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We have established highly efficient and highly selective catalytic oxidation systems for
organic substrates using Ru(Il)-pyridylamine-aqua complexes as catalysts in aqueous buffer
solutions. In those reactions, Ru(IV)-oxo complexes were formed via proton-coupled electron
transfer and their characterization were made by spectroscopic and crystallographic methods and
DFT calculations. In this research, we have clarified that the spin states of Ru(IV)-oxo complexes
do not affect their reactivity. We have also succeeded in the direct observation of the
“oxygen-rebound” mechanism in C-H hydroxylation for the first time and elucidated the reaction
mechanism of C-H oxidation in the light of kinetic analysis.

SRR ERR
(SRR : 1)
B e R Pk
2009 4E 6, 300, 000 1,890, 000 8, 190, 000
2010 4,700, 000 1,410, 000 6, 110, 000
2011 4FJ& 4,000, 000 1,200, 000 5, 200, 000
L
L
g 15, 000, 000 4,500, 000 19, 500, 000

i e

B D « MIH - FE b - S LS

F—U— K LT =0 LR @R Ve e R E T E - BREE S L —
S Wb il SR

1. BFZERRAGYS WD 5

KR OERFEFE LT L(OEC) ThHdH~
T —F X VAT T AZ— BT, v
B AT ATENL LT KAy F- DB IR

RhEETEE T bR E B E)
(PCET)Z L L CTmJi FAli~ o o —A %
PERZTERLL | K5y F- AW 3R 5y -~ LAY
(ZERIEL TD, ZOSUSHEREIZ 2T, &



X1, $ER1EMELE T2 Juader D7V
R ~DRIBEAER TR AL RS OHE E B S AsHE (Z21X)
&L BRLTEMERETH D RuV=0 $51K200 DFT #F5IC
XD Ec b (R,

BICENL LT K+ (T2l +) %, B
FEL{LAN %2 A2 PCET (ZX0A % VENL T
Tk AN Yo B o TR = R e o A N
EEEDZENTRETH D,

PCET (ZE:S<E R liA S VS5 RO Ak
X, ZV—=F VBN RRAELRNENI R ER
F DD, ZIVETIZ, C.-M. Che & (J. Am.
Chem. Soc. 1990, 112, 2284) . T. J. Meyer ©(J.
Am. Chem. Soc. 2000, 122, 5984 72220,
Ce(IV) 2RIt AIL 9% PCET #HFHLI-E R
TV T =0 LA X VRO, e VR
{b7K3E D Em I ER L EUG DS A STV,
LU, PCET %8l 3 25 M bt 2 o
M, FolrFkx BRSO TRIILTEH D TH
0 (K1), 5% ORI ENS RSN,

2. WMEOBEH

AL TIX, VT =7 AL B DAL
(2P Ru(IV)—A VS5 IR OMEE R UG ME
Ru(IV)-A V5 IRIC LD H AL & Ok
SRS ORI . Ru(IV)-A %V $& kDA
WIELZ D RUEME~D R BE I T 52 %
HIOEL TS, SHIT, IR E &7zt
Fl, KEBRFREL T, EBEEN 1 LT,
PCET ##EE:fE &7 % mzh= - md IRz L
fik i R 2SS 52 8% H F8 97 (Scheme 1),

HEH
'T' (o]
—(l:— ||:|{u(n+2)+ BT BIREG H,0,
" X X Xv X
‘0
- Qe BLH BT
| Ru™
B
[S+ H,0 + O, — SO + H, 2]
Scheme 1.
3. WOk

(1) AT=0 (1) —T KD E LT YT
IRV —a

[Ru(TPA)(H,0),](PFe).  (1;  TPA =
tris(2-pyridylmethyl)amine; ACIE 2008, 47,
5772) K % [Ru(bpy)s]- Cl, 1Z3CikFEHE D S5
BICE0E R LT,

