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We have synthesized and characterized a Ru"—OH, complex
(2), which has a pentadentate ligand with two pivalamide groups as bulky
hydrogen-bonding (HB) moieties in the second coordination sphere (SCS).
Complex 2 exhibits a coordination equilibrium through the coordination of
one of the pivalamide oxygens to the Ru center in water, affording a 75
coordinated complex, 3. A detailed thermodynamic analysis of the
coordination equilibrium revealed that the formation of 3 from 2 is
entropy-driven owing to the dissociation of the axial aqua ligand in 2.
Complex 2 was oxidized by a Ce" salt to produce the corresponding
Ru(OH) complex (5), which was characterized crystallographically. In the
crystal structure of 5, hydrogen bonds are formed among the NH groups of
the pivalamide moieties and the oxygen atom of the hydroxo ligand. Further
le -oxidation of § yields the corresponding Ru'"(O) complex, 6, which has
intramolecular HB of the oxo ligand with two amide N—H protons. Additionally, the Ru"™'(OH) complex, S, exhibits
disproportionation to the corresponding Ru"v(0) complex, 6, and a mixture of the Ru® complexes, 2 and 3, in an acidic aqueous
solution. We investigated the oxidation of a phenol derivative using complex 6 as the active species and clarified the switch of the
reaction mechanism from hydrogen-atom transfer at pH 2.5 to electron transfer, followed by proton transfer at pH 1.0. Additionally,
the intramolecular HB in 6 exerts enhancing effects on oxygen-atom transfer reactions from 6 to alkenes such as cyclohexene and its
water-soluble derivative to afford the corresponding epoxides, relative to the corresponding Ru"'(O) complex (6") lacking the HB
moieties in the SCS.

ruthenium-oxo complex, proton-coupled electron transfer, hydrogen bonding, oxygen-atom transfer,
second-coordination sphere

amine (TPA) derivatives, which have HB amino or amide
substituents, as ancillary ligands for the stabilization of Cu'-
superoxo complexes to investigate their reactivity in hydrogen-
atom abstraction (HAA) from 2,6-di-t-butyl-4-methoxy-phenol
as a substrate.'” In consequence, the Cu complex having a
stronger HB substituent in the ancillary ligand showed higher
reactivity in the oxidation reaction.'*

On the other hand, the impacts of HB on the oxo ligand in

Metal complexes catalyze various important and useful
reactions as observed in enzymatic conversion' " and
industrial production.” In the catalytic reactions performed
by metalloenzymes, the arrangements in the second coordina-
tion sphere (SCS) of the metal center play indispensable roles
in enhancing the catalytic reactivity and improving the

selectivity.”® To date, a number of metal complexes bearing ) i i
specific SCSs have been synthesized to exhibit unique catalytic hlgh-valent metal-(?xo co.rx?plexes have 'a‘lso .been 1n\{§s_t21§ated
reactivity from viewpoints of reaction efficiency and product with regard to t.helr stability and reactivity mn HAA. . For
selectivity.2~2 For this purpose, 7-conjugated substituents® " example, Borovik and co-workers synthesized a series of

or polar functional groups'>~* have been introduced to the

ligands. Those substituents enable the complexes to form z7—7x July 13, 2023
interaction’™"" or hydrogen bonding (HB)'>~*° with the August 25, 2023
ligand on the metal center or with substrates of the catalytic August 25, 2023
reactions, which efficiently control the product selectivity or September 27, 2023

accelerate the catalytic reactions. For example, Karlin and co-
workers have employed four kinds of tris(2-pyridylmethyl)-
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Mn"'—oxido complexes, having urea-containing tripodal
ligands with various substituents to investigate the substituent
effects on the pK,(OH) values of the Mn"'—hydroxo complex
and also on the reactivity for HAA from organic substrates
such as dihydroanthracene.'” Both the pK,(OH) values and
rate constants for the HAA reactions correlated well with the
Hammett parameters of the substituents; upon increasing the
electron-withdrawing ability of the substituents, both the
pK,(OH) value and the rate constant proportionally
decreased.'” In consequence, strong HB of the urea N—Hs
with the oxo ligand stabilizes the metal-oxo complexes and
inevitably sacrifices the reactivity in HAA from substrates."™>°
Since the HB decreases the basicity and electron-donating
character of the oxo ligand," the reactivity of high-valent
metal-oxo complexes in oxygen-atom transfer (OAT) reactions
should be influenced by HB (Figure 1). So far, the
enhancement of the OAT reactivity by HB has yet to be
demonstrated for high-valent metal-oxo complexes."”

X\ Decrease of basicity
H~.,. Increase of electrophilicity

i
M <£Increase of electron‘

acceptability

Figure 1. Effects of HB with substituents in the SCS on high-valent
metal-oxo complexes.

We have investigated the reactivity of Ru'"(O) complexes
that have pyridylamine ligands in the oxidation of organic
substrates.”’*° The Ru'Y(O) complexes have been prepared
by electron-transfer (ET) oxidation of the corresponding
Ru"—-OH, complexes using a Ce" complex as an oxidant
throu§h a proton-coupled electron transfer (PCET) mecha-
nism.””~** Herein, we have introduced the pivalamide group to
the 6-positions of the two pyridines in pentadentate N,N-bis(2-
pyridylmethyl)-N-bis(2-pyridyl)methylamine (N4Py) and syn-
thesized a Ru"—OH, complex having the pivalamide-appended
N4Py ligand (DPN4Py). We have explored the coordination
equilibrium observed for the Ru"-DPN4Py complex owing to
the coordination of one of the oxygen atoms of the two amide
moieties to the Ru'' center; the equilibrium involves one Ru
complex having DPN4Py as a hexadentate ligand and the other
having it as a pentadentate ligand together with an aqua ligand.
Furthermore, we have investigated the substrate oxidation
ability of the corresponding Ru'V(O) complex, formed by
PCET oxidation of the Ru"(OH,) complex with a Ce'"
complex as an oxidant to reveal the beneficial effects of the
intramolecular HB on the oxo-transfer reactivity of the
Ruv(O) complex.

According to the reported procedure, dipa (= di(2-pyridyl)-
methyl-amine)’” and BMPPA (= N-{6-(bromomethyl)pyridin-
2—)7l}pivalamide:)38’39 were synthesized (Scheme S1). Con-
densation of dipa and BMPPA in CH;CN was made by the
reported procedure® to obtain a pentadentate ligand having
two pivalamide moieties, N,N-bis(6-pivalamido-2-pyridylmeth-
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yl)-N-bis(2-pyridyl)methyl-amine (DPN4Py; Scheme S1).
After the condensation, DPN4Py was purified from the
reaction mixture by column chromatography on silica gel
with a mixed solvent of ethyl acetate: MeOH = 7:3 (v/v) as an
eluent. DPN4Py obtained was reacted with RuCl,(DMSO),,
which was prepared by a reported procedure,*" in 2-propanol
under reflux for 20 h (Scheme 1).** The solvent of the reaction

Scheme 1. Synthesis of Ru"(DPN4Py) Complexes, 1 and 2
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mixture was concentrated to one-fourth to precipitate a red
powder, which was filtered to obtain [Ru"'CI(DPN4Py)]Cl (1-
Cl) in 78% vyield. The counteranion of 1 was replaced by a
PF¢~ ion by treatment with NaPF, to obtain 1-PFj.

