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ABSTRACT: A Ru"—NHj, complex, 2, was oxidized through a - — E———C—Y7 BT SR G
==
proton-coupled electron transfer (PCET) mechanism with a % H 3]
Ce"' complex in water at pH 2.5 to generate a Ru'=NH /@K s
q q . v,
complex, 5. Complex S5 was characterized with various < ‘0,8 s
spectroscopies, and the spin state was determined by the L OH

+ H
Evans method to be S = 1/2. The reactivity of S in substrate C— RUV_:NH H,0 /[D/< H,0 /@)&H ]

. . .. . 1 . imido — ]
H oxidation was scrutinized in acidic water, using water-soluble -0,8 -0,8 <)
organic substrates such as sodium ethylbenzene-sulfonate
(EBS), which gave the corresponding 1-phenylethanol derivative ul'=NH, =19
as the product. In the substrate oxidation, complex 5 was %:‘ cp

~€ ™ Ru'—NHg m =45

converted to the corresponding Ru™—NH, complex, 3. The & _2e-, —2H*
W U e

Ve U

formation of 1-phenylethanol derivative from EBS and that of 3
indicate that complex S as the oxidant does not perform
nitrogen-atom transfer, in sharp contrast to other high-valent
metal—imido complexes reported so far. Oxidation of cyclobutanol by § afforded only cyclobutanone as the product, indicating
that the substrate oxidation by § proceeds through a hydride-transfer mechanism. In the kinetic analysis on the C—H oxidation,
we observed kinetic isotope effects (KIEs) on the C—H oxidation with use of deuterated substrates and remarkably large solvent
KIE (sKIE) in D,O. These positive KIEs indicate that the rate-determining step involves not only cleavage of the C—H bond of
the substrate but also proton transfer from water molecules to 5. The unique hydride-transfer mechanism in the substrate
oxidation by 5 is probably derived from the fact that the Ru"'—NH, complex (4) formed from § by le”/1H" reduction is
unstable and quickly disproportionates into 3 and S.

B INTRODUCTION

The development of the selective oxidation of C—H bonds in
organic substrates is of great importance in modern chemistry.
High-valent metal—oxo complexes have been intensively
investigated as responsible species in the C—H bond oxidation
as observed for cytochrome P-450 and methane monoox-
ygenase." A number of synthetic metal—oxo complexes have

such as aziridination and C—H amination.>®’ High-valent
metal—imido (M=NR; R = alkyl or aryl) complexes have
been also well investigated as useful reagents for nitrogen
. . . 10-13 . .

insertion to organic substances. Imido ligands are
dianionic, and thus, the impact on the stabilization of high-
valent metal species is weaker than trianionic nitride ligands;"*
however, due to the lower stability, the reactivity of M=NR

been prepared and have served as functional models of the
reactive intermediates to elucidate the reaction mechanisms
and to develop efficient and selective oxidation reactions.” As
analogues of high-valent metal—oxo complexes, high-valent
metal—nitrido (M=N) complexes have been recognized as a
quite important class of compounds,”~” since they have been
known as active species in nitrogen-atom-transfer reactions

-4 ACS Publications  © xxxx American Chemical Society

complexes is expected to be higher than that of high-valent
M=N complexes, when the valence numbers of the metal
centers are the same.'” The most typical procedure to form
metal—imido species is a reaction of a metal complex with an

Received: June 15, 2019

DOI: 10.1021/acs.inorgchem.9b01781
Inorg. Chem. XXXX, XXX, XXX—XXX


pubs.acs.org/IC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.9b01781
http://dx.doi.org/10.1021/acs.inorgchem.9b01781

Inorganic Chemistry

alkyl or aromatic azide (RN;) through dinitrogen elimina-
tion'>'® or with an iminophenyliodinane derivative (RN=
IAr) through nitrogen atom transfer (Scheme 1a)."”

Scheme 1. Formation of Metal-Imido Complexes
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Protonation of metal—nitrido complexes or deprotonation of
metal—amine complexes (M—NH,R) have been also applied
to obtain metal—imido complexes (Scheme 1b).'®"? Another
possible procedure to obtain high-valent metal—imido
complexes is proton-coupled electron-transfer (PCET) oxida-
tion of metal—ammine (M—NH;) or M—NH,R complexes
(Scheme 1¢)***' or PCET reduction of the corresponding
metal—nitrido complex (Scheme 1d).** Using the PCET
procedures, complexes in various valence states can be facilely
obtained in the case where the stability of oxidized species is
assured. Based on the stability, detailed mechanistic insights
into the oxidation reactions can be gained with the obtained
high-valent species. Moreover, the PCET procedures produce
no chemical waste such as iodobenzene, which is formed with
the imino—iodinane method to form an imido complex,17 and
thus, the procedure is atom-economical. However, the previous
trials to synthesize high-valent metal—nitrido or —imido
complexes using PCET methods in water resulted in the
formation of the corresponding metal—nitrosyl complex,”***
probably because the formed high-valent species reacted with a
water molecule used as the solvent. Therefore, the high-valent
metal—nitrido and —imido complexes formed through PCET
procedures have never been well characterized experimentally
and have been just proposed as undetected intermediates.”**"

