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Fundamental Theory of the High-valent 3d Transition-metal
Oxo Bonds and Elucidation of Water Oxidation in Photosystem II

k1, %5, k6

Kizashi YAMAGUCHI , Hiroshi ISOBE™*, Mitsuo SHOJIT™,
Koichi MIYAGAWA™, Takashi KAWAKAMI™ and Satoru YAMADA™

Historical development of the fundamental theory of the high-valent 3d transition-metaloxo bonds
(M(n)=0, n=4,5) was revisited to elucidate their strong radical reactivity to alkanes. The oxyl-radical
character was emerged from the small energy gap between the HOMO and LUMO of the M=O bonds,
entailing the HOMO-LUMO mixing to provide the different orbitals for different spins (DODS) responsible
for the (*M(n-1)-O*) bond with the local electron (spin) at the oxygen site. The oxyl radical character is
now regarded as one of the fundamental concepts for understanding, explanation and prediction of common
oxygenation reactivities of high-valent M=0O bonds to many kinds of substrates in chemistry and biology.
However, the high-radical reactivity of the *M-O - species is often harmful in biological systems, indicating
its subtle regulation by the coordination of Lewis acid such as the Ca** (H,0), ion to provide a stabilized
M=0---Ca*" bond. The isolobal and isospin analogy among triplet oxygen (O), molecular oxygen (O=0)
and iron-oxo (Fe(IV)=0) species is useful for understanding and explanation of oxygenation reactions in
a unified manner. Multi-center transition metal oxides such as Mn,O,, CaMn,O,, Mn,0,, have been
investigated to elucidate formations of the Mn=0 bonds for the O-O bond formation of water oxidation
in natural and artificial photosynthesis systems. The radical coupling mechanisms for the O-O bond
formation were found to be operative for artificial systems. On the other hand, the Ca** assisted concerted
bond switching mechanism is feasible for the O-O bond formation at the oxygen evolving center (OEC)
with the CaMn,O; cluster embedded in photosystem II (PSII). Finally, perspectives are also given in relation
to quantum effects for water oxidation in PSIIL.
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Radical (\M—O0-°) %2 RTHEDVDH B I LRSI
729 ARG TR L TRz X 5 128U T2 Oxyl
Radical "EIZ &R T+l 3d B &R 4 ¥ VG (M=0) @
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THb. HHETAUNINV b =T Vidx, y 2 EHICH
QTR O TR % K> TR S & ILECIREETDO M=0
WEOEEMRFEATHA L2, K1 CIEEmEH RS
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BETIREOZELA R L, F5 1 HRBRAR I 12300 FEs L 44
DET B E IR L7z

Bl Z X, 3dBRBEROFTHTIA 4 v ORE1E3dH
BIAVF—LARVPERVDOT, Ti-OEOyHATK X
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DILCIRBITE 25 2 E S Nk 5. L7235 C,
ZORBPISEATHEINFZMEFIET L. C0LH%
BAETD, RIS ) ~EFEEFRBEZHET N
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CuA & AZEFWSIN RN F (Ligand s L) ZEAT
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TWRT LA+ VA HRT285F % (y~0)
TR, EAEHERT x) KR EH DD, x~0
W WHIR TR E R -M-O- TEBL I N5
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HH € 7 )V T Oxyl Radical 14 25 i 3k 72 WHIE T d
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ZRLHHET VIEM=0fEDE —A Y VIREOZE
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3.2. Huckel-Hubbard-Hund (HHH) model I & 3 &

ZE > M=0 #& DE

ERROIGERITIZ2HL2EBTROET IV TH 5P,
FEHEOM=0RTIIEREEIT A4 b M) ORMF (L)
DAL T L T HEN L ENL VO TIdEREEM
DT A ¥ >R A3 high-spin (HS) (27 234 H3% .
FEE AR MnsE A TH M), Mn(IV) £ F+ > 1% S=
4/2,32OHSIKETH 5. fit> T, L-M=ODHEJEZ ¥
YIRFED Hund W2 HE > THSIC 2 2 MINASH 5. L
L, BALRS2S#EEicoh, 2fk& L Tlow-spin (LS)
REEDO T 2L E 7% ), spin crossover I 23423 %
Behd . Rz, P450'Y % TauD'™ 12 & % L-Fe=0
DKRFEG| EHRE UL T RUSHIZ A ¥ VIREH LT 5
HFHEIRL oD, HERDOL—M=0%®HS-LSH
x4 78 41 Hund BN 3R 3 % 28k 7 (K) #5583 %
Huckel-Hubbard-Hund (HHH) EF WV CEHWEETH 5
25, BUBAHEST LTV L BE DAY v BN EEo P
BENETFTVLIEIHEECH -7z, 22 C, HHHE TV
T ETOMENEN % Z KT % ab initio (55— 5 )
FHRSLETH - 7.

4. SRERFEEBREEF X VS
(M=0) ®@ ab initioEt&
4.1. Broken-symmetry Hartree-Fock and density func-
tional theory models

Ab initio unrestricted Hartree-Fock (UHF) # 1% [#i
B FEOMN ] OMOFEBL % 52 Twb. UHFET
FHEEE (M=0) HE X D HHBE#ELE ((M-O-) i
DFHBREN 2D Z & aRmnd ZHEANRELRMIED D
D, TOFRNEHTT G O%EIZITHOMO-LUMO —
ANVF—F v v TINELK L LDOTENSOPLELXRE
MIX)”§ 2% Z 212X b, different orbitals for different
spins (DODS) & Xi¥h 5 (2) UK L 7= B0+ Bl
PRELENSD.