Formation of target complex 1 was confirmed by ESI-TOF-
MS spectrometry in CH;CN (Figure S1); a peak cluster for 1,
[Ru"'CI(DPN4Py)]*, was observed at m/z = 702.19 (calcd. for
[Ru""CI(DPN4Py)]*: m/z = 702.19). A "H NMR spectrum of
1-PF¢ in CDCI; at room temperature showed seven signals
derived from the protons of the four pyridine rings linked to
the methine or methylene carbons (Figure S2). Thus, complex
1 exhibits o-symmetry in the solution. The assignments of the
"H NMR signals were performed based on the "H—'"H COSY
and NOE measurements. Two AX doublets with a 4H integral
ratio were observed at § 4.79 and 4.22 ppm (J5x = 16.2 Hz),
which were assigned to the signals of the methylene protons
(Py—CH,—N) of the ligand. In addition, a singlet observed at
10.9 ppm with a 2H integral ratio disappeared upon the
addition of D,O to the solution, and thus, this signal was
assigned to the amide-NH protons bearing exchangeability.
The amide-NH signal shows significant low-field shift relative
to amide-NH signals in the literature (5.5—9.5 ppm)*’ and this
can be explained by the strong intramolecular HB of the amide
N—Hs with the axial CI ligand even in solution.**~*

Vapor diffusion of hexane as a poor solvent into a solution of
1-PF¢ in acetone afforded single crystals of 1-PFq suitable for
X-ray diffraction analysis. The crystal structure of 1-PF4 was
determined, as shown in Figure 2. In the crystal of 1-PFy, one
ion pair of Na* and PF,~ ions per one ion pair of 1* and PF,~
ions was included, and the NaPF, salt was derived from the
PF4™ source for the ion exchange during the synthesis. Both of
the carbonyl oxygen atoms (Ol and O2 in Figure 2)
electrostatically interact with the Na® ion with interatomic
separations of 2.626(3) A (Na--O1) and 2.658 A (Na---02)
(Figure S4). The interatomic distances of N6--Cl and N7---Cl
in the crystal structure of 1 are 3.201(3) and 3.188(3) A
(Table S1); these short interatomic distances**** indicate the
strong HB between the amide N—Hs and axial Cl ligand as
suggested by the '"H NMR spectrum (see above). Due to the
HB, the bond distance of Ru—Cl (2.4336(8) A) is longer than
that of the corresponding complex having no amide moieties,
[Ru"CI(N4Py)]* (Ru—Cl: 2.4162(8) A).** Here, the HB
between the positively polarized amide N—Hs and the Cl
ligand compensates the negative charge of the CI ligand*™**

https://doi.org/10.1021/jacsau.3c00377
JACS Au 2023, 3, 2813-2825


https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00377/suppl_file/au3c00377_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00377/suppl_file/au3c00377_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00377/suppl_file/au3c00377_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00377/suppl_file/au3c00377_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00377/suppl_file/au3c00377_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00377/suppl_file/au3c00377_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00377?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00377?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00377?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00377?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00377?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00377?fig=sch1&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

> \b\
< A\ D /
77 \A\
k S5
OT &7\ ne N7 o2
T, ~4
v\l \‘\\, Cl JJ.
=\ 4\r‘ \’/rﬂ N5\
¢ \L / Ru ny .
> N3 | [N2 5
1 L |
\ <

Figure 2. Crystal structure of the cationic moiety of 1-PF4 The
thermal ellipsoids are shown at a 50% probability. The hydrogen
atoms except N—Hs are omitted for clarity, and HB is expressed with
dotted lines.

and thus weakens the electrostatic interaction between the Cl
ligand and the Ru" center to elongate the bond distance.

The chloro complex 1-Cl was reacted with AgPF in a mixed
solvent of H,0: acetone = 5:1 v/v to obtain [Ru”(DPN4Py)-
(OH,)](PFy), (2-2PF¢) in 39% yield.”” Characterization of 2
was performed by elemental analysis, ESI-TOF-MS spectrom-
etry, and 'H NMR spectroscopy. In the ESI-TOF-MS
spectrum of 2, a peak-cluster was observed at m/z = 333.60,
assigned to the [Ru''(DPN4Py)]** ion (calcd. for
[Ru"(DPN4Py)]*": m/z = 333.61) (Figure SS). Thus, the
aquo ligand should be dissociated from the Ru" center during
the ionization.

The '"H NMR spectrum of 2-2PF was measured at 278 K in
D,0 (Figure 3). Three AB quartets derived from the

2 2

4.2 4

3.8 3.6 34

88 84 8 76 72 68

6, ppm

Figure 3. "H NMR spectrum of 2:2PF4 (0.4 mM) in D,O (pD 2.5) at
278 K, where complexes 2 and 3 are in equilibrium. The signals
derived from 2 are expressed in orange, and those of 3 are in green.

methylene protons were observed in the '"H NMR spectrum
of 2, the purity of which was confirmed by elemental analysis.
One AB quartet should be derived from a species having two
equivalent methylene moieties (orange in Figure 3), whereas
the other two AB quartets should be derived from another
species having two methylene moieties that are inequivalent
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with each other (green in Figure 3). The integral ratio of the
AB quartets indicates that the former and latter compounds
exist in a 4:6 ratio. Assignment of the '"H NMR signals in the
aromatic region by '"H—'"H COSY indicates that two sets of
pyridine signals are observed to be derived from the two
species having inequivalent methylene C-Hs. As suggested by
the crystal structure described below, the aquo ligand of 2
dissociates from the Ru center in a nonaqueous solvent and
one carbonyl oxygen of the ancillary ligand occupies the vacant
coordination site to afford complex 3 (see Figure 3). The ratio
of 2:3, the former of which has two equivalent methylene
moieties and the latter has two nonequivalent ones, was
determined to be 4:6 at 278 K on the basis of the integral ratio
observed in the 'H NMR spectrum (see above). The 'H NMR
spectrum of the mixture of 2 and 3 was also measured at 308
K, and the signals derived from 2 almost disappeared (Figure
S6a). This change is reversible; upon lowering the temper-
ature, the signals of 2 were recovered and the integral ratio of 2
to 3 turned back to 4:6 at 278 K. This result indicates that
there is equilibrium between 2 and 3 in the aqueous medium.
Thus, '"H NMR spectra of 2 and 3 were measured at variable
temperatures and the equilibrium constants were determined
based on the 'H NMR integral ratio of 2 to 3 at each
temperature. And the van’t Hoft plot was provided with the
equilibrium constants (Figure S6b). Based on the slope and
intercept of the plot, the thermodynamic parameters were
determined to be AH® = 4.55 + 0.02 kJ mol™" and AS° = (1.3
+ 0.1) x 10> J K™ mol™. The positive enthalpy change
indicates that the hexacoordinated structure of the ancillary
ligand, the amide oxygen of which coordinates to the Ru'
center, is thermodynamically unstable in [Ru"(1°-DPN4Py)]*,
3, and the transformation from 2 to 3 is driven by the entropy
gain upon releasing one H,O molecule from the Ru" center,
that is, a chelate effect.