On the other hand, in the C—H oxidation reactions with
high-valent metal—oxo complexes as the active species,””> >
the H-atom abstraction has been generally considered to occur
as the first step, affording the one-electron-reduced metal—
hydroxo species and a nascent carbon radical. The hydroxo-
ligand is rebound to the carbon radical to give the product
(Scheme 2a).*’ Metal—nitrido and —imido complexes have
been also reported to perform H-atom abstraction from a C—
H bond of organic substrates and afford aminated products
through a nitrogen-rebound process.”*” Therefore, to reform a
M—NHj; complex for persisting the metal—nitrido or —imido
complexes into PCET catalytic systems, the vacant coordina-
tion site formed by the nitrogen rebound needs to be refilled
with ammonia or an appropriate amine. An alternative
mechanism in the C—H oxidation is hydride transfer in
water to afford a hydroxylated product (Scheme 2b).*
However, examples of substrate oxidation by metal—oxo
complexes proceeding through a hydride-transfer mechanism
are very rare,”’ and as far as we know, no report has been

Scheme 2. Hydrogen-Atom Transfer (a) and Hydride
Transfer (b) to High-Valent Metal Complexes
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provided on such a hydride-transfer mechanism by metal—
nitrido and —imido complexes.

Herein, we report the formation and spectroscopic
characterization of an unprecedented RuY=NH complex
through PCET oxidation of the corresponding Ru"—ammine
complex. The reactivity of the Ru"=NH complex in C—H
oxidation in water has been thoroughly investigated on the
basis of kinetic analysis. In stark contrast to the cases of high-
valent metal—nitrido or —imido complexes reported so far, the
imido nitrogen atom of the RuY=NH complex remained at
the Ru center after the C—H oxidation to recover the ammine
ligand without going through the nitrogen-rebound mecha-
nism.” The C—H oxidation by the RuY=NH complex in water
has been revealed to proceed through a hydride-transfer
mechanism accompanied by proton transfer from a water
molecule.

B RESULTS AND DISCUSSION

Synthesis of the Ru"—NH; Complex 2. In this study, we
utilized N,N-bis(2—Zpyridy1methy1)-N-bis(2-pyridyl)-
methylamine (N4Py)®* as a pentadentate ancillary ligand.
The advantages of the N4Py ligand are as follows: (1) the
ligand acts a pentadentate ligand to occupy the five
coordination sites of an octahedral Ru center leaving one
ammine- or imido-ligation site; (2) no isomerization can be
expected; and (3) the metal center can be relatively electron-
rich due to the strong o-donation from the tertiary amino
nitrogen (N1 in Figure 1), located at the trans-position of the
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Figure 1. Crystal structure of the cationic part of 2. PF,~ ions are
omitted for clarity. The thermal ellipsoids are drawn with 50%
probability level.
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imido ligand to be formed. The Ru"—ammine complex, 2, was
synthesized from [Ru"(N4Py)(OH,)](PF¢), (1)**¢ as a
starting material, which was treated with (NH,),SO, and
Na;PO, in water (Scheme 3).>* The characterization of 2 was

Scheme 3. Synthesis of a Ru"—NH, Complex, 2
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conducted with "H NMR spectroscopy (Figures S1—S3), and
ESI-TOF-MS spectrometry (Figure S4). The crystal structure
of 2 was explicitly revealed by single-crystal X-ray crystallog-
raphy (Figure 1). One of the structural characteristics of 2 is
found in the bond distance between the Ru' center and the N1
atom, i.e., 1.967(5) A for the corresponding aqua complex 1°*°
and 2.039(3) A for 2. This elongation of the Ru—N1 bond
distance in 2 relative to that of 1 is probably caused by the
strong trans- 1nﬂuence of the ammine ligand compared to that
of the aqua ligand.>* In addition, the Ru—N6 bond length is
2.167(4) A, which is also elongated relative to those bonds in
RuH—NH3 complexes reported in literature (2.08—2.12
A).>*** by the trans influence of the strongly o-donating
tertiary amino nitrogen.

