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ABSTRACT: The X-ray crystal structure of a dimethyl sulfoxide (DMSO) c
coordinating complex [Ru(x*-pdc)(tpy)(DMSO)] (Hypdc = 2,6-pyridyl /k‘\
dicarboxylic acid and tpy = 2,2':6',2"-terpyridine) led to the discovery of a ?/\T !
unique Ru'V=O configuration for the Ru-pybox (pybox = pyridine- /"
bis(oxazoline) ligands) epoxidation catalyst by theoretical calculations. On the ¢
basis of this structure, a detailed theoretical study was conducted on the alkene

epoxidation reaction using ruthenium-based epoxidation catalysts. It was found

that the process of H,O, coordination proceeded via an associative path in

which one carboxylate detached. The following H,O-elimination step was found

to be facilitated by the detached carboxylate group. The resulting Ru''=0

rearranges to the species frans-2a-oxo, in which one carboxylate group is

situated over the tpy ring; the trans-2a-oxo was found to have the lowest

activation free energies toward alkene epoxidation. These results demonstrated

the importance of the hemilabile properties of the pdc®~ ligand for the Ru-pdc alkene epoxidation catalysts.

KEYWORDS: epoxidation, ruthenium, DFT, hemilabile, oxidation, mechanism

B INTRODUCTION (tpy)] (1; Hypdc = 2,6-pyridyl dicarboxylic acid; tpy =
2,2':6',2"-terpyridine; Figure 1) as an alkene-epoxidation
catalyst in the presence of non-atom-economic oxidants such
as PhI(OAc),, O,/'BuCHO, and ‘BuOOH.”” Later on, Beller
and co-workers developed a series of catalysts of [Ru(pdc)-
(pybox)] (pybox = pyridine-bis(oxazoline) ligands; complex 2;
Figure 1) that use hydrogen peroxide as the oxidant, with high
activity and selectivity toward asymmetric epoxidation of
alkenes.”*™*” The anionic ligand pdc*~ is essential to suppress

Asymmetric epoxidation of alkenes is a central reaction in
organic synthesis, especially for drug synthesis because it can
potentially generate two chiral centers in one step. During the
past few decades, large progress has been made in the
development of epoxidation catalysts. Some of the most well-
known catalysts are the Sharpless—Katsuki Ti tartrate
complexes' and the Katsuki—Jacobsen Mn-salen complexes.””
However, those catalysts require the use of non-atom-economic

reagents as the oxidant, such as alkyl hydroperoxides and the fiecomposition of hydrogen peroxide and to improve the
hypochlorite. In recent years, great efforts have been dedicated efﬁc1'enc.y of the Ru-pdc/ HZO% system towar d alkene
to epoxidation reactions using hydrogen peroxide as the .epomd.atlon. It has als.o been 2u_se<.:'l In water ox1dat10r.1 catalysts
terminal oxidant because hydrogen peroxide has high atom in which the 7-donating pdc hgagcirsnakes the high valent
economy and its only byproduct is water.” states accessible at lower potentials.”” ™~
Ruthenium-based epoxidation catalysts have received much

attention because of the well-developed Ru chemistry and the Received: March 9, 2015

easy access of various redox states of Ru complexes.5_26 In Revised: ~ May 20, 2015

particular, Nishiyama et al. reported the first use of [Ru(pdc)- Published: May 21, 2015
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Figure 1. Structures of complexes 1, 2, 2/, 1-DMSO, 2a-oxo, 2b-o0xo, trans-2a-oxo, trans-2b-oxo, and trans-2a-oxo, as well as free energy differences
of oxo species The spin multiplicity (m) of each oxo complex is labeled.

For the epoxidation reaction, it was proposed that the
corresponding Ru'V=0 species, [Ru"(pdc)(x*-pybox)(O)]
(2b-oxo; Figure 1), is the active catalyst on the basis of density
function theory (DFT) calculations.”” Unfortunately, limited
experimental results were obtained to identify the geometric
structure of the active Ru'V=O because of the intrinsic
difficulty in isolating the reactive/unstable, high valent state
Ru"V=0 species. This also hampers the understanding and the
development of the Ru-pdc alkene epoxidation catalysts.
Herein, we report the crystal structure of a novel DMSO-
coordinated Ru-pdc complex [Ru"(x*-pdc)(tpy) (DMSO)] (1-
DMSO; DMSO = dimethyl sulfoxide, Figure 1) in which one
carboxylate has been detached. On the basis of this finding, we
conducted theoretical studies on the function of the hemilabile
pdc ligand on the reactivity. We found the trans-2a-oxo species
(Figure 1) to be the most probable intermediate for C—O bond
formation in the alkene epoxidation catalyzed by the Ru-pdc-
pybox catalyst.