Concentration of a solution of a mixture of 2-:2PF4 and 3-2PF,
in CHCl; afforded yellow crystals of 3-2PF4 having the
coordinating amide-oxygen. The crystal quality of 3-2PF was
not so excellent, and the severe problems due to the
crystallographic twin disturbed the explicit determination of
its crystal structure. However, the coordination manner of the
DPN4Py ligand in 3 was elucidated on the basis of the crystal
structure (Figure S7). The number of counter PF, ions
indicates that the total charge of 3 is +2. The carbonyl oxygen
coordinating to the Ru" center formed HB with the N—H
group of the other amide moiety, with a N--O atomic
separation of 3.04(2) A. Unfortunately, further detailed
analysis of the bond lengths and angles for 3 should be
avoided due to the low crystal quality.

When NaOH aq was added to an aqueous solution of a
mixture of 2 and 3 to raise the solution pH to 10, a red
precipitate was formed. The red precipitate was filtered, and
the obtained solid was recrystallized from CHCI; by solvent
evaporation to afford single crystals of complex 4-PF, which
was the deprotonated derivative of 3 at the coordinated amide
N-H moiety. An ORTEP drawing of the cationic moiety of 4-
PFy4 is shown in Figure 4. The crystal structure of 4 clarifies
that one of the carbonyl oxygens of 4 coordinates to the Ru"
center and the total charge of 4 is +1 on the basis of the
number of counter PF; ions. The C7—01 bond distance for 4
(1.331(5) A) is significantly longer than those of 3 (1.229(19)
A) and Ru"-TPA complexes having O-coordinating amide
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Figure 4. Crystal structure of the cationic moiety of 4-PF, The
thermal ellipsoids are shown at 50% probability. The hydrogen atoms
except N—H are omitted for clarity, and HB is expressed with a
dotted line.

groups,”’ ™" indicating that the amide moiety in 4,
coordinating to the Ru'' center, is deprotonated and the
anionic charge is delocalized in the amide moiety. The facile
deprotonation of 3 to afford 4 can be explained by the fact that
the electron density on the amide moiety is lowered by the
coordination of the carbonyl oxygen to the Ru'' center, which
results in a decrease of the pK, value of the N—H group in the
amide moiety. Intramolecular HB is also formed in 4 between
the carbonyl oxygen, coordinating to the Ru' center, and the
N—H group of the other amide moiety with a N7---O1 atomic
separation of 3.048(5) A.

In the Britton-Robinson buffer,”” pH titration of 2 and 3 (50
mM) was performed by UV—vis spectroscopy (Figure S8).
The absorption maxima were observed at 350 and 440 nm at
pH 7.3, and upon increasing the solution pH by adding
aliquots of NaOH aq (5 M), the absorption bands bath-
ochromically shifted, and the absorption maxima appeared at
380 and 450 nm at pH 12.4 (Figure S8a). On the contrary, the
absorption maxima turned back to 350 and 440 nm at pH 7.3
by adding aliquots of HCl aq (3 M) to lower the solution pH.
These results demonstrate the interconversion between 4 and
the mixture of 2 and 3 on the basis of the pH manipulation for
the deprotonation and protonation of the coordinated amide
moiety in 3 and 4 as shown in Scheme 2. When the solution
pH was further decreased to 0.5, no UV—vis spectral change
was observed. The absorbance changes at 380 and 450 nm
plotted against the solution pH exhibited sigmoidal changes,
which were analyzed to determine the pK, values of the
protonation/deprotonation of 3 to be 10.1 (Figure S8b). As
mentioned above, complexes 2 and 3 are in equilibrium in the

Scheme 2. Equilibria Shown by 2 in the Aqueous Solution
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Scheme 3. PCET Oxidation of 2 and 3 in an Aqueous
Solution
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aqueous solution, and recrystallization after treatment of the
solution of 2 and 3 with a strong base afforded deprotonated
complex 4. Therefore, the deprotonation showing the
absorbance change should proceed at the amide N—H of 3,
coordinating to the Ru" center (Scheme 2).

To elucidate the oxidation products of 2 and 3, cerium(IV)
ammonium nitrate (CAN) was added as an electron-transfer
(ET) oxidant at 277 K to an aqueous solution of a mixture of 2
and 3, whose pH was adjusted to 2.5 by the addition of 2%
H,S0, (aq), and the UV—vis spectral change was monitored
(Figure Sa). The addition of CAN to the aqueous solution of 2

@ o7 (b) o7 lex 2 and 3 (25 M)
—— complex 2 and 3 (25 uM) — complex 2 an u
0.6 — Addition of CAN 1.0 equiv 0.6 005 — e e & mol .
2&])5 — Addition of CAN 2.0 equiv o5\ T —— Addtion of H.Q 1.0 mol eq
o 05\ o 05F
= = 0.4
c 4}
g 0.4 g
2 0.3 g 03} 350 440
Q 2 1
< 02 0.2} I
0.1 0.1
0 [o]) S— L N "
250 350 450 550 250 350 450 550

Wavelength / nm

Wavelength / nm

Figure 5. (a) UV—vis spectral change upon titration of 2 and 3 (25
uM) in H,SO, aq (pH 2.5) with 0.25 equiv portions of CAN at 277
K: 0 equiv (red), 1 equiv (green), and 2 equiv (blue). (b) To the
solution of 2 and 3 after addition of 2 equiv of CAN (blue in (a))
were added 0.5 (green) and 1.0 mol equiv (red) of hydroquinone
(H,Q) as a reductant.