Characteristics of 2 and Its Redox Properties. The pH
dependency of the UV—vis spectra of 2 in an aqueous solution
was examined in the pH range of 1.5—12 (Figure SS).
However, no spectral change was observed in the pH range,
indicating that the ammine ligand of 2 does not undergo
deprotonation in this pH range. Additionally, in the '"H NMR
spectrum of 2 in D,0 (pD 7.4),” the '"H NMR signal of the
ammine ligand was clearly observed at 3.21 ppm with the
integral ratio of 3H (Figure S1). Worthy of note, the NH,
signal did not disappear through H—D exchange with the
solvent, even after dissolving in D,O for 24 h. Therefore, the
ammine ligand is intact without deuterium exchange or
deprotonation in the pH range of 1.5—12.° On the other
hand, upon labeling with the "N nucleus of the ammine
nitrogen, the 'H NMR signal of the ammine N—H protons at &
3.21 split into a doublet (Jyy = 68 Hz) due to the coupling
with the N nuclear spin (I = 1/2) (Figure S6). Therefore, the
"H NMR signal at § 3.21 is clearly assigned to N—H of the
ammine ligand.

Based on the deprotonation inertness of 2 and the
electrochemical studies of 2 at various pHs (Figure S7), we
provided the Pourbaix diagram of 2 as depicted in Figure 2. In
the lower pH region, three oxidation peaks were observed in
the differential-pulse voltammograms (DPVs) (Figure S7a).
The Ru"/Ru™ redox potential was independent of the pH
change, and slopes for the Ru™/Ru" and Ru"'/Ru" processes
were —60 and —53 mV/pH, respectively. This result clearly
indicates that both processes consist of 1e”/1H" PCET and
complex 2 can form a high-valent Ru'—imido (Ru'=NH)
complex by PCET oxidation in the pH region. In the basic
region, the first redox wave showed the doubled current
relative to that of the second wave (Figure S7c). The slopes of
the first and second processes are —55 and —59 mV/pH,
respectively, and thus, the processes are ascribable to 2e”™/2H*
and le”/1H" PCET, respectively, in the basic region. It is

E,V vs SCE
=)
o

0.4

pH

Figure 2. Pourbaix diagram of 2. The redox potential at each pH was
obtained from the DPV of 2 in Britton—Robinson buffer (see Figure
S7), whose pH was adjusted with addition of NaOH ag.

noteworthy that in the pH range of 6—8, an oxidation wave
was observed at +0.74 V vs SCE and was intact regardless of
the pH change. We assigned this process as the formation of a
Ru''—nitro complex formed in the course of PCET oxidation
of 2 in water (Scheme 4). Actually, we could obtain

Scheme 4. Formation of a Ru"—Nitro Complex from 2 in
pH 6-8
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[Ru"(NO,)(N,Py)]" as the product using 10 equiv of
(NH,),[Cev(NO,)s] (CAN) as an electron-transfer oxidant
at pD 7.4. This process has been reported as a reaction with a
water molecule to form the nitro ligand throu§h the formation
of a putative high-valent Ru=NH complex.”

Chemical Oxidation of 2. Based on the Pourbaix diagram
in Figure 2, we performed PCET oxidation of 2 with CAN as
an oxidant. The reaction was monitored with the '"H NMR
spectroscopy (Figure 3 and Figure S9). Upon addition of 1
equiv of CAN to the D,O solution of 2 (pD 2.9%) at 277 K,
the diamagnetic "H NMR signals of 2 disappeared completely
and even paramagnetic signals were not observed in the range
of —70—+80 ppm (Figure 3b). Further addition of 1 equiv of
CAN allowed us to observe paramagnetically shifted signals in
the range of —40—+30 ppm (Figure 3c), and the peak
intensities of the paramagnetically shifted signals relative to
that of the internal reference (DSS) were doubled by adding
one more equiv of CAN (Figure 3d). Therefore, addition of 1
equiv of CAN to the solution of 2 gives the corresponding
Ru'"—NHj, complex (3), and further oxidation with one more
equivalent of CAN tentatively affords the corresponding
RuV—NH, complex (4), which quickly disproportionates
into 3 and the RuY=NH complex (5) (Scheme 5). This
disproportionation is rationalized in light of the narrow
potential gap between the Ru™/Ru" and Ru"'/Ru" couples
in the Pourbaix diagram (Figure 2).”” To confirm the
formation of the Ru'l species, 3, we measured an ESR
spectrum of an aqueous solution of 2 after addition of 1 equiv
of CAN. In the ESR spectrum (Figure S8), a rhombic signal
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Figure 3. '"H NMR spectral change upon the oxidation of 2 with CAN as an oxidant in D,0 (pD 2.9), including DSS as an internal standard, at 277
K: (a) 2, (b) 2 + 1 equiv of CAN, (c) 2 + 2 equiv of CAN, and (d) 2 + 3 equiv of CAN (left: the diamagnetic region; right: expanded region).

