehydrogenation of alcohol.

The optimized geometry of TS3 (Figure 6) corresponds to a
concerted movement of the proton and H atom to the ligand,
which was confirmed by an intrinsic reaction coordinate (IRC)
analysis. The animation of the only one imaginary frequency of
TS3 also shows that both proton and H atom travel in the same
direction, either away from or closer to the methanol.
Furthermore, in following the IRC of TS3, the reactants
complex (Int1) and the products complex (Int2) resulted from
following the paths in the reverse and forward direction,
respectively. The forming N−H bond in TS3 is at 1.04 Å,
which is close to that in the product 5, while the forming C−H
bond in TS3 has a distance that is longer by 0.32 Å than the
C−H bond in 5. Thus, TS3 is an asynchronous concerted
transition state, where the proton transfers earlier than the H
atom on the β-CH3. The origin of this ligand-based reaction
can be explained by a molecular orbital (MO) analysis (see the
Scheme S1 and related discussions in SI5, page S33). The NPA
charges of the active N and C atoms of 1″ are −0.68 and 0.13,
respectively, in agreement with the fact that the proton and H
atom transfer to the N and C atoms, respectively. Another
transition state, where the proton and the H atom move in
reverse sequence, that is, to C and N, respectively, would be
considered less favorable due to the charge repulsions between
them.
Other than the pathway via TS3, the next lowest energy

pathway involves the formation of a neutral intermediate 6 and
CH3O

− from 1″ (or 1′) and CH3OH (the details are in the
Figure S8 in SI5), followed by formation of 5 and CH2O by
crossing the rate-determining transition state, which is 1.7 kcal/
mol less favorable than TS3. The two transition states were
recalculated by using the full ligands, and the influence of
functionals was further examined. According to the calculation
results in the Table S7 in SI5, TS3_exp is still lower than this
alternative.

Figure 3. Optimized geometries of selected species involved in Figure 1. Geometries for the other species are in Figure S24 (SI15). The black and
red numbers are selected bond lengths in Å and selected NPA charges, respectively.

Figure 4. Proposed TSs for the dehydrogenation of alcohol
(R2CHOH, two R groups can be the same or different, or both can
be H) by a transition metal complex. β-H elimination TSs, which
follow the formation of the metal alkoxide complex, involve the H
atom of the β-CHR2 eliminating to the metal (A) or to the ligand (B),
while the bifunctional TSs, which transfer both H atoms of R2CHOH
(one on the O atom and the other on the β-C) in a concerted or a
stepwise fashion, may be the metal−ligand bifunctional TS (C) or the
ligand−ligand bifunctional TS (D).
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Because the originally proposed mechanism involves the
ruthenium neutral complex 3 mediating the dehydrogenation of
methanol,6 the four mechanisms in Figure 4 were recalculated

with the neutral complex 3 (see the Figures S10 and S11 in
SI5). According to the results in Table S8 in SI5, the barriers
for the methanol dehydrogenation transition states are over 30
kcal/mol relative to separated 3 and methanol. Since the
neutral complex 6 (Figure 7) is the most stable structure
among its isomers (see the Figure S9 in SI5), possible pathways
for the dehydrogenation of methanol with 6 were also
calculated. As shown in Table S8 in SI5, the barriers for
possible pathways for the dehydrogenation of methanol with 6
are over 39 kcal/mol relative to 6 and CH3OH. Therefore, the
dehydrogenation of methanol by either of these neutral species,
3 or 6, is unfavorable.

3.2.3. Hydroxide Attack on Formaldehyde and Formation
of Formate. The calculated pathway for the hydroxide attack
on formaldehyde and formation of formate is shown in Figure
7. Here, 1″ first cleaves water over transition state TS41w, where
additional water acts as a proton shuttle to assist this process.
The IRC analysis of TS41w shows that it connects the reactants
(1″ + (H2O···H2O)) and the product complex (Int3). In
TS41w (Figure 8), although a proton of the mediator water is

Figure 5. Energetic profiles for the dehydrogenation of methanol to formaldehyde.