and 3 caused a decrease of the metal-to-ligand charge-transfer
(MLCT) bands at 350 and 440 nm. Up to the addition of 1
equiv of CAN, an isosbestic point was observed at 330 nm, and
the absorbance at 440 nm, derived from the MLCT bands of 2
and 3, almost decreased to ca. 10%. The addition of further 1
equiv CAN (2 equiv in total) afforded an isosbestic point at
370 nm and the appearance of a new absorption band at 295
nm was observed. After the addition of 2 equiv CAN, 1 mol eq
of hydroquinone (H,Q) was added as a 2e” reductant to the
solution to observe the recovery of the original UV—vis
spectrum of 2 and 3 with 96% efficiency showing an isosbestic
point at 340 nm (Figure 5b).>">*
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ESI-TOF-MS analysis was performed for the aqueous
solution of 2 and 3 after the addition of 1 equiv of CAN,
followed by dilution with CH;CN (Figure S9). In the ESI-
TOF-MS spectrum, peak clusters were observed at m/z
342.10, 719.19, and 829.19; the first one can be ascribed to
[Ru"'(OH)(DPN4Py)]** (5) as a dicationic product of le”/
1H" PCET oxidation of 2, and the second and third ones are
derived from the monocationic CI” and PF~ adducts of §,
respectively. Therefore, complex 5 should be the single
product of the oxidation of a mixture of 2 and 3 through the
le”/1H" PCET oxidation of 2. An ESR spectrum of $ was also
measured in CH;CN at 100 K to observe a clear ESR signal at
g = 1.78, 2.21, and 2.52 (Figure S10). The ESR spectrum is

ical for Ru™ complexes in the low-spin state (S = 1/
2);>%5%%* thus, it is confirmed that complex § has a Ru™

center.

To an aqueous solution of 5§ was added a saturated aqueous
solution of KPFy, and the mixture was kept for a week at 277 K
to obtain red crystals of 5-2PF, suitable for X-ray diffraction
analysis. In the asymmetric unit of the crystal of 5-2PF, one
cation of § and two PF;~ ions are included. An ORTEP
drawing of § is shown in Figure 6. The bond length between

& <4
o1 ] \\/ 02
> o9
T \Ne N?;;//
] R < )
T, IR
e, qo2 /
N4e j /N5 /
4 > 1 %
f\\' /N2/,\
\ N3 q\‘ “ ~,\-“—-/T-ri )

Figure 6. Crystal structure of the cationic moiety of $-2PF,. The
thermal ellipsoids are shown at 50% probability. The hydrogen atoms
except N—H and O—H are omitted for clarity, and HB is expressed
with dotted lines.

the Ru center and the axial oxygen atom is 1.9529(14) A,
which is significantly shorter than those of Ru"—OH,
complexes (2.10—2.17 A)*»*7%% and Ru"-OH, complexes
(2.03-2.18 A)**™®" and comparable to those of Ru'—OH
complexes (1.95-2.01 A).">°>% Since the Ru center in § is in
the trivalent state as evidenced by the ESR signal mentioned
above, the axial ligand is not OH, but OH™ in light of the
number of counteranions. Therefore, in the solution achieving
an equilibrium between 2 and 3, le -oxidation with CAN
exclusively proceeds on 2 to afford complex § through PCET
oxidation, and the resultant decrease in the concentration of 2
in the solution causes the generation of 2 from 3 to maintain
the equilibrium. The strongly o-donating OH ligand in §
causes trans influence and results in the elongation of the
coordination bond between the Ru center and the tertiary
amino nitrogen; the Ru—N1 bond lengths are 2.033(2) A for
1, 2.032(3) A for 4, and 2.0606(16) A for 5. Similarly to the
crystal structure of 1, the N—Hs of the amide groups in § also
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form HB with the axial O—H ligand and the atom separations
are 2.764(2) A for N6--O1 and 2.807(2) A for N7--O1
(Table S1).

As mentioned above, the Ru"—OH, complex, 2, exhibits
coordination equilibrium with the amide-O-coordinating
derivative, 3; thus, the proton-coupled redox properties of 2
are difficult to investigate in H,O due to disturbance of the
redox waves derived from 3. Thus, electrochemical studies of §
were performed instead of those of 2. The cyclic voltammo-
gram (CV) of § in H,O at pH 2.9, containing Li,SO, as an
electrolyte, showed irreversible oxidation and reduction waves
at +1.08 and +0.42 V vs SCE (Figure S11a). The waves can be
assigned to the Ru'Y/Ru™ and Ru™/Ru" couples of 5 and they
are irreversible, and thus the redox potential of the processes
was determined by the peak potentials of the square-wave
voltammogram (SWV) of § to be +1.08 and +0.42 V vs SCE,
respectively. The anodic wave around +0.7 — +0.8 V, not
observed in the first cycle but in the latter cycles, is probably
derived from the Ru"/Ru" couple of 3, formed around the
electrode surface after the reduction of § to 2. CVs and SWVs
of § were measured at various solution pHs, and a Pourbaix
diagram was provided based on the redox potentials obtained
(Figure S11b). According to the Pourbaix diagram, the pK, of
the OH ligand in $§ is estimated to be 2.1, and at pH = 2.1, the
Ru'/Ru™ couple to afford a Ru'v(O) complex (6) is changed
from a le”/1H" process to a 1e"/2H" one. Due to the limit of
the potential window under the experimental conditions, the
electrochemical studies below pH < 1.5 were difficult to
conduct.

To elucidate the reason why the absorbance at 440 nm was
still observed upon addition of 1 equiv of CAN to an aqueous
solution of 2 and 3, the crystals of 5 (see above) were dissolved
in H,O (25 M), whose pH was varied by addition of H,SO,
from 2.57 to 0.37, and the UV—vis spectra were measured at
277 K. At pH = 2.57, the absorbance at 440 nm was almost not
observed (Figure S12a); however, upon lowering the solution
pH below 1.5, the absorbance at 440 nm increased and, at pH
0.5, reached to ca. 25% intensity of the absorbance at 440 nm
for a 25 uM solution of a mixture of 2 and 3 (Figure S12b).
This can be explained by the hypothesis that the Ru™ complex,
S, as a le -oxidized product of 2 and 3 with 1 equiv CAN,
undergoes dispoportionation®”®* to form 6 and a mixture of 2
and 3 at lower pH than 2 (Scheme 4). To prove the
hypothesis, we have added 0.5 mol equiv of H,Q to the
aqueous solutions of § at pH = 2.5 and 1; both solutions
exhibited the recovery of the absorbance of 2 and 3 with 99%
efficiency (Figure S12¢). As indicated by the Pourbaix diagram,
the pK, of the O—H ligand of 5 is estimated to be 2.1, and at a
lower pH than the pK,, complex 5 exhibits disproportionation
(Scheme 4). Thus, disproportionation is probably induced by
the protonation of the OH ligand to § to afford
[Ru™(DPN4Py)(OH,)]** (5-H"). The protonation of the
OH ligand probably destabilizes the Ru™" state relative to that
of the mixture of the Ru" and Ru" species.