VT =0 IN(ID)—T VIR F LT s TPA—T 4
RDE R

6-71 /L ARF 3 L—TPA (6-COOH-TPA)IZ. %f
[ HTF T ATV EE R LT K Sy
RIZEG, =% /7 — /L H T RuCly &
6-COOH-TPA % )i &+, [Ru''Cl(6-COO-
TPA)PFs Z &k L7z, @ Ru(lll)-Cl AL
AgPF¢ Z /KIS TGS, Ru(Il)-7 277
B4, [Ru'(6-COO-TPA)(H,0)](PFs), (2)&A
LTz, SN KSEIRICOWT, %R
FlE, LRSI, X B G R, Rl
FREICEDF T/ XV —Ta w77z,

VT =0 I(1)-N4Py-T 7 7 $EKE DA il
N4Py EBER DB IEICHE > TE AL,
[Ru''CI(N4Py)|PFs & SCHRFT # D 7 ¥E 12t~
THARLTZ, [Ru"CI(N4PY)]PFs Z/Ki&iE h T
AgPFg LSSt AgCl 2RI AR AR
i+ 52 E12kv, [Ru ' (N4Py)(H,0)|PFs (3)%
7=,

2 2+
! OH, 2
N Nl N2 1 N OHy —
P T AN,
ST ) oS
N, O Y © f i
g ’ ~ )
7
1 2 3
/ 2+
| Qe [ —F
\N NX\// N \// =
Lo SRS Mo
e Y Y
S N o A
g C C )
7
4 5 6

2. Ru(ID-7 7 7#51R®1 - 3) & Ru(IV)-A ¥ ¢k
(4 — 6) DHETEREE,

(2) VT =0 L1AV)-AF /RO AT v
FGoR)EB—T g,

(NH,),[Ce"' (NOs)s] (CAN)Z (L F &L T,
Britton-Robinson (BR)#& & #Z 1 CaEH1A 1 K&
D2 BBl KT 24 VEE IR,
[Ru(O)(TPA)(H,0)T*" (4) &% T [Ru(O)(6-COO-
TPA)YH,0)]" ()& Gk LTz, DDA
¥y T 7P —a T, A AT, 'H
NMR, T~ KOV ESI-MS A7 L
ENZEVITo72,

B 1-3 12BIL €. BR ARl CE BN E
fRERLZAT\V N, FIBRIC Ru(IV)-A % V8K 4, 5
2 O[Ru(O)(N,Py)(H,0)" (6)Z TR ST,
ZNENOEEHRD AL RIE, ESI-MS (CH;CN-
H,O RS E LR L=, T b0
SEIRITHBEE T IR T RERLIE
[l E LAY
(3) Efz A Fn Ru(Il)-TPA-diimine S50




Ru(IV)-A% VIR D ARk,

[Ru(TPA)(bpy)](PFe), (7; bpy = 2,2’-bipyri-
dine)Z /KIAHE T CAN UGS, ik
@ Ru(IV)-AF V51K, [Ru(O)(H TPA)(bpy)]-
(PFe)s (8)Z &k, HLHEL . JuF T, X kb
PR RS RENT . ST~ O 4 eI E
\ZEDX XTI X VB —arwiTo0z,

(4 BV -N-AF Y AR E N HT5
Ru(ID)-TPA-diimine $5{AD & kb2 D IEST
282 Ru(IV)-A % VEERD A RL,

[Ru(TPA)(diimine)(CH;CN)](PFe), &
CH;CN H5RiR C m-7 noid % B & ik
(mCPBA)&ESH, [Ru(TPA-O)(diimine)-
(CH5CN)](PFy), (diimine = bpy (9), 2,2’-bi-
pyrimidine (bpm) (10))% &k L7=, £ 5D
SERIZ IR Z ST L CL Ru(IV)-AF VA
DEREATT,

(5) VT =0 I(IV)-2 & VAR O A FLE i
LU,

Ru(IV)-AF¥ VRGO T X TD
B, BR FEEHE 2850 CITo7, s
ERRIIT, B YE 7 L ED TH NMR Ay
ML D EHEIZIDEIEL  WEEHE(DSS)EDFH

SHICIVERLL, $2. @), @OIZEL T,

FOialE CH3CN H1C{TV ), TMS 2 EHEL L
THEBMOEEEIT-T,
(6) Ru(IV)-A VEEE L H# L S & D Uk
(2B 9% B AR A MR T

A EOFEIFE FTO Ru(IV)-A4F V85
RO DIFEZ , UV-vis UL AT R LH]
ENZIVEMIL . SOSHE EREZREL, IR
AV EED R EE B D AL I AL T
A=A DPREEITHT=,