Scheme 5. PCET Oxidation of 2 to Afford the Corresponding RuY=NH Complex, 5
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was observed at g, = 2.584, g, = 2.158, g; = 1.857, and g,
2.200, which are in the typical range for Ru™ complexes (S =
1/2).** Addition of two more equivalents of CAN (3 equiv in
total) produced the quantitative amount of 5. When this
reaction was done not at 277 K but at room temperature, the
formation of a Ru"—nitrosyl complex, [Ru"(N,Py)(NO)]**
(6), was observed (Figure $10).*

To confirm the reversibility of the redox processes of 2 to
form 5, a 2e”-reductant, 1,4-hydroquinone (H,Q), was added
as a reductant to the solution of § at 277 K, and 'H NMR
spectral changes were observed (Figure S11). Upon addition of
0.5 mol equiv of H,Q, the paramagnetic 'H NMR signals of §
decreased to half the intensity, which indicates the
disproportionation of 4, and further addition of 0.5 mol
equiv of H,Q caused disappearance of the any '"H NMR signals
due to the formation of 3. Addition of further 0.5 mol equiv of
H,Q afforded the distinctive '"H NMR signals of 2, and the
recovery yield was quantitative on the basis of peak integration.
Note that no signals derived from 6 were observed in the 'H
NMR spectra in the course of the reduction with H,Q.
Therefore, we conclude that the redox behavior of 2 to give the
Ru" complex § is quite reversible at 277 K.

Characterization of 5. Characterization of 5 was
performed with high-resolution (HR) ESI-TOF-MS spectrom-
etry, 'H NMR and IR spectroscopies, XANES measurements,
and DFT calculations. The HR-ESI-TOF-MS spectrum of §,
which was prepared by treatment of 2 with 3 equiv of CAN in
acidic water (pH 2.5) and diluted with CH;CN to set the
solvent ratio as CH;CN/H,O = 1:2, exhibits a peak cluster at
161.365, which matches the simulated value for [Ru(NH)-
(N4Py)]** (C,3H,,NgRu: m/z = 161.365) even at three digits
(Figure S12).

X-ray absorption near-edge structure (XANES) measure-
ments were performed for 2 in the solid state and for 3 and §
in the solution (Figure S13). In the XANES spectrum of 2, the
energy of the Ru—K edge (Eg,_x) was observed at 22119.8 eV,
and Eg,_ for 3, formed in situ by addition of 1 equiv of CAN
to the aqueous solution of 2, was observed at 22121.5 eV. Also,
with further addition of 2 equiv of CAN, Ep, ¢ for 5§ was
observed at 22124.0 eV. This high-energy shift indicates the
high valency of the Ru center in § relative to Ru" for 2 and
Ru" for 3, supporting the assignment of § as the +V oxidation
state.

The Evans method*’ based on 'H NMR spectroscopy was
applied to the solution of 5 in D,0 at 277 K and pD 2.9.*" The
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effective magnetic moment (i) of S was calculated to be 2.02
(Figure S14). This value allowed us to determine the spin state
of 5 to be S = 1/2 (calculated spin-only p.4: 1.73). Thus, the
Ru center of 5 was assigned to be in the low-spin configuration
of the +V oxidation state.

An IR spectrum of the solid sample of S, which was obtained
with addition of KPF4 to the aqueous solution of S, was
measured in the KBr pellet to observe a signal at 875 cm™,

assignable to the Ru=N stretching band (Figures 4 and S15).

(@) 0.2 Av=31cm-!

1000 750
Wavenumber, cm-1

Figure 4. (a) Differential IR spectrum of (5-"°N) — (5-"*N) in KBr
pellets at room temperature. (b) A DFT-optimized structure with
SOMO.