Figure 6. Optimized geometries for selected species in Figure 5.
Geometries for the other species are in the Figure S25 in SI15.
Selected bond lengths are in Å.

Figure 7. Energetic profiles for the hydroxide attack on formaldehyde and formation of formate.
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almost on the nitrogen atom (N−H  1.06 Å), the distance
for the forming C−OH bond is 2.32 Å, much longer (by 0.84
Å) than that in the product Int3. The barrier for TS41w is only
3.8 kcal/mol relative to separated 1 and (H2O···H2O), which is
lower than that for the direct water cleavage transition state
TS4 by 10.5 kcal/mol. The formed intermediate Int3, which is
at 2.1 kcal/mol, then dissociates (OH···H2O)

− to form a
neutral intermediate 6. Additional water molecules could
further stabilize (OH···H2O)

−; thus, we optimized TS41w in
water at the level of M06/BS1/SMD(water), which converges
to a transition state corresponding to a water’s proton
transferring to the N atom, forming 6 and (OH···H2O)

−

directly. The barrier for this transition state is only 0.7 kcal/
mol at the level of M06/BS2/SMD(water)//M06/BS1/SMD-
(water) relative to separated 1 and (H2O···H2O). As shown in
Figure 7, the formation of 6 and (OH···H2O)

− from 1 and
(H2O···H2O) is favorable in water (ΔGw = −6.6 kcal/mol) but
is less favorable in THF (ΔGTHF = 11.1 kcal/mol). The ΔG of
this process is considered to be close to zero in the water−THF
mixture (the reaction condition). Thus, the anionic species 1
and the neutral species 6 should easily interconvert based on
the rapid equilibrium, 1 + H2O ⇌ 6 + OH−. In a proposed
mechanism for the conversion of methanol and water to
hydrogen and carbon dioxide by the anionic iridium complex,
the conversion between anionic species and neutral species has
been proposed on the basis of their experimental observa-
tions.5c

Once the (OH···H2O)
− is released, it reacts rapidly with

formaldehyde to yield a H2C(OH)O
− anion and H2O. Then,

the H2C(OH)O
− associates with 6 by forming a hydrogen

bond to give intermediate Int4. Subsequently, the H2C(OH)O
group in Int4 eliminates one H atom (on the C atom) to the
ligand’s carbon atom over transition state TS5, which is 14.7
kcal/mol above intermediate Int4. Int4 and TS5 are stabilized
by hydrogen bond interactions at 1.56 and 1.92 Å, respectively
(Figure 8). In TS5, a H atom on the C atom of the
H2C(OH)O group is transferring to the ligand’s C atom. The
breaking C−H bond and the forming C−H bond are at 1.26
and 1.47 Å, respectively, and the hydrogen bond weakens as the
CO bond forms. After TS5, the generated formic acid and 5

are thermodynamically favored both in water (ΔGw = −14.3
kcal/mol) and in THF (ΔGTHF = −13.7 kcal/mol). The formic
acid then protonates complex 5 easily and leads directly to
complexes Int5 or Int6, which upon dissociation of HCOO−

lead to 4 or 4′, respectively. The two protons on the N atoms
are trans in Int5 and 4 and cis in Int6 and 4′. Relative to
separated reactants, 4 and 4′ are at −44.4 and −42.1 kcal/mol,
respectively. Consistent with the experimental observation,
species 4 with trans protonated Ns are 2.3 kcal/mol more
stable than 4′ with cis protonated Ns. The optimized geometry
of 4 in Figure 8 is close to the X-ray crystal structure of 4_exp.6