B MATERIALS AND METHODS

Experimental Section. Complexes 1 and 2 were prepared
according to the literature methods.””*® All other chemicals are
commercially available. The 'H NMR spectra were recorded
using a 500 MHz Bruker Advance spectrometer. Mass
spectrometry measurements were performed on a LCQ
Advantage Max (Finnigan) mass spectrometry. All of the
electronic absorption spectra were measured with a Perki-
nElmer Lambda 750 UV—vis spectrophotometer.

Synthesis of Complex 1-DMSO. To a dark solid of
complex 1 (30 mg) was added S mL of dimethyl sulfoxide. The
mixture was sonicated for S min and then stirred for another 10
min at room temperature. During this period, a yellow
precipitate was formed, which was eventually filtered out,
washed with ethyl ether/methanol (v/v = 10:1), and dried
under vacuum overnight. The target product was obtained as a
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yellow solid (yield: 15 mg, 43%). "H NMR (500 MHz, D,0): §
= 8.36—8.39 (m, 4H), 8.30 (d, 2H), 8.17 (m, 2H), 8.10 (t, 2H),
7.96 (t, 1H), 7.57 (t, 2H), 7.13 (d, 1H), 2.77 (s, 6H). MS
(BSI): m/z" = 57893 ([M + H]* caled: 579.03) and 600.80
([M + Na]*; caled: 601.01). Found: C 50.18, H 3.68, N 9.65.
Calcd for C,,H,oN,OsRuS: C 49.91, H 3.49, N 9.70%.

Single-Crystal X-ray Diffraction. Single crystals were
obtained by a solvent evaporation process of a mixed DMSO/
H,O solution of 1. Single-crystal X-ray diffraction data were
collected from a red blocklike crystal on an Xcalibur
diffractometer at 298 K using a Mo X-ray radiation source (4
0.71073 A). Data reduction was performed using the
CrysAlisPro program.”” The structure was solved by a direct
method. All the non-hydrogen atoms were located directly from
difference Fourier maps. All the hydrogen atoms were located
directly in the calculated position on the basis of their
geometry. Final structure refinements were performed with
the SHELX program’**” by minimizing the sum of the squared
deviation of F* using a full matrix technique.

Computational Studies. All density functional theory
(DFT) calculations were carried out with the Jaguar 7.6
program package by Schrodinger LLC. For geometry
optimizations, solvation energy, and frequency calculations,
Becke’s three-parameter hybrid functional and the LYP
correlation functional (B3LYP)***' were used with the
LACVP** core potential and basis set; single-point energy
corrections were performed with the M06** functional usin
the LACV3P**++ basis set which, as suggested by Martin,”*
was augmented with two f-polarization functions on Ru.
Frequency calculations were performed on the optimized
geometries to verify that the geometries correspond to minima
or first-order saddle points (transition states) on the potential
energy surface (PES). The Gibbs free energies were defined
using the following equation G = E(M06/LACV3P**++ 2f on
Ru) + Gy, + ZPE + Hyys — TSys + 1.9 (concentration
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correction to the free energy of solvation from M(g) to M(aq)).
On the basis of the gas-phase-optimized structures, the effect of
solvent was evaluated by single-point calculations using the
Poisson—Boltzmann reactive field implemented in Jaguar 7.6
(PBF)* in tert-butyl alcohol.

B RESULTS AND DISCUSSION

Dissolving the dark red solid of complex 1 in DMSO resulted in
a light yellow solution from which a yellow precipitate was
formed in a few minutes and was isolated and characterized as
complex 1-DMSO in a zwitterionic form. The crystal structure
of 1-DMSO was resolved and is depicted in Figure 2. In the

Figure 2. Crystal structure of 1-DMSO with thermal ellipsoids at 30%
probability. Hydrogen atoms are omitted for clarity.

structure, the tpy ligand is tridentately bound to the Ru cation,
the pdc ligand bidentately coordinates to the Ru cation though
the N and O atoms, and the DMSO ligand binds through the S
atom. The DMSO ligand is trans to the N atom of the pdc
ligand; one of the carboxylate groups is pendant and is situated
close to the tpy ring, as a result of which the central pyridine
motif of the terpyridine ligand was clearly bent toward the
DMSO ligand. Its "H NMR and COSY spectra (Figure S1) are
in good agreement with the crystal structure resolved from
single-crystal X-ray diffraction. Three resonance peaks at 8.17
(including one proton from tpy), 7.96, and 7.13 ppm were
assigned to the pdc®” ligand, and the remaining peaks in the
aromatic region, to the tpy ligand. The resonance peak of the
coordinated DMSO ligand was observed at 2.77 ppm, with a
contaminant peak (2.69 ppm) of free DMSO nearby. Regarding
the well-known asymmetric alkene epoxidation catalyst 2, the
ligand exchange between methanol and carboxylate ligands has
been observed previously by the Beller group;”” however, the
proposed steric structure of the resulting product (the
incoming methanol ligand is proposed cis to the pendant free
carboxylate) is questionable in consideration of the crystal
structure of 1-DMSO.