The corresponding band of the '*N-labeled 5 shifted to 844
cm™, and the isotope shift width (Av = 31 cm™'; Figure 4a)
matched with the calculated value (Av = 27 cm™). The value
of the Ru—N stretching band is close to that of Ru""—tosyl—
imido complexes (Vp,_ng = 900—920 cm™)** and a Ru'—oxo
complex (tg,_o = 872 cm ™), and thus, the Ru—N bond of §
should bear a double-bond character. Furthermore, the
vibrational analysis of the DFT-optimized structure (Figure
4b) in the doublet state (S = 1/2) indicated the stretching
energy of the Ru"=NH bond to be v 4 = 873 cm™!, which
was consistent with the experimental value obtained from the
IR spectrum. DFT calculations on § also suggested that the
doublet state is more stable by 9.5 kcal mol™' than the
corresponding quartet state (S = 3/2), which is in Ru'V—
(N*7)—H form bearing the Mayer bond order of 0.83 for the
Ru—N bond (Figure S16). The length of the RuY=NH bond
in the doublet state of 5 was estimated to be 1.743 A (Figure
4b); the Mayer bond order was calculated to be 1.67 (Figure
S16). Thus, we confirmed the double-bond character of the
Ru'=NH bond in 5. In addition, an absorption band assigned
to the N—D stretching vibration was observed at v = 2493
cm™' in the IR spectrum of deuterated § (Figure S17b). On
the other hand, in the IR spectrum of §, no clear N—H band
was observed in the range of v = 2800—3600 cm™' (Figure
S17a and c), since a broad band probably derived from water
molecules was observed in the region.

Self-Decomposition of 5. To confirm the stability of S,
the solution of § in D,0, whose pD was adjusted to 2.5°° by
addition of HCIO, aq, was stirred at 277 K for 24 h. At this
stage, the imido H of § should be exchanged with deuterium
from D,0 due to the stronger Lewis acidity of the Ru(V)
center. After addition of H,Q (0.5 mol equiv), the 'H NMR
spectrum of the solution was measured. Signals derived from
deuterated 1, deuterated 2, [Ru(N4Py)(NO)J** (6),*" and
benzoquinone derived from oxidation of H,Q were observed
(Figure S18). The concentration ratios of the Ru complexes
were determined based on an internal standard of DSS to be
1/2/6 = 32:23:45. Complex 1 in the solution was probably
formed through a ligand exchange of 2 in the course of the
reduction. Thus, the decomposition reaction of § is assumed to
be as shown in Scheme 6, where complex $ reacts with a D,O

Scheme 6. Decomposition Reaction of 5 in Water
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molecule at first, and the Ru—hydroxylamine complex”*
formed is reoxidized by remaining $ to afford 6, concomitant
with 3, which should be deuterated in D,O as 3 (Scheme 6).
Complex 3 formed was reduced with H,Q to be 2.

UV—vis spectral change for the self-decomposition of § was
also monitored in D,O from 0 to 1.0 X 10° s (Figure S). The
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Figure 5. UV—vis spectral change (a) and absorbance change at 446
nm (b) for self-decomposition of 5 (25 uM) in D,O (pD 2.5) at 277
K.

spectral change accompanied one clear isosbestic point at 330
nm, indicating that the self-decomposition reaction proceeds
without any side reactions. Analysis of the absorbance change
at 446 nm with the first-order kinetics allowed us to determine
ko in D,O as (2.62 + 0.08) x 107> s~

Substrate Oxidation with 5. We also investigated the
reactivity of § in quantitative oxidation of organic substrates in
acidic water at 277 K. As substrates, 2-propanol (BDE._y; =
90.0 kcal mol™),* benzyl alcohol (BnOH; BDE._y = 87.5
kcal mol™),*" and sodium ethylbenzene-sulfonate (EBS;
BDEc_y = 85.4 kcal mol™)* were employed (Table 1).*
To a solution of § in D,0 (0.15 mM, pD 2.9) was added an
excess amount of 2-propanol at 277 K in the presence of
NaClO, (50 mM) to adjust the ionic strength to be the same
as the ionic substrates. After the mixture was stirred for 24 h,
the product was identified to be solely acetone using 'H NMR
spectroscopy (Figure S20b) and the yield of acetone was
determined to be 77% based on §. After the oxidation reaction,
no signals assignable to the Ru species were observed except
for small peaks of 6, and the yield of 6 based on 2 was
determined to be 9%. However, upon addition of 0.5 mol
equiv of H,Q as a reductant to the solution, the distinctive
signals of 2 were observed in the diamagnetic region and the
recovery yield of 2 was 91% (Figure S20c). This ratio can be
accounted for by the competition between the oxidation of 2-
propanol by § (eq 1) and reaction of § with solvent water (eq
2; see also Scheme 5).>*

Ru'=NH (§) + (CH,),CHOH — Ru™—NH, (3) + (CH,),CO
(1)
SRu=NH (§) + 2H,0 — 2Ru"—(NO") (6) + 3Ru""—NH, (3)