Computed structures for the actual catalyst system 4_exp and
its aldehyde complexes are shown in SI6. Although the metal−
ligand interactions in 4′ (the Ru−N bond is at 2.17 Å) are
stronger than those in 4 (the Ru−N bond is at 2.19 Å), the
ligand frozen as in complex 4′ is less stable than that frozen as
in complex 4 by 5.9 kcal/mol in electronic energy, as obtained
by the single-point calculations at the level of M06/BS1.
An alternative pathway from Int3 involves the dissociation of

water to form an intermediate 7, which is at 2.3 kcal/mol and
then reacts with formaldehyde through transition state TS6,
wherein the OH group of 7 adds to formaldehyde to form
H2C(OH)O. A hydrogen bond interaction (1.82 Å) is found in
TS6, and the transferring OH group lies nearly equidistant
from the two carbon atoms (Figure 8). TS6, which is 16.8 kcal/
mol above the separate reactants, leads to intermediate Int4
that then crosses transition state TS5 to form 5 and formic acid.
However, this pathway via TS6 is less favorable than the
pathway via 6. In addition, the continuous consumption of
OH− by CH2O drives the equilibrium (1 + H2O ⇌ 6 + OH−)
forward toward 6.
It is known that methanediol H2C(OH)2 can be formed

directly from formaldehyde and water. Thus, possible
mechanisms for the formation of methanediol, involving the
direct coupling of formaldehyde and water, or catalyzed by one
or two water molecules, or catalyzed by formic acid, were
investigated (see SI7). Among them, the formic acid catalyzed
transition state (at 14.6 kcal/mol) is the lowest one, but it is
still less favorable than the pathway via 6. Moreover, formic
acid is a short-lived intermediate in the reaction. Once the

Figure 8. Optimized geometries for selected species in Figure 7. Geometries for the other species are in the Figure S26 in SI15. Selected bond
lengths are in Å. Selected bond distances (Å) of the X-ray structure of 4_exp are as follows: Ru−N: 2.121(2), C1/C3−C2/C4:1.453(3).
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methanediol is formed, it may react with the species 1″ by
transferring its proton to the nitrogen atom in 1″ to form the
intermediate Int4 that then produces HCOOH by crossing
TS5.
3.2.4. Hydride Transfer To Release Carbon Dioxide and

Regenerate the Catalyst. Although complexes 4 and 4′ as
shown in Figure 7 have high stability, they are easily
deprotonated by OH− to reform 5 again (Figure 9A). As
discussed above, OH− can be generated from the catalyst and
water based on the equilibrium 1 + H2O ⇌ 6 + OH−. The
process in Figure 9, panel A has low barriers, TS7 at 16.1 kcal/
mol and TS8 at 5.4 kcal/mol relative to 4 and 4′, respectively.
An additional water, that is, by forming (OH···H2O)

−, has little
effect on this process (see SI8). The formations of 5 and H2O
are respectively 6.8 and −13.7 kcal/mol in water and in THF
relative to 4 and OH−. Thus, under the reaction conditions (the
water−THF mixture), the transformation between the neutral
species 4 and the anionic species 5 may also be in rapid
equilibrium, 4 + OH− ⇌ 5 + H2O.
Consistent with Grützmacher and co-workers’ experiments, 4

is very stable in THF,6 and the release of H2 from 4 or its

isomers is computed to be unlikely, as the barriers for possible
H2-release transition states are over 55 kcal/mol relative to 4
(see SI9). Thus, in one experiment,6 base (KOtBu) is employed
to regenerate the catalyst 1 from 4. The mechanism for this
process was investigated (see SI10) where 4 deprotonates
under base to form the species 5 that then releases H2 to
regenerate the catalyst 1.
In a separate step, the neutral ruthenium complex 6 accepts a

hydride from HCOO− through TS9 to produce CO2 and 5
(Figure 9B). The barrier for TS9 is 29.8 kcal/mol (in water)
and is 18.1 kcal/mol (in THF) relative to separated 6 and
HCOO−. Therefore, the irreversible release of CO2 (from
HCOO−) and H2 (from 5) drives the reaction forward. An
alternative pathway, which involves the isomerization of the
neutral complex 6 to its isomer in which two cis hydrogen
atoms are on the ruthenium and nitrogen atoms, followed by
the release of H2 to generate 3 is computed to be less favorable
(see SI11). In the Grützmacher and co-workers’ experiment,6

reaction of EtOH and H2O in a solution of 1 forms 4 and
acetate. This reaction is proposed to proceed via a similar
mechanism, involving dehydrogenation of EtOH to form

Figure 9. (A) Energetic profiles for the deprotonation of complexes 4 and 4′ relative to 4 and OH−; (B) energetic profiles for the decomposition of
formate to form CO2 relative to 6 and HCOO−.