Further addition of 1 equiv of CAN to a solution of § affords
the corresponding Ru"'(O) complex, 6, as a 2e -oxidized
product of the mixture of 2 and 3 (Figure Sa). Complexes 5
and 6 can be reversibly reduced to the mixture of 2 and 3
(Scheme 3) by the addition of a stoichiometric amount of
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Scheme 4. Disproportionation of S to a 1:1 Mixture of 2 and
6 Induced by Protonation of the OH Ligand
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H,Q. Two equiv of CAN was added to the solution of 2 and 3
in HCIO, aq; then, an excess amount of KPF; and NaClO, was
added to obtain a colorless powder of 6. The colorless powder
was dissolved in CH3;CN and analyzed by ESI-TOF-MS
(Figure S13). In the ESI-TOF-MS spectrum, peak clusters
appeared at m/z = 341.57 and 828.10, the former of which was
assignable to the corresponding Ru'Y—oxo complex, [Ru"(O)-
(DPN4Py)]** (6; caled: m/z = 341.61), formed by 2e™/2H*-
PCET oxidation of 2 and the latter was to an ion pair of 6 with
PF;. When the complex was formed in H,'®O, the peak
cluster in the ESI-TOF-MS spectrum shifted to 342.58,
assignable to that of [Ru'v('*0)(DPN4Py)]** (calcd: m/z =
342.62) (Figure S14). Thus, complex 6 was formulated as
[RuY(O)(DPN4Py)]*".

The microscopic Raman spectra of 6, formed by the addition
of 2 equiv CAN to a solution of 2 and 3 in H,"°O or H,'"®0O,
were measured (Figure 7) upon excitation at 532 nm; a peak
was observed at 798 cm™ for 6 in H,'®0 and it shifted to 756
cm™ for 6 in H,'®0. The observed isotope shift was 42 cm™,
which is consistent with the corresponding calculated value of
39 cm™'. Additionally, the Raman shift of 6 is in the typical
range for Ru"'(O) complexes reported in the literature (780—

75|98

(a) | 756

(b)
(c)

900 800 700 600
Raman shift, cm~!

Figure 7. Microscopic Raman spectra of 6, formed in H,'*0 (a) and
in H,"0 (b) and their differential spectrum (**0—"%0; c). Excitation
wavelength: 532 nm.
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810 cm™).*”**% Thus, the observed scatterings can be
assigned to the stretching band of a RuY=0 bond in 6,
supporting the formation of the Ru™"=0 complex.

When 1 equiv of CAN was added to a solution of a mixture
of 2 and 3 in D,0, the '"H NMR spectrum of the solution
exhibited signals around 20 ppm, derived from a paramagnetic
species (Figure S15a). The addition of 1 more equiv of CAN
caused the disappearance of the signals around 20 ppm (Figure
S15b) and instead showed further shifted signals in the range
from 35 to —3S5 ppm. Further addition of one more equiv of
CAN increased the intensities of the signals observed upon
adding 2 equiv of CAN (Figure S15c). The '"H NMR signals
should be derived from the corresponding Ru'"(O) species, 6,
and the paramagnetically shifted signals indicate that the spin
state of the Ru'" center is S = 1. In contrast, the corresponding
Ru'v(0O) complex, having N4Py as the ancillary ligand,
exhiblted the Ru" center in the low-spin state (S = 0) in
water.”” The low-spin state in [Ru'v(O)(N4Py)]*", exceptional
for Ru'v(O) complexes,”””" has been explained by the extra-
coordination of a water molecule to the Ru" center to form a
seven-coordinate pentagonal bipyramidal structure, which can
be stabilized by hydrogen bonding with water molecules;*”
however, the steric effects of the pivalamide moieties in 6
probably hinders the extra-coordination of an aqua ligand and
hydrogen bonding, affording the normal six-coordinate
structure of the Ru"" center in the spin state of S = 1.

Three equiv of CAN was added to an aqueous solution of 2
and 3 acidified with HCIO, at pH 2.5, and after stirring for 1 h
at room temperature. NaClO, and KPF; were added to the
mixture, and the solution was kept at 278 K for 1 week to give
purple crystals. Unfortunately, the crystal quality was not so
high due to the crystallographic twin problems, and thus details
of the crystal structure of 7 cannot be discussed.

The X-ray diffraction analysis of one of the crystals clarified
that the oxidation product obtained in the crystals was a Ru'!
complex, [Ru™(DPN4Py-O)]** (7), having a pyridine-N-oxide
moiety (Scheme $5; N4 in Figure S16) formed in the DPN4Py

Scheme S. Three-electron Oxidation of an Equilibrium
Mixture of 2 and 3 in an Aqueous Solution to Form 7
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ligand, which is reminiscent of a Ru" complex of a pyridine-N-
oxide of TPA.”"7° In complex 7, one of the pyridine rings
linked to a methylene carbon in the DPN4Py ligand was
oxygenated to be pyridine-N-oxide and the oxygen atom of the
pyridine-N-oxide moiety coordinated to the Ru' center
(Scheme S). The amide oxygen of the other pyridine ring
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linked to a methylene carbon also coordinated to the Ru'

center.

An ESI-TOF-MS spectrum was measured with a solution of
the crystals of 7 in CH;3CN and a peak cluster was observed at
m/z = 341.10 with peak separations of 0.5 (Figure S17). The
peak cluster can be explained well with simulation for
{[Ru"(DPN4Py-0)]**~ H*}** (m/z = 341.10). This result
is supportive of the proposed structure of compound 7 in
Scheme 5. In the "H NMR spectrum of an aqueous solution of
7 in D,O (Figure S15d), a set of paramagnetic signals, different
from those for 6 (blue squares in Figure S15b,c), was also
observed (orange circles in Figure S15d). Therefore, the
addition of an excess amount of CAN to the aqueous solution
of 2 and 3 gradually causes overoxidation to afford the
pyridine-N-oxide species, 7, which was not observed right after
the addition of an excess amount of CAN. The results suggest
that complex 7 is formed via slow intramolecular OAT from
the oxo ligand of 6 to the pyridine nitrogen atom to afford
[Ru'(DPN4Py-0)]*, followed by its le~ ET oxidation by
extra CAN.