2)
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Table 1. Summary of Second-Order Rate Constants for Substrate Oxidation by §

substrate product ke kep® kpzo” kew'kep ke_i'kpa0
EBS HEBS (8.6 £ 04) x 1073 (4.5 +0.5) x 107* (19 £ 01) x 107* 19 45
2-propanol acetone (2.5 +£02) x 1073 (1.03 + 0.04) x 1073 (84 +09) x 1073 24 3.0
benzyl alcohol benzaldehyde (84 +04) x 1073 (64 +0.5) x 107 (7.8 £ 09) x 107* 13 17
“Units of M~ s7L
(@) os (b) o0.14 © o6
0.5 £ 012
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Figure 6. (a) UV—vis spectral change for oxidation of EBS (10.7 mM) by § (25 M) in H,O (pH 2.5) at 277 K: UV—vis spectrum of 2 (blue dot-
dash line), 5 formed in situ by addition of 3 equiv of CAN to 2 (red solid line), and after addition of EBS and stirring for 14 h (green solid line).
(b) The absorbance change at 446 nm (black dots) and the curve fitting based on the pseudo-first-order kinetics (red solid line). (c) UV—vis
spectrum after addition of H,Q (12.5 uM) to the reaction mixture of EBS oxidation with §: UV—vis spectrum of 2 (blue dot-dash line), after
addition of EBS to the solution of § with stirring for 14 h (green solid line), and after further addition of 0.5 mol equiv of H,Q to the reaction

mixture (blue solid line).

Consequently, 77% of § was used to oxidize 2-propanol to
form 3 in 77% yield as in eq 1); 23% of § was consumed in the
reaction with a water molecule to give 9% and 14% yields of 6
and 3, respectively, as in eq 2. Thereby, 91% yield of 3 in total
was obtained from the reaction. In light of the yields of the
products, the stoichiometry of the reactions was fully
consistent with eqs 1 and 2. Thus, we can conclude that
complex § can abstract C—H hydrogen atoms from organic
substrates without any N-rebound process as reported for high-
valent M=N and M=NR complexes so far."” Note that the
Ru'=NH complex § apparently accepts two hydrogen atoms
(2H* + 2e”) from the substrate to form the Ru™—NH,
complex 3 and that the Ru center holds the nitrogen as a
proton-accepting site in the course of the oxidation reaction.
Also, BnOH and EBS were subjected to quantitative oxidation
by 5 in D,O at pD 2.9, and the products were identified by '"H
NMR spectroscopy to be benzaldehyde and sodium 1-
hydroxyethyl-benzene-sulfonate (HEBS), respectively (Figure
S21a and b). The yields were calculated to be 90% for
benzaldehyde and 90% for HEBS. The product from EBS was
not sodium 1l-aminoethylbenzene-sulfonate but HEBS, and
thus, the amido ligand in the Ru'V"—NH, complex possibly
formed from $§ through hydrogen-atom abstraction without the
N-rebound process.”

When cyclobutanol was oxidized by $ in D,0, whose pD
was adjusted to 2.9 at 277 K, cyclobutanone was solely
observed as the product in the 'H NMR spectrum (Figure
$22a) in 17% yield on the basis of 5.*” In stark contrast,
[Ru"Y(O)(N4Py)(OH,)]**** was employed as an oxidant for
cyclobutanol oxidation to afford a complicated mixture of ring-
opening products. The mixture should be formed from the
cyclobutanol radical produced via hydrogen-atom transfer to
the Ru'Y=0 complex (Figure $22b).** Therefore, it has been
clearly indicated that the C—H oxidation by § proceeds not
through a hydrogen-atom abstraction mechanism but through
a hydride-transfer mechanism.** The hydride-transfer reaction
affords a carbo-cation derived from a substrate and the
corresponding Ru"'—NH, complex from §; the carbocation

undergoes nucleophilic attack of a water molecule to afford the
corresponding alcohol or ketone derivative (Scheme 2b).
Kinetic Studies on the Substrate Oxidation by 5.
Kinetic analysis was performed for the EBS oxidation reaction
by S in acidic water at 277 K. To an aqueous solution of § (25
M), whose pH was adjusted to 2.5 by addition of HCIO, aq,
was added an excess amount of EBS (11—64 mM) at 277 K to
provide pseudo-first-order reaction conditions. Progress of the
reactions was monitored by UV—vis spectroscopy, and
absorbance increases were observed at 365 and 446 nm,
derived from the formation of 3 (Figure 6a). After the reaction,
0.5 mol equiv of H,Q was added to reduce complex 3 formed,
and the absorption bands at 365 and 446 nm were further
recovered to 83% of the original absorbance of 2 (Figure 6¢).
Time-courses of the absorbance change at 446 nm were
analyzed to determine the pseudo-first-order rate constants
(kgps) (Figure 6b), and the kg, values showed a linear
relationship against the concentration of EBS, allowing us to
determine the second-order rate constant (k-_y) to be (8.6 +
0.4) x 107> M™! 57! (filled circles and red lines in Figure 7).
Additionally, the intercept of the linear fitting for the EBS