Figure 10. Optimized geometries for selected species in Figure 9. Geometries for the other species are in Figure S27 in SI15. Selected bond lengths
are in Å.
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CH3CHO, followed by the formation of CH3COO
− and 4.

However, CH3COO
− could not be decomposed by the neutral

complex 6 due to the lack of hydride atoms on the α-C. Thus,
CH3COO

− and 4 were observed in the experiment.
Optimized geometries of transition states TS7 and TS8 in

Figure 10 correspond to the proton migrating from N atoms to
OH−. The distance between the migrating proton and the N
atom in TS8 is shorter (by 0.05 Å) than that in TS7. In
addition, a hydrogen-bond interaction at 1.70 Å in TS8 could
stabilize its structure. Thus, TS8 is lower in energy than TS7. In
TS9, the formate’s hydrogen atom is transferring to the ligand’s
carbon atom, and the transferring H atom lies equidistant from
the two carbon atoms. A hydrogen-bond interaction (at 2.03 Å)
further stabilizes TS9.
An alternative pathway wherein 4 or 4′ reacts with HCOO−

to release CO2 and H2 directly with formation of complex 5
was calculated. However, these barriers are very high (over 50
kcal/mol in water and over 37 kcal/mol in THF, see SI12). In
addition, another alternative pathway involving ruthenium
hydride complexes formed from 4 or 4′ by accepting the
hydride from HCOO− (with the release of CO2) is also
unfavorable; the barriers for the release of H2 from the formed
ruthenium hydride complexes are over 50 kcal/mol in water
and over 37 kcal/mol in THF, respectively (see SI12). Thus,
these two possibilities are unlikely.
Experimentally, species 1 catalyzes formic acid’s decom-

position into CO2 and H2 in several minutes in 1,4-dioxane at
90 °C.6 Thus, any formic acid will decompose fairly rapidly; the
energetic profile is shown in Figure 11. In this pathway, once 1″

is formed via the hydrogen “walking” process, the formic acid
protonates 1″ without any transition state to form intermediate
Int11, followed by releasing HCOO− to produce the neutral
ruthenium complex 6. Subsequently, the neutral ruthenium
complex 6 reacts with HCOO− through TS9 to produce CO2
and 5. The energetic profile in 1,4-dioxane (ε = 2.2099) is
assumed to be close to that in THF (ε = 7.4257) in which the
barrier for TS9 is 18.1 kcal/mol relative to 6 and HCOO−.
In a previously reported production of acid from alcohol and

water by transition metal complexes, the metal−acid complexes
were observed without adding any base.50 Thus, the base is
required to regenerate the catalyst by releasing the carboxylate
anion; the details have been investigated by DFT calculations.33

In contrast, this reaction was reported to occur under neutral
conditions. Thus, possible formic acid−ruthenium complexes

were investigated (see SI13). Among these complexes, the most
stable one, which is an isomer of Int11 formed by adding the
formic acid’s O−H bond to the Ru−N bond of 1″ in which
HCOO− forms a Ru−O bond with the ruthenium atom, is
−12.0 and −7.1 kcal/mol in water and THF, respectively,
relative to separated catalyst 1 and formic acid. This isomer is
less stable than Int11; thus, no stable metal−acid complexes are
formed in this reaction.
To regenerate the catalyst 1, the complex 5 formed in the

reaction must release H2. The calculated energy profiles for this
process are shown in Figure 12, panel A, where complex 5 is