4. WFIERE
(1) Ru(ID-7 7 7 RO RR{bIE ),
3FED Ru(ID)-7 7 751 =3O\ T,
BR FEHEHEFEE T A 7V v IRV H R
FY—ZJE L, SRS TEMEZIRE L
Too Fiz. TOWALEITENMN O pH KFMEE

Ru"“=0

E1/2 /'V vs SCE

2 4 6 8 10 12
pH

3. $%1K 3 @ BR FEMKH 23T % Pourbaix 4

LTI T A,

HITE L. Pourbaix ¥4 7 77 L&{ER LT,

—fl & LT, X 328K 3 D Poubaix ¥ A 7
7T LERT,

(2) Ru(IV)-AF% VEEED A B IREE,

3 flD Ru(ID)-7 77 $51K 1-3 %, BR FEFE#K
H1 T (NH,),[Ce' Y (NOs)s] (CANIZLVE T
Rkl T, 275 Ru(IV)-4F
$ 1& . [Ru"V(O)TPA)H,0)](PFs). (4) .
[Ru"Y(0)(6-COO-TPA)(H,0)]*" 5 .
[Ru"Y(O)(N4Py)(H,0)|PFs (6)%157=, 44 %
VEEIRIZOWT, KRR TR K OVE B AT
20X T 7 XY —a w772, NMR
LD $ERAITRE D S = 1 THLHOITT
L. 851K 5 KON 6 IERIHIDOZ MEAE R AR
(S=0) (For 5; Angew. Chem., Int. Ed. 2010,
49, 8449) THHZ LN DT,

DFT R OFEHE, (KA REED Ru(IV)-
e LN T T VAR N - SERQECASENPIN
153 T2 HBIAA TS, 57 i e 7 R 1 s %
EHZENHDIET R ST, KAITEER 5 O Bt
LI EZ R T, SBIZ, Koy FaEwiz DFT
FHRIZED . AR T L7 TR S & DK
AL Ru(IV)—A 3 VEERIZ, KT D7k FE
AR TR ERINDZEL BB
A3

4. $E1K 5 Ol b % (B3LYP/LANL2DZ),

(3) Ru(IV)-A 3/ $EIR D fik i 18,

5. 85K 8 DS (PFs 1ZBRWVTH 5),

BEIR 8 DIKIAIE G AL L E1S T, X Bk
PR REAT IC LD . FORIEEZIAS N L,
%@ ORTEP X% [X 52777, Ru-O f& HHEE



1% 1.771(@)A Tholz, BN OBV %EHR
X7 aRAbS I, Ky FEKRERBEEERL
TV (JACS 2011, 133, 11692),

() BV -N-AF VAR E U2 HT 5
Ru(ID)-TPA-diimine $&5{ARD A B &2 D PR
(2&D Ru(IV)-A3 85RO Ak,

RN DYV -N-F XV AR & T 55k
1K 9 DRk A G A X 612753 (JACS 2011, 133,
17901),

5. $8K 9 ORI (PR (ZFRNTH D),

ZOERIC AR RS 5L, X
JRIZED Ru(IV)-AF V85 RN AT 5, £,
RO SOSTEZE R T bpm BN LT D8
K10 2 YRR U 7= R D AE )% Scheme 2 12
FEOTRT,