KIE =19
sKIE =45

EBS in H,0
EBS-d, in H,0
EBS in D,O
'M
0 004 008 012
[Substrate], M

Ko, 102 57"
N @wWw H~ 00 O
T r T T

-

Figure 7. Dependence of pseudo-first-order rate constant for EBS
oxidation by § on the substrate concentration: filled circles and red
solid line for EBS oxidation in H,O, filled squares and blue solid line
for EBS-dy oxidation in H,O, and filled triangles and green solid line
for EBS oxidation in D,O.
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oxidation by § was determined to be (4 + 1) X 107> s™*, which
was fairly consistent with the self-decomposition rate constant,
Kieor (2.62 £ 0.08) X 107 s™! (see above).

The kinetic isotope effect (KIE) in the EBS oxidation
reaction by S was also investigated using deuterated EBS (EBS-
dy) as the substrate (Figure 7). In consequence, the second-
order rate constant (k.p) was determined to be (4.5 + 0.5) X
10~* M~' s7! (filled squares and blue line in Figure 7), and the
kc_y/kc.p value was calculated to be 19 (Table 1). Therefore,
the oxidation reaction of EBS by § involves C—H abstraction
in the rate-determining process. In addition, we observed
remarkably large solvent KIE; oxidation of EBS by 5 was
performed in buffered D,O (pD 2.9) (filled triangles and green
line in Figure 7), and the second-order rate constant, kp,o, was
determined to be (1.9 + 0.1) X 107* M™! s!. Thus, the
solvent KIE kc_p/kp,o was determined to be 45 (Table 1).
Such a large solvent KIE has never been reported for the
reactions of any metal—oxo complexes.*”’

Oxidation reactions of 2-propanol and BnOH by § were also
kinetically analyzed under pseudo-first-order conditions to
determine the kg, values (Figures S23 and S24). In these
studies, NaClO, (50 mM) was added to the reaction mixture
to unify the ionic strength to the case of EBS.”' UV—vis
spectral changes observed during the oxidation reactions were
similar to that for EBS oxidation, as shown in Figure 6a, and
the apparent rate constants, k,,, were obtained on the basis of
the absorbance changes at 446 nm. Dependence of the kg,
values on the substrate concentrations provided the second-
order rate constants (kc_y) as (2.5 £ 0.2) X 107> M™' s™* for
2-propanol and (8.4 + 0.4) X 107> M~ s™* for BnOH (Table
1). In addition, deuterated 2-propanol (2-propanol-dg) and di-
deuterated BnOH at the benzylic position (BnOH-d,) were
subjected to the oxidation by 5 to determine the second-order
rate constants (kc.p). As a result of pseudo-first-order kinetic
analysis with these deuterated substrates, ke values were
determined to be (1.03 + 0.04) x 107> M~ s! for 2-
propanol-dg and (6.4 + 0.5) x 107* M~ s7! for BnOH-d,.
Thereby, the kc_y/kc.p values were 2.4 for 2-propanol and 13
for BnOH. Solvent KIEs for 2-propanol and BnOH were also
investigated in D,O (pD 2.9) in the presence of NaClO, (50
mM). Consequently, the second-order rate constants (kp,p)
were determined to be (8.4 + 0.9) X 107> M~ s7! for 2-
propanol and (7.8 + 0.9) X 107* M~ s™' for BnOH, and thus,
the kc_y/kp,yo values were 3 for 2-propanol and 17 for BnOH.

C—H oxidation proceeding through hydrogen-atom (He)
abstraction is known to show a linear relationship between
bond dissociation energy (BDE) of substrates and logarithms
of the rate constants, i.e., the Bell-Evans—Polanyi (BEP)
plot.>* Therefore, we have provided a BEP plot for C—H
oxidation by S on the basis of the second-order rate constants
(kc_p) of the oxidations of EBS, BnOH, and 2-propanol. The
rate constants were normalized by dividing with the number of
the equivalent hydrogen atoms to be abstracted.”> The BEP
plot does not show a linear relationship between the BDE
values and logarithms of the normalized kc_y values (Figure
§27), suggesting that complex 5 does not perform C—H
oxidation of organic substrates through a hydrogen-atom
abstraction mechanism.