the energy reference. Two pathways were calculated: one is
through a transition state TS10, where H2 releases directly, and
the other one is over transition state TS101w, where a water
molecule mediates the release of H2. Optimizations by
following the forward and backward directions of the imaginary
frequencies of TS10 and TS101w converge to their products
and reactants, respectively. Their barriers are close, 31.2 kcal/
mol for TS10 and 29.6 kcal/mol for TS101w. As shown by their
optimized geometries in Figure 12, panel B, water acts as a
proton shuttle in TS101w, where the distance between the
forming H−H bond is 1.02 Å, which is shorter than that in
TS10 (1.46 Å). The distances for the breaking C−H bonds in
both TS10 and TS101w are very long, 2.70 and 2.48 Å,
respectively. This implies that the release of H2 occurs
asynchronously, where the C−H bond’s hydrogen atom
dissociates first, becoming hydride-like (see the NPA charges
in their optimized geometries), which then withdraws the
proton from the nitrogen atom or water to form H2. Since
TS101w is lower in energy than TS10, we optimized TS101w in
water at the level of M06/BS1/SMD(water), which converges

Figure 11. Energetic profiles for the decomposition of formic acid by
catalyst 1. Optimized geometries for the species are in Figure S28 in
SI15.

Figure 12. (A) Energetic profiles for the release of H2 from the
ruthenium complex 5. (B) Optimized geometries for the transition
states TS10 and TS101w. Selected bond lengths are in Å, and red
numbers on atoms are the NPA charges.
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to a transition state for the H2 release with the formation of
OH− and 6; the barrier for this transition state is 26.8 kcal/mol
at the level of M06/BS2/SMD(water)//M06/BS1/SMD-
(water) relative to separated 5 and H2O. One would expect
additional water molecules would further stabilize this
transition state. The equilibrium between 6 and 1, 6 + OH−

⇌ 1 + H2O, then transforms OH− and 6 back to 1 and H2O.
After H2 is released, 1″ is formed, followed by the isomerization
to regenerate the catalyst 1. Although the formation of 1 and
H2 from 5 is endergonic by 6.6 kcal/mol, this process is
irreversible due to the release of H2, thereby driving the
reaction forward. Other possible mechanisms for the release of
H2 from 5 or its isomers were investigated (see SI14).
However, these possibilities are unfavorable because the
transition states for these mechanisms are higher than TS101w.
3.3. Results for the Actual Catalyst. Total catalytic cycles

for the reaction of CH3OH and H2O to form CO2 and H2
catalyzed by 1 are shown in Figure 13. Catalyst 1 is involved in

the three cycles: dehydrogenation of CH3OH to form CH2O
with releasing one H2 (cycle I), OH− attack on CH2O and
formation of formate with releasing another H2 (cycle II), and
hydride transfer to release CO2 and regenerate the catalyst with
releasing the third H2 (cycle III). By using the mechanism
predicted for the catalyst model 1, key transition states and
intermediates involved in the catalytic mechanism for the actual
catalyst, 1_exp, were recalculated. The energetic results are
shown in Table 1. TS1_exp is very close to TS1 in energy. The
relative energies for X_exp are higher than those for X in the
hydrogen “walking” process, dehydrogenation of methanol to
formaldehyde, hydroxide attack on formaldehyde and for-
mation of formate, and regenerate the catalyst (in Table
1,“X”denotes species number corresponding to the two
complexes, model ligand vs full ligand). Furthermore, in the
deprotonation of complex 4_exp and the hydride transfer to
release carbon dioxide, the energies for X_exp are lower than
those for X. Although the energy differences between X_exp
and X vary by several kcal/mol, the comparisons show that it is
reasonable to simplify the actual catalyst 1_exp to 1 because the
mechanism does not change. The release of H2 over
TS101w_exp is also the rate-determining step, in agreement
with that for the model system. Moreover, the direct H2-release
transition state TS10_exp is higher by 6.3 kcal/mol than the
water-assisted H2-release transition state TS101w_exp. Relative