To investigate the reactivity of 6, p-methoxyphenol (MP) was
employed as a substrate. At first, 0.5 mol equiv of MP was
added to a solution of 6, formed with the addition of 2 equiv of
CAN to a mixture of 2 and 3 in D,0, whose pD was adjusted
to be 1.0, and the '"H NMR spectrum was measured (Figure
S18). The 'H NMR signals derived from MP fully disappeared,
and a singlet was observed at 6.7 ppm, which can be ascribed
to p-benzoquinone (BQ). 'H NMR signals of a mixture of 2
and 3 were also observed, and the integral ratio of the 'H
NMR signals between (2 + 3) and BQ was estimated to be 2:1.
Therefore, 2 molecules of 6 reacted with 1 molecule of MP to
afford 1 molecule of BQ as a 4e™-oxidized product exclusively
(Scheme 6).”*

Scheme 6. Oxidation of MP by 6
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Kinetic studies on MP oxidation by 6 were performed using
UV—vis spectroscopy. As can be seen in Figure Sa, under
dilute conditions, complex 6 can be formed stoichiometrically
by adding 2 equiv of CAN to an aqueous solution of a mixture
of 2 and 3. To an aqueous solution of 6 (25 uM), whose pH
was adjusted to be 2.5 with H,SO,, an excess amount of MP
(2.5-22 mM) was added, and the absorbance change at 440
nm was monitored (Figure S19a). The absorbance change was
analyzed on the basis of pseudo-first-order kinetics to
determine the apparent rate constant (kg Table S2). The
obtained k., values were plotted against the initial
concentrations of MP ([MP],) and the linear relationship
between kg, and [MP], was clearly observed (Figure 8a).
Based on the slope of the plot, the second-order rate constant
(k,™) was determined to be 0.98 + 0.03 M~ s™* (Table 1).
According to the same procedure, the kg, values for the MP
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Figure 8. Plots of the apparent rate constants, k., for the MP
oxidation by 6 in H,O (red circles) or D,O (blue circles), whose pH
or pD was adjusted to be 2.5 (a) or 1.0 (b) with H,SO,. The fitting
curves were provided based on the second-order kinetics in (a) and
on eq 1 in (b).

Table 1. Summary of Rate Constants, k or k,, and Pre-
equilibrium Constants, K, for the MP Oxidation by 6 or 6’
at 277 K

pH or K (10°
Ox solv pD k, M7t s7h) k(s M)
6 H,0 2.5 0.98 + 0.03
D,0 0.17 + 0.03
H,0 1.0 (44+01)x 107 12+3
D,0 (44 +£01) x 1072 13+2
6 H,0 2.5 0.109 + 0.005 24+03
D,0 (3.5+£06) X 107> 2.0+ 09
H,0 1.0 (84 +£04)x 1072 3.0+05
D,0 (25+02) X 107> 2.6+ 08

oxidation by 6 in D,0O, whose pD was adjusted to be 2.5, were
also determined (Figure S19b, Table S2), and the k., was
plotted against [MP], (Figure 8a), which indicates the second-
order rate constant (k,?) as (0.17 £ 0.03) M~ s™!. Thus, the
kinetic isotope effect (KIE = k,"/k,P) is calculated to be 5.8. In
D,0, the OH group of MP should be replaced with the OD
group; thus, the significant KIE indicates that the rate-
determining step (RDS) for MP oxidation by 6 includes
hydrogen-atom transfer (HAT) from the O—H group of MP
to 6. The influence of solution pH on the MP oxidation by 6
was investigated; in H,O at pH = 1.0, the absorbance change at
440 nm for the MP oxidation by 6 was monitored and analyzed
based on the pseudo-first-order kinetics to obtain the kg,
values (Figure S19c, Table S2). The obtained k, values were
plotted against [MP], to reveal that the k., values showed
saturation behavior with increasing [MP], (Figure 8b). This
indicates that the MP oxidation by 6 at pH = 1 includes a pre-
equilibrium process probably involving the adduct formation
between MP and 6. The plot of kg, against [MP], allowed us
to argue the first-order kinetics including a pre-equilibrium
process represented by eq 1°” and the first-order rate constant

ko = kK[Sub]/(1 + K[Sub]) (1)

(k™) and pre-equilibrium constant (K) was determined to be
44+ 0.1 s " and (1.2 +£ 0.3) X 10* M7}, respectively. In D,0
at pD = 1.0, the kg, values for the MP oxidation by 6 also
exhibited saturation behavior against [MP], (Figure 8b) and
the k° and K values were determined to be 4.4 + 0.1 s™* and
(1.3 £ 0.2) x 10* M7, respectively. Thus, the KIE for MP
oxidation at pH (pD) = 1.0 was calculated to be 1.0. This
result indicates that the RDS of the MP oxidation at pH (pD)
= 1.0 does not include the HAT from the O—H group of MP
to 6 and the MP oxidation probably proceeds through ET from

https://doi.org/10.1021/jacsau.3c00377
JACS Au 2023, 3, 2813-2825


https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00377/suppl_file/au3c00377_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00377/suppl_file/au3c00377_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00377/suppl_file/au3c00377_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00377/suppl_file/au3c00377_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00377/suppl_file/au3c00377_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00377/suppl_file/au3c00377_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00377/suppl_file/au3c00377_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00377/suppl_file/au3c00377_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00377/suppl_file/au3c00377_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00377/suppl_file/au3c00377_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00377?fig=sch6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00377?fig=sch6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00377?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00377?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00377?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00377?fig=fig8&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

MP to 6, followed by proton transfer (PT). Supporting this
assumption, the redox potential for the Ru'/Ru"™ couple of 5
is raised from +1.08 V vs SCE at pH = 2.5 to +1.25 V
(estimated)”” at pH = 1.0 (see above). The oxidation potential
of MP was determined to be +0.61 V vs SCE at pH = 2.5 and
+0.69 V at pH = 1.0 in H,0O (Figure S20); thus, the driving
force of the ET (—AGgr) from MP to 6 increases from 0.47 to
0.56 eV, which probably induces the switching of the reaction
mechanism from HAT to ET/PT.”>™7°

To elucidate the effect of the HB moieties on the reactivity
of 6, a seven-coordinate Ru'"=0 complex (6’) having N4Py
as an ancillary ligand®* was employed as the counterpart of 6
without intramolecular HB. MP oxidation by 6" was performed
at 277 K in H,O or D,0, whose pH or pD was adjusted to be
2.5 or 1.0 with H,SO, and the reaction progress was
monitored with UV—vis spectroscopy (Figure S21). According
to the same procedure, the k., values were determined for the
MP oxidation by 6, and all the kg, values obtained exhibited
saturation behavior against [MP], regardless of the conditions
(Figure S22); thus, the MP oxidation by 6 includes the pre-
equilibrium process based on the formation of the adduct
between MP and 6’. The kg, plots against [MP], were
analyzed based on eq 1 and the obtained k and K values are
summarized in Table 1. The KIE for the MP oxidation by 6’
was calculated to be 3.1 at pH = 2.5 and 3.4 at pH = 1.0. Thus,
the RDS of the MP oxidation by 6’ includes the HAT from the
O—H group of MP to 6, regardless of the solution pH. The
redox potential for the Ru''/Ru™ couple observed for
[Ru(N4Py)(OH,)]*" (2') is lower than that for 5 both at
pH = 2.5 (+0.83 V vs SCE)"* and at pH = 1.0 (+0.96 V;
Figure $23). Thus, the — AGgy value from MP to 6’ is lower
than 0.30 eV both at pH = 2.5 and 1.0 and the HAT reaction
should be preferred to the ET/PT reaction.”®