Ligand exchange processes are among the most important
elementary steps of a catalytic cycle and may influence the
catalytic activity, substrate selectivity and the longevity of a
catalytic reaction. In particular, a ligand exchange step is
required to form the active Ru""=0 at the Ru-pdc catalysts,
and therefore, how RuV=0 is formed is of interest. However,
the inherent difficulties of studying the reaction between a Ru-
pdc catalyst with H,O,, due to decomposition of H,O, and
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highly reactive intermediates, prevent chemists from obtaining
much useful information from experiments. Instead, studying
the interaction of a Ru-pdc catalyst with DMSO is easier and
more straightforward and may shed light on the ligation of, for
example, H,O, with complexes 1 and 2. We therefore studied
the kinetics of reactions of complexes 1 and 2 with DMSO
(Figure 3; 2-DMSO [Ru(x*-pdc) (pybox)(DMSO)]) by

O
N—Ri—N )+ &L — .
3 \
e}
1
.
o/\l.\\lro
— AN fi b kp
L /Ru_”—‘N\ / + S\‘ E——
=N P
0 Swp, O
iPr
e}
2

Figure 3. Reaction schemes of 1 (or 2) + DMSO — 1-DMSO (or 2-
DMSO).

means of UV—vis spectroscopy (see Figure S2 for the UV—
vis spectra of complexes 1 and 2). Kinetic measurements, by
using the initial reaction rate method (Figures S3—S12), reveal
a rate law of first order in [Ru] ([1] or [2]) and first order in
[DMSO], which is rate = k[Ru][DMSO], with k; = 1.95 X 1072
M~ s7! for complex 1 and k, = 2.4 X 107> M™" s™" for complex
2 at room temperature, indicating an associative ligand
exchange mechanism. The slow kinetics of 2 are most likely
due to two reasons: (1) the electron-deficient Ru cation
(caused by the poor electron-donating pybox ligand in which
two-electron-negative oxygen atoms are present) strengthens
the Ru—O,posyiate Ponds and slows down the ligand exchange
kinetics; (2) the steric bulkiness of isopropyl groups hinders the
incoming DMSO ligand and thereby reduces the ligand
exchange rate.

To provide a detailed interpretation for DMSO substitution,
DEFT calculations were performed to locate the transition states
of the ligand substitution reaction. Two transition states were
found (Figures 4 and S13): ts-cis-1-DMSO corresponds to the
substitution of the carboxylate ligand close to the incoming
DMSO ligand, yielding an intermediate cis-1-DMSO; ts-1-
DMSO is the replacement of one carboxylate with the other
one, through which cis-1-DMSO is transformed to 1-DMSO.
The free energy barriers are calculated to be at 15.9 and 15.7
kcal/mol for these two steps, respectively.

The unique structure of 1-DMSO is reminiscent of the
structure of the proposed active Ru™'=0 species of the Ru-
pdc-pybox asymmetric alkene epoxidation catalysts. We
therefore wonder if they share a similar feature, that one of
the carboxylates is replaced by the incoming ligand, a DMSO/
oxo ligand? To answer this question, we carried out DFT
calculations on the structures of Ru=O species. The free
energy of five possible active species is first presented, including
four RuV=0 species—2a-ox0, 2b-oxo, trans-2a-oxo and trans-
2b-oxo—together with a ligand oxidized species (an N oxide)
2-oxo-N (Figure 1; see their optimized structures in Figure
S14). Note that two isopropyl groups of 2 were replaced by two
methyl groups 2’ in the DFT calculations.
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Figure 4. Reaction diagram of the DMSO-substitution reaction. The relative Gibbs free energies are given in kcal/mol, and the bond lengths are
given in A.
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Figure S. Reaction diagram of formation of 2a-oxo via H,0O, with complex 2. The relative Gibbs free energies are given in kcal/mol, and the bond
lengths are given in A.
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Figure 6. Reaction diagram of epoxidation of styrene using 2a-oxo. The relative Gibbs free energies are given in kcal/mol, and the bond lengths are
given in A.