to separated 5_exp and H2O, the barrier for TS101w_exp is
high, 34.9 kcal/mol in water and 38.4 kcal/mol in THF,
respectively. However, the release of H2 under reflux and the
high reaction temperature (90 °C) is considered sufficient to
drive the reaction forward.
The influence of functionals was examined here by

calculating the rate-determining transition state TS101w_exp
(the release of hydrogen from the complex 5_exp) with five
functionals selected from SI1. Among them, the M06L
functional gives the lowest barrier for TS101w_exp, which is
32.4 kcal/mol. The ωB97XD functional produces the results
that are very close to those for the M06 functional. The other
functionals predict the barriers for TS101w_exp that are higher
by several kcal/mol than that from the M06 functional.
Although it is unclear which functional predicts results that are
closest to the experiment, the high barriers (more than 30 kcal/
mol) for the rate-determining step (the release of H2 from
5_exp) are consistent with reaction conditions reported in the
experiment.

4. CONCLUSION
In summary, DFT calculations with the M06 functional were
conducted to investigate the mechanism for the production of
carbon dioxide and hydrogen from methanol and water
catalyzed by the anionic ruthenium complex 1_exp with a
chemically non-innocent ligand. In the literature, a neutral
ruthenium complex 3_exp formed from the reaction of 1_exp
and water with the release of hydrogen was proposed to
catalyze the reaction. The electronic structures of the anionic
ruthenium complex 1 and its isomers were analyzed by NBO
calculations, and the nature of their non-innocent ligands was
elucidated. Our investigations show that the reaction
mechanism catalyzed by the anion, 1, is more favorable than
that catalyzed by the neutral, 3. In the catalytic mechanism by
1, the intermediate 1″ formed from 1 through migration of the
hydrogen atom from the ruthenium to the meta-carbon atom in
the ligand is an important species. In 1″, the C atom of the
−CHN− bond and the N atom of the −CH2−N bond in
the ligand construct an active site for the catalysis. When H
migrates from Ru to C, a frustrated Lewis pair (FLP) is
generated in the ring between N and C. The computed catalytic
mechanism involves three steps: dehydrogenation of methanol
to formaldehyde, hydroxide attack on formaldehyde and
formation of formate, and hydride transfer to release carbon
dioxide and regenerate the catalyst. The dehydrogenation of
methanol occurs on the ligand of 1″, where two hydrogen
atoms (one on the O atom and the other one on the C atom)
simultaneously move to the ligand’s nitrogen and carbon atoms
(the FLP), respectively, forming complex 5. In the process for
hydroxide attack on formaldehyde and formation of formate,
the catalyst first cleaves water, followed by the dissociation of
OH− to form a neutral complex 6, building on the equilibrium
of 1 + H2O ⇌ 6 + OH− under the reaction conditions. The
generated OH− reacts with formaldehyde immediately to form
a H2C(OH)O

− anion. Subsequently, a hydride of H2C(OH)O
−

moves to the ligand’s C atom of 6 to give formic acid and 5.
The formic acid then protonates 5 easily to generate complex 4
or 4′, which are considered as stable resting states in the
reaction. 4 or 4′ is found to be deprotonated by the formed
OH− to reform 5 again, resulting from the equilibrium, 4 +
OH− ⇌ 5 + H2O. In addition, the formed neutral complex 6 is
computed to assist the decomposition of formate to release
CO2 by transferring the hydride of formate to the sp