As described above, the MP oxidation by 6 at pH 2.5
proceeds through the HAT mechanism with second-order
kinetics; however, the mechanism switches at pH = 1.0 to the
ET/PT one with first-order kinetics including the pre-
equilibrium process. On the other hand, the MP oxidation
by the seven-coordinate 6’ without the pivalamide groups
proceeds through the HAT mechanism with the first-order
kinetics including the pre-equilibrium process both at pH = 2.5
and 1.0. Thus, the rate constants of the MP oxidation by 6 and
6’ cannot be directly compared. However, the k" values for the
MP oxidation by 6" at pH = 1.0 are almost two times larger
than that by 6 at the same pH (Table 1). This indicates that
the HB moieties in 6 increase its electron acceptability but
lower the proton acceptability of the oxo ligand; thus, the MP
oxidation by 6 proceeds through the ET/PT mechanism, and
the reactivity of 6 in the HAT becomes lower than 6’, which
lacks the intramolecular HB and thus maintains the strong
proton acceptability of the oxo ligand.'®™*°

Catalytic oxidation of cyclohexene (Cy-ene) as a substrate was
performed by the addition of CAN (2000 molar equiv) as a
sacrificial oxidant to an aqueous solution of a mixture of 2 and
3 (1 molar equiv) and Cy-ene (1000 mol eq). A '"H NMR
spectrum of the reaction mixture after stirring for 1 min was
measured, and the "H NMR signals of cyclohexanediol (CHD)
and adipic acid (AdA) were observed as the products (Scheme
7 and Figure S25). In addition, the extracted solution from the
reaction mixture with CDCl; exhibited 'H NMR signals of
adipaldehyde (Adal) (Scheme 7 and Figure S$26). Thus,
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Scheme 7. Catalytic Oxidation of Cy-ene
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complex 6, formed as the active species from 2 by oxidation
with CAN, probably oxidizes Cy-ene through the OAT
mechanism to afford cyclohexene oxide, which can be
converted to CHD by hydrolysis and further to AdA by
overoxidation including ring cleavage through Baeyer—Villiger-
type reaction.’® Based on the peak integration of the 'H NMR
signals, the turnover number (TON) for each product was
calculated to be 215 for CHD, 100 for AdA, and 45 for Adal.
CHD, Adal, and AdA are the 2e”, 4e”, and 8e -oxidation
products of Cy-ene, and thus, the total efficiency based on the
oxidant was 58%. Only for 1 min, the total TONS for the three
products reached 360, and thus, catalytic efficiency by 2 is
extremely high. To compare the catalytic reactivity of 2 and 3,
we have performed catalytic oxidation of Cy-ene using
[Ru"(OH,)(N4Py)]*, 2',>* which does not have the two
pivalamide groups, as a catalyst under the same conditions. As
a result, the TONs catalyzed by 2" were determined to be 90
for CHD, 75 for AdA, and 20 for Adal and the total efficiency
based on the oxidant was 35%. Therefore, the catalytic
activities of 2 and 3 are doubly enhanced by the introduction
of the two pivalamide groups in comparison with that of 2'.
The higher TONSs for 6 as the reactive species than 6" suggest
that the pivalamide groups of 6 do not exert negative steric
effects on the substrate oxidation.

To elucidate the difference in the catalytic reactivity between
the mixture (2 and 3) and 2’ for Cy-ene oxidation, the kinetic
studies were performed on the quantitative oxidation of
cyclohexene-3-carboxylic acid (CHCA), a water-soluble
derivative of Cy-ene, by 6 and 6’. To a solution of 6 (1.7
mM), which was formed by the addition of 3 mol equiv of
strongly acidic CAN to a mixture of 2 and 3 in D,O at pD =
2.5 as mentioned above, was added 10 mol equiv of CHCA as
a substrate, and the reaction progress was monitored by 'H
NMR spectroscopy (Figure S27). After stirring for 1 min, the
paramagnetic '"H NMR signals derived from 6 disappeared,
indicating that complex 6 was consumed by reaction with
CHCA. Based on a detailed analysis of the diamagnetic region
in the '"H NMR spectrum, the product derived from CHCA
was assigned to be 4-carboxy-cyclohexanediol, which should be
derived from OAT from 6 to CHCA to afford the
corresponding epoxide that undergoes hydrolysis under acidic
conditions (Scheme 8). The yield of the diol was determined
to be 83% based on the initial concentration of a mixture of 2
and 3 (Figure S28).

After adding 2 equiv of CAN to a mixture of 2 and 3 (25
uM) in H,O at pH = 1.0 and 277 K to form Ru"'(O) complex

Scheme 8. Oxidation of CHCA by 6 in Acidic Water
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6, an excess amount of CHCA (25—51 mM) as a substrate was
added to the solution of 6 to perform the substrate oxidation
under pseudo-first-order conditions. The substrate oxidation
was monitored by UV—vis spectroscopy; right after the
addition of an excess amount of CHCA, the absorption
spectrum was changed due to the difference in the solution
properties by the addition of CHCA. Then, the absorbance
increased at 440 nm, ascribed to 2 and 3, in the course of the
reaction, with an isosbestic point at 320 nm except for the blue
line (before adding CHCA) in Figure 9a. Based on the
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Figure 9. (a) UV—vis spectral change of a solution of 6 (25 uM),
derived from 2 and 3 by addition of 2 equiv of CAN, in H,O (pH 1.0
adjusted by H,SO,) upon addition of CHCA (25 mM) at 277 K. Blue
line: before addition of CHCA, green line: 1200 s after addition of
CHCA (25 mM). (b) Absorbance changes at 440 nm for the reaction
solution of 6 with CHCA (26—51 mM) and the fitting curves based
on the pseudo-first-order kinetics. (c) Dependence of the k, values
for the CHCA oxidation by 6 (blue circles) and 6’ (red circles) on
[CHCA],.

absorbance change at 440 nm (Figure 9b), the apparent rate
constants (k) of the CHCA oxidation were determined
(Table S2). The kg, values were determined by changing
initial concentrations of CHCA ([CHCA],), and the linear
dependence of k,,, on [CHCA], was clearly demonstrated.
The linear fitting of the plot of kg, against [CHCA], allowed
us to determine the second-order rate constant, k,, to be 0.44
+ 0.02 M~! 57! (Figure 9c). After the spectral change ceased,
an excess amount of H,Q was added as a reductant; however,
no further spectral change was observed, and thus, no
oxidatively active species remained in the solution. In addition,
in comparison of the UV—vis spectra before and after the
reaction, the absorption bands derived from complexes 2 and 3
were almost recovered, and the recovery yield was estimated to
be 99% on the basis of the absorbance at 440 nm. Therefore,
under the diluted conditions, complex 6 was selectively
generated and completely consumed in substrate oxidation
to recover complexes 2 and 3 with high efficiency.