Among these five species, complex trans-2a-oxo is calculated candidate reactive species. Complex 2-0xo-N is not considered
to have the lowest free energy. The other conformations are all as a reactive species because it has to be transformed to a Ru=
slightly higher in free energy, yet all low enough to be possible O species to react with an alkene, and it was not further
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Figure 7. Epoxidation of styrene using trans-2a-oxo. The relative Gibbs free energies are given in kcal/mol, and the bond lengths are given in A.

investigated. On the basis of these values, we cannot identify
whether 2a-oxo, 2b-oxo, trans-2a-oxo, or trans-2b-oxo is the
active species. Therefore, we calculated their reaction energy
barriers toward the C—O bond formation for the alkene
epoxidation reaction.

First, the formation of the relatively stable epoxidation
catalysts 2a-oxo and 2b-oxo were examined. For 2a-oxo, as
inspired by the DMSO-substitution reaction (Figure S13a), we
explored the ligation of H,0, to the complex 2’ with the
involvement of carboxylate ligand dissociation (Figure $;
optimized structures in Figure S15). Upon the approach of
HOOH to complex 2/, the carboxylate ligand close to the
incoming HOOH dissociates, and 2a-HOOH—COO is formed
with an activation barrier of 16.4 kcal/mol via the transition
state ts-2a-HOOH—COO. Then a proton of the attached
HOOH is transferred to the oxygen site of the dissociated
carboxylate ligand. This proton movement is facile and
proceeds with a low free energy barrier of 0.8 kcal/mol via
ts-2a-OOH—COOH and leads to the formation of complex 2a-
OOH-COOH. The formation of the potential catalyst 2a-oxo
is accompanied by the dissociation of water and is exergonic
once the free energy barrier ts-2a-oxo is overcome (11.1 kcal/
mol). The direct formation of 2b-oxo from the reaction of 2’
and HOOH is disfavored with a free energy barrier of 29.9
kecal/mol (Figure S16).

The free energy barriers for styrene reacting with the species
2b-oxo and trans-2b-oxo where a nitrogen ligand has
dissociated, are calculated at 27.8 and 29.6 kcal/mol,
respectively (Figures S17 and S18), indicating that these two
reactions would be slow at room temperature. In contrast, the
energy barriers for the species with the detached carboxylate,
2a-oxo0 and trans-2a-oxo, are lower. Therefore, the following
discussion will focus on these two species to understand how
Ru-pdc complexes catalyze alkene epoxidation.

The free energy barrier of direct reaction of catalyst 2a-oxo
with styrene is calculated as 25.2 kcal/mol relative to 2a-oxo via
ts-2a-o-ene (Figure 6), indicating that this direct reaction
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between 2a-oxo and styrene to complete the epoxidation is
slow at room temperature. Once the potential catalyst 2a-oxo is
formed, another possible pathway that includes the transition to
trans-2a-oxo by overcoming ts-trans-2a-oxo (13.4 kcal/mol)
before reacting with styrene is considered (Figure 7). This
reaction is exergonic by 2.2 kcal/mol, and trans-2a-oxo is
actually the Ru'V-oxo species with the lowest free energy.
Therefore, all reactions with styrene should be related to this
species. This means that the ts-2a-o-ene is 27.4 kcal/mol
relative to trans-2a-oxo, which makes it more unlikely that it is
the major reaction path at room temperature. The reaction
between trans-2a-oxo and styrene generates trans-2a-o-ene
(triplet) by overcoming a free energy barrier of 22.8 kcal/mol
via ts-trans-2a-o-ene, which is the lowest barrier located for this
step and also a reasonable activation energy at ambient
conditions. A further oxygen—carbon bond formation that leads
to trans-2a-epo-ene (singlet) proceeds via a spin-crossing
transformation (Figure S19). A minimum energy crossing point
(MECP) was located on the hypersurface where the two spin
states have the same energy.” " A calculated transition free
energy barrier between two spin states is only 5.2 keal/mol.
The only geometrical difference between 2a-oxo and trans-
2a-oxo is the position of the dissociated carboxylate group,
which is near the oxo in 2a-oxo and far from the oxo in trans-
2a-oxo. This geometrical difference makes the reactivity toward
styrene slightly different. The free energy barrier reached 25.2
kcal/mol when 2a-oxo reacted with styrene, and the free energy
of product 2a-o-ene is 7.0 kcal/mol higher than the reactants.
In contrast, the free energy barrier for the reaction between
trans-2a-oxo and styrene is at 22.8 kcal/mol (taking trans-2a-
oxo as a reference), and the free energy of product trans-2a-o-
ene is 3.0 kcal/mol higher than the reactants. A possible
explanation of the difference in reactivity is based on the
electron density at the oxo of Ru™'=0 along the reaction path.
Along the reaction coordinate between 2a-oxo and styrene
(Table 1), negative charge builds up on the oxygen atom (from
—0.43 to —0.51, finally to —0.56). The repulsion between this
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Table 1. Atomic Charges from Mulliken Population Analysis
of Reaction between 2a-oxo and Styrene