A Plausible Reaction Mechanism of Substrate
Oxidation by 5. Based on the kinetic studies on the substrate
oxidation by § and the result of cyclobutanol oxidation by § to
afford cyclobutanone selectively, we propose the rate-
determining step involves not only hydride transfer from a

C—H bond of an organic substrate but also proton transfer
from a water molecule as the solvent (Figure 8). To confirm

H H H
N~
SKIE C?@ S0 Proton transfer

H H \ ® Hydride transfer
—cH Ny —» —¢
AN /. H|
KIECWH I?IH
Ru’ Ry

Figure 8. Concerted hydride and proton transfer to S.

this hypothesis, we have conducted theoretical studies on the
reaction mechanism of the substrate oxidation by §. At first,
the reaction profile for the cyclobutanol oxidation by § was
obtained by DFT calculations using a polarizable continuum
model (PCM) method® to include solvation effects of water
in the calculations (Figure 9). In the calculations, we included

Product complex

Figure 9. Reaction profile for cyclobutanol oxidation by § based on
DFT calculations.

the cationic part of 5, [Ru"(NH)(N4Py)]*, two ClO,” ions as
the counteranion, one cyclobutanol molecule, and one
oxonium ion (H;O%) as a proton source derived from the
solvent under acidic conditions. In the calculated transition
state, the imide nitrogen strongly interacts both with the
hydrogen atom attached to the hydroxy-substituted carbon in
cyclobutanol and a proton of the oxonium ion. Then, the Ru—
N bond bears the single-bond character. Finally, the reaction
affords the corresponding Ru™—NH; complex, 3, and a
carbocation derivative of cyclobutanol, which immediately
afford cyclobutanone through deprotonation from the OH
group. The calculated activation energy to reach the transition
state is 13.2 kcal mol™". Therefore, this reaction can proceed
through a hydride-transfer mechanism even at ambient
temperature.

In addition, the calculated activation energy for the
cyclobutanol oxidation through the hydride-transfer mecha-
nism was compared to that through a hydrogen-atom transfer
mechanism. In the calculations, ClO,~ ions and the oxonium
ion were not included (Figure 10). The activation barrier
involving the hydride transfer mechanism to give the Ru""—
NH, complex and the carbocation derivative of cyclobutanol
was 14.9 kcal mol™’, whereas that through the hydrogen-atom
abstraction mechanism to give the Ru'""—NH, complex and
hydroxy-cyclobutyl radical was 31.6 kcal mol™". Therefore, as
for the C—H oxidation by S, the hydride-transfer mechanism is
highly favorable in comparison with the hydrogen-atom

abstraction mechanism.”* This can be explained on the basis
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transfer

Reactant complex

Product complex

Figure 10. Comparison of activation barriers for the hydride-transfer
mechanism and hydrogen-atom abstraction mechanism for oxidation
of cyclobutanol by 5. The units in relative energies are kcal mol™".

of the fact that the Ru'"—NH, complex 4 that should be
formed in the hydrogen-atom abstraction is unstable and easily
disproportionate into complexes 3 and § (see above). Due to
the instability of 4, the substrate oxidation by S avoids the
hydrogen-atom (He) abstraction pathway and thus proceeds
through hydride transfer.

B CONCLUSION

A Ru'=NH complex, 5, having N4Py as an ancillary
pentadentate ligand, was formed through the PCET oxidation
of the corresponding Ru"'—ammine complex 2 in acidic water
at 277 K without formation of the undesired nitrosyl complex,
6. Complex 5 was characterized with HR-ESI-TOF-MS
spectrometry and 'H NMR, IR, and X-ray absorption
spectroscopies as [Ru'(NH)(N,Py)]*" in the S = 1/2 spin
state. Complex S5 performs C—H oxidation of organic
substrates, such as 2-propanol, and gives acetone and the
corresponding Ru—ammine complex, 3, with showing
complete stoichiometry. The conspicuous difference in the
reactivity between the Ru'V—oxo complexes and the RuY=NH
complex S revealed herein is that complex § affords the
corresponding Ru'—NH; complex as the product after 2e”-
oxidation of a substrate without performing the nitrogen-
rebound process. Cyclobutanol oxidation by § afforded
cyclobutanone as the sole product, indicating that the C—H
oxidation by § proceeds not through hydrogen-atom transfer
but instead through the hydride-transfer mechanism, which is
also supported by DFT calculations. In addition, large C—H
KIE and solvent KIE, as revealed by kinetic studies, indicate
that hydride transfer from the substrate and proton transfer
from water as the solvent are involved in the rate-determining
step of the C—H oxidation by § through the nitrogen-non-
rebound mechanism.
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