The CHCA oxidation was also performed with 6’ as an
oxidant in H,O at pH = 1.0, and the reaction progress was

2821

monitored with the absorbance changes at 440 nm (Figure
S29). The kg, values obtained from the fitting analysis of the
absorbance changes also showed good linearity against
[CHCA], (Figure 9¢c). According to the slope of the plot of
ks against [CHCA], the k, value was determined to be 0.141
+ 0.003 M™! s7'. Therefore, the CHCA oxidation by 6 is 3
times faster than that by 6'.

As seen in the catalytic oxidation of Cy-ene and quantitative
oxidation of CHCA, complex 6 exhibits higher reactivity in the
OAT oxidation as the active species than 6’. This can be
explained by the fact that the two amide moieties form HB
with the oxo ligand in 6. The HB makes the Ru" center more
electron-deficient to enhance the reactivity of the OAT to
alkenes (Scheme 9). DFT-optimized structures of 6 and 6/,

Scheme 9. Mechanism for the Enhancement of the Oxo-
Transfer Reactivity of 6 by the Intramolecular HB
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Increasing Electron Acceptability
of the Ru Center

obtained from 2 and 2’ by 2e~ oxidation,”” also indicate that
the HB increases the positive charge on the Ru center in 6 to
be +0.604028 (Figure S30), relative to that in 6" (+0.559570;
Figure $29). On the other hand, the charge on the oxo ligand
in 6 is more negative, being —0.487065 in comparison with
that in [Ru'V(O)(N4Py)]** (—0.394356). Thus, the HB in 6
enhances the polarization of the Ru=0 bond, rendering the
Ru'v center more positive and the oxo ligand more negative. As
a result of the enhanced polarization, the Ru==0 bond in 6 is
elongated to be 1.788 A from 1.783 A in 6'. In addition, the
DFT calculations indicated that the lowering of the LUMO
level by the HB makes the HOMO—LUMO gap smaller and
enhances the electron acceptability of the Ru center (Figure
S31 and Table S3). In the case of an Fe—oxo complex with a
porphyrin z-radical cation employed as the active species, an
increase in the Fe—O bond length, which means that an Fe=
O bond is weakened, has been reported to enhance oxo-
transfer reactivity for accelerating the epoxidation of Cy-ene.”’
Therefore, the HB in 6 can accelerate the epoxidation of the
olefin substrate on the basis of the enhanced electrophilicity of
the Ru center and the more polarized and weakened Ru=0O
bond. In the literature, epoxidation of olefins by high-valent
Ru—oxo complexes has been proposed to proceed through a
two-step mechanism; i.e. the oxo ligand of a Ru-oxo complex
attacks on one of the sp® carbon involved in the C=C bond of
a substrate to afford a radical intermediate (the RDS), and
then, the ring-closure occurs to afford the corresponding
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epoxide (Scheme 82).65’78 As seen in this mechanism, the
process to afford the radical intermediate should be accelerated
by the more polarized Ru—oxo complex having HB moieties.
Protonation on the oxo ligand by adding a strong acid to a
solution of a metal-oxo complex is also reported to promote
olefin epoxidation through ET.””® In this case, it has been
proposed that the protonation of the oxo ligand increases the
electrophilicity of the metal center and the epoxidation
proceeds through ET from the olefin to the metal—oxo
complex as the RDS.””*® Further investigation on whether the
ET mechanism contributes to the epoxidation by 6 is currently
underway.

Herein, we have synthesized a novel Ru"'—OH, complex (2),
having an N4Py derivative (DPN4Py) functionalized with two
pivalamide groups, which works as HB sites in the SCS, as the
pentadentate ancillary ligand. In an aqueous solution, complex
2 exhibits an entropy-driven coordination equilibrium
involving intramolecular chelation to release the aqua ligand,
where the DPN4Py ligand functions as a pentadentate ligand
in one component and as a hexadentate ligand including the
amide-O coordination in the other component, 3. Further-
more, we have revealed the redox properties of 2 in H,O and
the corresponding Ru™—OH complex, 5, was isolated through
PCET oxidation of 2 and structurally characterized to establish
the intramolecular HB among the amide N—H protons and the
hydroxo ligand. Further 1le™-oxidation of $ affords the
corresponding Ru'V—oxo complex, 6, which has been
characterized spectroscopically, having intramolecular HB
among two amide N—H moieties and the oxo ligand, as
suggested by DFT calculations. One-electron oxidation of
complex 6 induces slow intramolecular OAT to generate Ru™"
complex 7 having an O-bound pyridine-N-oxide derivative as a
ligand. Complex 6 can oxidize p-methoxyphenol to p-
benzoquinone through the HAT mechanism at pH = 2.5,
whereas it can oxidize through the ET/PT mechanism at pH =
1. Additionally, catalytic oxidation of cyclohexene using 2 as a
catalyst, which afforded complex 6 as the active species under
the conditions, was performed to observe the superior catalytic
reactivity of 2 to that of a Ru"~OH, complex with N4Py, 2/, as
the corresponding non-HB counterpart. Complex 6 can also
perform intermolecular OAT to alkenes such as Cy-ene and a
water-soluble Cy-ene derivative, CHCA, under pseudo-first-
order conditions. The second-order rate constant, k,, for the
CHCA oxidation by 6 is three times larger than that by 6’ of
the corresponding Ru'Y=0 complex without intramolecular
HB involving the oxo ligand. Therefore, the intramolecular HB
by the amide substituents with the oxo ligand on the metal
center remarkably increases the oxo-transfer reactivity.

Chemicals and solvents were used as received from Tokyo Chemical
Industry (TCI) Co., Fujifilm Wako Chemicals, Nacalai Tesque, or
Sigma-Aldrich Corp., unless otherwise mentioned. 2-propanol (IPA)
was purchased from Fujifilm Wako Chemicals in the superdehydrated
grade. Acetonitrile was distilled over CaH, under Ar prior to use.
THEF was distilled over benzophenone and sodium under Ar prior to
use. Carbon tetrachloride and 2-propanol were distilled over CaH,
under Ar prior to use.

'"H NMR measurements were performed on Bruker AVANCE 400
and 600 spectrometers. CDCl; was purified by passing it through
alumina just before '"H NMR measurements. UV—vis absorption
spectra were measured on JASCO V-630 and V-780 spectropho-
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tometers at 277 K, adjusted by a Peltier cooling system. ESI-TOF-MS
spectra were measured on a JEOL JMS-T100CS spectrometer. Cyclic,
differential-pulse, and square-wave voltammograms (CV, DPV, SWV,
respectively) were recorded on a BAS Electrochemical Analyzer
Model 660A. Microscopic Raman spectra were measured on a JASCO
NRS-5100 spectrometer at room temperature.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00377.

Synthetic details, "H NMR, UV—vis, and ESI-TOF-MS
spectra, voltammograms, UV—vis spectral changes for
pK, determination, and crystal structures and DFT-
optimized structures (PDF)
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