2 C atom of

Figure 13. Total catalytic cycles for the reaction of CH3OH and H2O
to form CO2 and H2 catalyzed by 1. Reactants and their transformed
species are shown in red, and the mediator H2O and its transformed
species OH− are shown in blue.
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6, leading to 5. Finally, complex 5 releases H2 to regenerate the
catalyst. The release of CO2 (from formate) and H2 (from 5) is
irreversible, which is considered to drive the reaction forward.
Although the energies for selected transition states and
intermediates for the actual catalyst system with the full ligands
vary in several kcal/mol in comparison to that for the model
system, the catalytic mechanisms for both systems are the same.
The release of hydrogen is still the rate-determining step in the
actual catalyst system; the barrier is over 30 kcal/mol with a
variety of different functionals. The release of H2 and the high
reaction temperature (90 °C) drives the reaction forward.
In the studied mechanism, the whole reaction occurs on the

chemically non-innocent ligand with the ruthenium atom
appearing as a spectator. This is unusual because, traditionally,
reactions by transition metal complexes have been found to
occur on the metal center with the ligands as spectators. The
reaction looks like an organic reaction, as the Ru center does
not participate directly in the reaction. The ligand-based
mechanism proposed here provides a direction to design new
catalysts by replacing the Ru atom with other metal atoms, for
example, a less costly, benign iron atom, or with nonmetal
atoms (an extension of transition metal catalysis to organic
catalysis). Furthermore, this study suggests the possibility of the

ligand-based mechanisms for other transition-metal-catalyzed
reactions.
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Table 1. Results for Some Transition States and Intermediates for the Actual Catalyst System and the Corresponding Model
System in Italic. Energies in kcal/mol Are ΔGw[ΔHw](ΔGTHF)

a

hydrogen “walking” process

relative to the catalyst 1_exp and (H2O···H2O) TS1_exp 1′_exp TS22w_exp 1″_exp
19.3[18.9](19.1) 9.2[9.3](9.1) 16.6[9.6](17.6) 3.4[3.6](6.1)
19.3[18.3](18.9) 6.5[6.7](5.9) 12.8[5.4](17.6) 2.8[2.5](5.4)

dehydrogenation of methanol to formaldehyde

relative to 1_exp and CH3OH TS3_exp 5_exp + CH2O
27.4[15.9](34.2) 12.2[11.9](9.9)
23.8[13.2](30.0) 11.3[10.5](9.9)

hydroxide attack on formaldehyde and formation of formate

relative to 1_exp, (H2O···H2O), and
CH2O

TS41w_exp + CH2O 6_exp + (OH···H2O)
− +

CH2O
Int4_exp + H2O TS5_exp + H2O 4_exp + HCOO− +

H2O
7.9[0.2](10.9) −1.1[1.5](13.3) 2.2[-11.1](10.0) 13.1[-1.1](18.4) −38.6[-43.5](−28.3)
3.8[-5.1](11.3) -6.6[-4.4](11.1) -4.5[-18.3](2.6) 10.2[-4.3](14.9) -44.4[-49.1](−34.5)

deprotonation of complex 4_exp

relative to 4_exp and OH− 4′_exp + OH− TS7_exp 5_exp + H2O
1.8[2.2](2.0) 12.2[3.5](−10.2) 1.9[-1.0](−23.7)
2.3[2.4](2.3) 16.1[6.8](−4.5) 6.8[3.2](−13.7)

hydride transfer to release carbon dioxide regenerate the catalyst

relative to 6_exp and HCOO− TS9_exp 5_exp + CO2 relative to 5_exp and H2O TS10_exp TS101w_exp
25.7[16.2](15.9) 8.7[5.9](−6.4) 41.2[41.0](41.5) 34.9[31.0](38.4)
29.8[20.5](18.1) 13.3[10.3](−1.0) 31.2[31.3](32.2) 29.6[26.9](33.3)

aOptimized geometries for the species are in Figure S29 in SI15.

Table 2. Results for TS101w_exp for the Release of Hydrogen
with Different Functionalsa

functionals TS101w_exp

ωB97XD 34.9[31.4](38.1)
M06L 32.4[28.7](36.1)
CAM-B3LYP 36.0[32.2](38.6)
OHSE2PBE 38.3[34.3](41.3)
MN12SX 40.8[37.0](43.5)

aEnergies in kcal/mol are ΔGw[ΔHw](ΔGTHF) relative to separated
5_exp and water.
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