Scheme 2.
(5) Ru(IV)-AF VEEIKIC L5 B E IR
J'_E:O
O KPIcBITAE{LE
RT3 %ﬁﬁﬁ;% CAN Zig{bA LT, BR
TR P IR I A 2 OFEIL A D

ﬁaiﬁéﬁ%t}im%ﬁoto ZTORERELLIC
TR, AT OSEAREFRD TR R TE M A
A RARME R FRO Hilz, Bl T, 7b
TURRD C=C2HEMEAITX, =X AFRRH
TEALHICBRZIS L, VR X T VT
eR&Z 527~ ¥ XTI — VT
2 ER LI, X957 /LT ERFEDNERIR
mzEonTz,
@ CH;CN HIZB T bG
BEIR 8 — 10 &2 V- EFm R L SR & T -
T2LZA AL T4 HETIE C=C2EFES TIE

72 TUNAL R FZE LS, 7YV T va—
W ROTUNT R DGO NLT LD DT,
F7o. C-H #EAG OfE A MBE= xLX —n
85kcal/mol LA T DIEII#h=H <L D
M, EILL EDOIE ~DOKIGEITIK T L,

F 1. BN 1 -3 2L T DAL B Y O kB R
daans

turnover number

(efficiency, %)"
catalyst

entry substrate product 1 2 3

1 /@ o /Cr e (}gg) (}gg) (}83)
2 ClDA o Df e (3; (}gg) (gg)
I & S & S IS
<o O™ | o» o

85 90 88
3 on @*0 85 (0 (89

. oM M 42 50 47
o
o

84  (100)  (94)

7 e PN (gﬁ) (}gg) (gg)

8 CH;OH HCHO é;) ég) (55)

9 ©/\ @CHO (33) (32) (gi)

10 O Hoj)\/\/\gOH (395) (12050) (gg)
o

33 38 35
(66) (76) (70)

N e
NaO,S
NaO;S

2 [substrate] = 0.1 M, [CAN] = 0.2 M, [catalyst] = 1 mM. ° Turnover
number = [Product]/[catalyst], efficiency (%) = [product]-n/[CAN]
(s number of electrons related to the oxidation).

3

(6) Ru(IV)-A% VSR L H AL B & D i
(Z B892 i O MEAT

SR 4 — 6 ZFRALAET D17 — LD
Al S 2 BE 32 3 B Sl R AT 21 T o 7,
mnmﬁﬂﬁl: IZBWThH, i — R E E T

B EICR L Cfafn s E) 2R L, Ru(IV)-
ﬁﬁv/éﬁ{zlikﬁ% 5 LT XN A%
10
I
I
n
o _—1
5 61 -+
---...m4 N S—
N ¥
ol prw——r "
0 . . .
0 0.05 0.10 0.15

[1-propanol] /M —
6. KK 5 D171/ — )L EDRIRIZI T D
— YR B TEER D HBT IR B A A
LT, BEBALROS DT T 2280300



=, —HIELTL A s D1—TF ) —Léd
FOGIZH0T 5, i — W FE T8 o0 e
EAAHEZK6IZRT, SBIT, KEEZTF L
§V€V%EWT%E%®@ﬁéﬁﬁﬁm
77,

FFHIUT 1O B T 450 & S8 7 B DI EE A
FHEZBLIIIL . 2210 Byring &Y van’t
Hoff 7'my bt IEMHEAL/ ST A—4 ] O]
I RT AR R TE LT, EORER, b
DIXNTZA—=ZFIZEALEFRICTHY(F 2).
Ru(IV)-7 % V5K D AL ARBEIL, ZD it
PEITIZEA E BRI L RSN,

K2. 1-T 0 = NRAEISIZI T 5 BT/
FOEMAR T A =X

4 5 6
AH [kJ mol™] 23 29 -16
AS [T K™ mol™] 4.8 6.8 2.6
AH* [kJ mol™] 25 22 18
ASH[T K mol™] -201 -215 -225

(7) C-H KEEALISIZ BT % "Oxygen
Rebound it O EHEEL I,

PR 8 &7 A v L DO ESI-MS JIlE
WX VB LS Z A, FREAELT, 7
Tk Y EINL A E AT DR AR
LTWAZ ERnbhotz, T, BHFEHE
ZR Z T E 7270Oxygen Rebound” Hi# 2 B #2
BHILI-WD OB THD, TDI AL E
1D SHA# % Scheme 3 1278,

lr o
~ -N I

- Y -y N -

gxyge; =N [ - *» L N ‘\S/\ le/N J
ebound N | = N + N |\\

N—
— }\ N / / 2 _IN
"JQ 8 o A

Scheme 3.