complexes charge of O of oxo group
2a-0x0 —-0.43
ts-2a-o-ene —-0.51
2a-0-ene —0.56
trans-2a-oxo —0.44
ts-trans-2a-o-ene —0.50
trans-2a-o-ene —0.55

oxygen and the dissociated carboxylate group (carrying a formal
negative charge) nearby thereby increases, which may cause the
slightly higher free energy of both ts-2a-o-ene and 2a-o-ene.
However, for trans-2a-oxo (Table 1), although negative charge
still builds up along the reaction coordinates, the dissociated
carboxylate group is far from the oxo, and the electronic
repulsion is minimal for both ts-trans-2a-o-ene and trans-2a-o-
ene. Although there may be additional explanations for the
difference in reactivity, it appears that 2a-oxo needs to be
transformed to trans-2a-oxo before reacting with styrene and
completing the epoxidation of styrene. On the basis of a
suggestion from one of the reviewers, we calculated the
reactivity of the two conformations but with the carboxylate
removed. In that way, we could distinguish the effect of the
carboxylate placement versus the cis/trans placement of the
picolinate moiety. We found that also, here, the reactivity
slightly favors the same conformation that we found more
reactive, but the effect is smaller (Figure S24). This result
indicates that the preference of reactivity at trans-2a-oxo over
2a-oxo could be due to a combination of the placements of the
ligands bound to the metal and the placement of the
nonbonded carboxylate group.

On the basis of our results, the hemilabile carboxylate of the
Ru-pdc alkene epoxidation catalysts is essential for the catalytic
function. It has several functions along the H,O,-driven alkene
epoxidation reactions: (1) The tridentate coordination of the
pdc®” ligand stabilizes the stating complex (in comparison with
Ru catalysts with five-coordinated ligands) when substrates are
not present or not accessible. (2) The hemilabile nature of the
ligand allows for substrate coordination. Although the
tridentate coordination stabilized the complex, it could
potentially block reactivity. However, the pdc ligand can clearly
create a free site with low activation barriers. (3) In the
formation of the RuV=0 intermediate, the dissociated
carboxylate is directly involved. In the first step, a proton is
transferred from the coordinated H,O, to the carboxylate, then
the proton is transferred to the noncoordinated oxygen, leading
to formation of water and Ru'Y=0. 4) The p-donating nature
of the ligand facilitates the oxidation by stabilizing the high
oxidation states of the ruthenium center via p(O)—d(Ru)
orbital overlap and charge compensation.

B CONCLUSION

A DMSO-substituted [Ru(pdc)(tpy)] complex 1-DSMO has
been isolated and characterized by '"H NMR, elemental analysis,
MS, and X-ray crystallography. The kinetics of the ligand
substitution reaction has been studied and revealed an
associative ligand exchange pathway. This finding led to
understanding the process of H,O, entering the coordination
sphere of the Ru-pdc alkene epoxidation catalysts. The
structure of 1-DMSO inspired us to propose a Ru"V=0
species, trans-2a-oxo, that is likely the active species for alkene
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epoxidation. The large difference in activity between 2a-oxo
and trans-2a-oxo indicates the importance of the dissociated
carboxylate group, which is near and far, respectively, from the
reacting oxo group. The species with the dissociated
carboxylate group close to the reacting oxo will experience
electrostatic repulsion along the reaction and will therefore
have a high free energy of activation. In contrast, the species
with the dissociated carboxylate group far from the oxo avoids
this repulsion, and the reaction can proceed with a low
activation free energy. The hemilabile property of the pdc*~
ligand is key to the facile transformation from the reactant all
the way to the product, and the ligand’s tridentate coordination
also stabilizes the complex toward degradation. Our discovery
has improved the understanding of the epoxidation mechanism
catalyzed by the [Ru(pdc)(NANAN)] catalysts. The fact that
the carboxylate ligands, such as pdc®”, are hemilabile and
readily rearrange could also have implications on other catalytic
processes in which these ligands are involved; for instance, the
water oxidation reaction catalyzed by catalysts [Ru(pdc)(pic)]
and [Ru(hqc)(pic);] (pic = 4-picoline; Hyhqc = 8-hydrox-
yquinoline-2-caboxylic acid).
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