(551

AAFFECTlE, TPA K ONE D E R % Fi
1 &35 Ru(ly=-7 7 7 #5(KIZI1F % PCET
b & 5. Ru(IV)-A % VAo A pk & %
YTV —a w27 H L,

HICHAS S AHEE O &R « &R
PR ER AL SO 2 TS L7, HBFIC. Ru(IV)-
X VEERD A B AREENSSEIIZ & A
CHBELZRITI W EEBALNCL, H
BsfEan e kxB o L, £, AT
BFONTRIL, A% OBREAR DD 720
HPET m v ADOBFEICHNT TO, Atk
WA Z2 52 55D Th D,

5. ERFERGRLE

(MR IR 4R M O SR |2
ERN )

UdEskamsc) (Bt 28 1) (&)
1. “Regulation of Redox Potential of a Pterin
Derivative Bound to a Ruthenium(II) Complex
by Intermolecular Hydrogen Bonding with
Nucleobases” Y. Inui, S. Miyazaki, K. Ohkubo, S.
Fukuzumi, and T. Kojima, Angew. Chem., Int.
Ed. 51, 4623-4627 (2012). DOL:
10.1002/anie.201108827
2. “Proton-Coupled Electron-Transfer Reduction
of Dioxygen Catalyzed by a Saddle-Distorted
Cobalt Phthalocyanine" T. Honda, T. Kojima, S.
Fukuzumi, J. Am. Chem. Soc. 134(9), 4196-4206
(2012). DOI: 10.1021/ja209978q
3. “Proton-Coupled Electron Shuttling in a
Covalently Linked Ruthenium-Copper
Heterodinuclear Complex” T. Ishizuka, K. Tobita,
Y. Yano, Y. Shiota, K. Yoshizawa, S. Fukuzumi,
T. Kojima, J Am. Chem. Soc. 133(46),
18570-18573 (2011). DOI: 10.1021/ja208141b
4. “Photochemical Activation of Ruthenium(II)-
Pyridylamine Complexes Having a
Pyridine-N-Oxide Pendant toward Oxygenation
of Organic Substrates” T. Kojima, K. Nakayama,
M. Sakaguchi, T. Ogura, S. Fukuzumi, J. Am.
Chem. Soc. 133(44), 17901-17911 (2011). DOLI:
10.1021/ja207572z
5. “Formation of a Ruthenium(IV)-Oxo Complex
by  Electron-Transfer = Oxidation of a
Coordinatively Saturated Ruthenium(II)
Complex and Detection of Oxygen-Rebound
Intermediates in C-H Bond Oxygenation” T.
Kojima, K. Nakayama, K. Ikemura, T. Ogura, S.
Fukuzumi, J. A4m. Chem. Soc. 133(30),
11692-11700 (2011). DOI: 10.1021/ja2037645
6. “Reply” T. Kojima, S. Fukuzumi, Angew.
Chem. Int. Ed., 50(17), 3852-3853 (2011). DOLI:
10.1002/anie.201100719
7. “Crystal Structures and Electronic Properties
of Saddle-Distorted and Protonated
Phthalocyanines” T. Honda, T. Kojima, N.
Kobayashi, S. Fukuzumi, Angew. Chem. Int. Ed.,
50(12), 2725-2728 (2011). DOL:
10.1002/anie.201006607
8. “A Low-Spin Ruthenium(IV)-Oxo Complex:
Does the Spin State Have an Impact on the
Reactivity?” T. Kojima, Y. Hirai, T. Ishizaka, Y.
Shiota, K. Yoshizawa, K. Ikemura, T. Ogura, and
S. Fukuzumi, Angew. Chem. Int. Ed., 49(45),
8449-8453 (2010). DOL:



10.1002/anie.201002733

9. “Structure and Photoinduced Electron Transfer
Dynamics of a Series of Hydrogen-Bonded
Supramolecular Complexes Composed of
Electron Donors and a Saddle-Distorted
Diprotonated Porphyrin” T. Honda, T. Nakanishi,
K. Ohkubo, T. Kojima and S. Fukuzumi, J. Am.
Chem. Soc., 132(29), 10155-10163 (2010). DOLI:
10.1021/ja103889f

10. “Proton-Coupled Electron Transfer of
Ruthenium(III)-Pterin Complexes: A Mechanistic
Insight” S. Miyazaki, T. Kejima, J. M. Mayer, S.
Fukuzumi, J A4Am. Chem. Soc., 131(32),
11615-11624 (2009). DOI: 10.1021/ja904386r

(K] (G 95 1F)

1. T. Kojima, “Highly Efficient Catalytic
Oxygenation of Organic  Substrates by
Ruthenium Complexes with Water as an Oxygen
Source”, 3rd Asian Conference on Coordination
Chemistry 2011, 2011.10.17, India Habitat
Centre (India)

2. T. Kojima, “Reactivity of Ruthenium(IV)-Oxo
Complexes in Catalytic Hydrocarbon Oxidations”,
XXIII. INTERNATIONAL CONFERENCE ON
COORDINATION AND BIOINORGANIC
CHEMISTRY, 2011.6.7, Smolenice Castle (Slovakia)
3. T. Kojima, “Formation and Reactivity of
Ruthenium(IV)-Oxo Complexes with
Pyridylamine Ligands”, France-Japan
Coordination Chemistry Symposium 2011,
2011.6.30, The University of Rennes (France)

4. T. Kojima, “Selective and Catalytic
Oxygenation by Ruthenium Complexes with
Water as an Oxygen Source”, PACIFICHEM
2010, 2010.12.19, Hawaii Convention Center
(US.A)

5. T. Kojima, “Supramolecular assemblies based
on saddle-distorted porphyrins” PACIFICHEM
2010, 2010.12.18, Hawaii Convention Center
(US.A)

6. T. Kojima, “Ruthenium Complexes of Redox-
Active Heteroaromatic Coenzymes”, AsBIC-5,
2010.11.3, The Ambassador Hotel Kaohsiung
(Taiwan, R.O.C.)

7. T. Kojima, “ Ruthenium Complexes Having
Heteroaromatic =~ Coenzymes as  Ligands:
Structures, Redox Properties, and
Photochromism”, 16th Malaysian Chemical
Congress, 2010.10.12, Putra World Trade Centre
(Malaysia)

8. T. Kojima, “Characteristics and Reactivity of
Ruthenium(IV)-Oxo Complexes with
Pyridylamine Ligands”, The 4th ChemComm
International Symposium, 2010.10.2, Ewha
Womans University (Seoul)

9. T. Kojima, “Light-Harvesting Assemblies
Perform- ing Photoinduced Electron Transfer

Based on Saddle-Distorted Porphyrins”, 6th
International Con- ference on Porphyrins and
Phthalocyanines, 2010.7.6, Hyatt Regency
Tamaya Resort & Spa (U.S.A.)

10. T. Kojima, “Ruthenium(Il)-Coenzyme
Complexes: Redox Reactions and
Photochromism”, The 2nd Asian Conference on
Coordination Chemistry, 2009.11.1, Nanjing
University (China)

(XEF] Gr21F)

1. “Ruthenium(Il)-Pyridylamine =~ Complexes
Having Functional Groups via Amide Linkages”
S. Miyazaki, T. Kojima, CURRENT TRENDS IN
X-RAY CRYSTALLOGRAPHY; A.
Chandrasekaran, Ed.; INTECH: Rijeka, Croatia,
2011; p239-254. (&3t H)

2. T LVWIKOEAEES—K 0 KRS F &
MRy FalEo @tk HEEE. /L7
64(11), 76-77 (2009) ; L= ERIA.  (EHEEE)

(& Dfth)
R b D
http://www.chem.tsukuba.ac.jp/kojima/Site/Home.html

6. AR
(OFFZEIREE
/NE FEEZ (KOJIMA TAKAHIKO)
SR - HOEWE F - HifR
o835 20264012