XHo = COSQ(DH() + Sin@(bw
Nro = COSOPro — SINOP.y

2)

Z 2T, Puo, ool TITAGR L T 2 PkKTIE DO HOMO,
LUMO % % L, xuo» Nro i& DODS % @ B #% HOMO % %
R 2 12 B 5% dr-pre L3 @ DODS B 72 B 3 -~ 0 451l
(bifurcation) MFE*" & {73 L7-.

M2 X9 g0 nuo s THIEIZZHZHM, O 4 M S
K& {JA1E L, Metal-Oxyl Radical (+M-O+) D& (2
MG L TW5.
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2 (A) 4d, 5d 158 = 3 % g Metal-Oxo #

M=0#5 & ®»HOMO-LUMO gap 3/ & Wi E 121X
2 1Z7” L72DODSH D A ¥ /ﬁ}ﬁibfcﬂl_ﬁ‘tﬂfﬁ?‘é
B 13 Kohn-Sham (KS) JElIBR% B2 B %% (UDFT)
OHELFEMTH L. S 5IZUDFT % & UHF % % #l A4
4 & CTHybrid UDFT & 2 HE L7256 (2) i
BHWEETH L. 15D DODS#LiE % Hv 2 Fikix
Broken Symmetry (BS) #k& sz, BREE A T
SERDY A, MY A MEIB2CIZ/RT & 9 12 Octahedral
(Oh) FEfLF (Low) HYALL TV 2HEDL DS, %0)
A TL3dER SR Lo-M=Of & OMmET 1 M
Oxyl Radical ¥t (Ly-M-O¢) 2SHE512 7% 2 36535 %h
Twz Y gzpx Hybrid UDFT M1 & MU Lo, 2°
porphyrine (Por) FEfZF T & % & J5i F fifi PorMn (V) =0

HAETHE 2 1277”T & 9 12 Por-Mn (IV)-O« 25T 1K & Ui
ﬁi@]k??ﬁ?%%’l ERE G % & O PG A RS (radical
rebound #HE)” DS RECTH B 2 L A HFHEL T2 Y.

Por-Mn(IV)-O* + H-R

— [Por-Mn(IV)-OH + *R] — Por-Mn(Il)-OHR. (3)

NIEA R 3% 58 4 BB & @ 4% ¢ 13 Oxyl Radical ®
radical coupling (RC) KIGAWHETH % Z & b FER,
MOMHE A SR SN TV D

Por-Mn(IV)-O*« + +O-Mn(IV)-Por
— [Por-Mn(IV)-O-O-Mn(IV)-Por] (4)
— O, + 2 Por-Mn(Il)

(A)

Allowed-Biradical
(»7)

(D% A9)

Biradical

Forbidden-Nonradical
(FN)

(0% A%)

Orbital Bifurcation

Nonradical

&, (B) 3dWLiE % fliHH 4 % Metal-Oxyl #

(B)

Symmetry Allowed
Orbital Symmetry Conservation

Symmetry Forbidden

W"rm Fe—O- 0

p) |

%‘ X—: Co—0¢ L—rel
|

Cu—0O-

#. (C) 63 X U5HL Fe=0 O 21>

L2L, PSITIXCalll) £ 4+ >~ D LewisBBRhEICL D T
VHANEIE T T A EBHMLEY. ZoXHIT,
Hybrid UDFT XK K & VB &S+ F 8k D
SUBHERE DIFITIZH R TH 5.

4.2. Applications of broken-symmetry (BS) methods

for oxygenation reactions

K218 & 912, Mo Fii3d ER4E (M=Cr,
Fe, Co, Cu) * ¥V ?'f-u & T b Oxyl Radical SO A3 3
27 24 (P450, TauD, ete) > s 5 i Tw b, K
FIEE I IZE OO EMZHA LT E. ZhH0
FEBI % 5 HIWT L C, Oxyl Radical Y 1 B 5O I #H %
RS 5 7200FERMEDO—2 LMEMNIT NS, BS
(UHF, UDFT, Hybrid UDFT) i [ #Li#xd Ftk o |
OHFMETNVELTHHTH Y, ZOFHERHRE, W
DOXHNEE BB D F 2 A VLB~ (bifurcation) %
FER\AME O SUSHER I BT RETH L. 51
3R T L HICBSRHMEIC L W 4 ﬁ;hf:éaﬁioctoxz
YHAMTH NS OBITHITTRETH S, FEEE, X2
DR L7z 3d BRI #%Ed] (Forbidden 5 F) biradical
(R) RO JIBA T HETH 575, 4d, SdTE 15 (LHLE R FR
PMIZIIEFITH-TH AV EHEOMBPTE LT Y
HNVEERECTHEDG OSSN 5. RFFEHRE X TiX
Z®—Hl & L CFischer 1Y, Schrock’jbf] LRV EERD 2

Yy AREERA L 2ok S 1z, BSMO R
\&3d, 4d, 5d BRI/ M=0 K& @%ﬁ&ﬁm&%@%*ﬁ
Charge and Spin No Charge Separation
Separations Spin Separation
(0% A9) (R—R)
Electron Transfer Homo Polar
Diradical Diradical
Charge Separation
No Spin Separation
(D® A°)
Zwitter lon

3 (A) B FE (Orbital Symmetry) & 7 ¥ 7 WP Z RS HLEO 5K (Orbital Bifurcation) O 3E#EIZ X 2 (b4 SUG M O 74,

(B) PRUSKIES 2 WA LAY > 4504,
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o(r) #(x,") é(x,")

(C)

38 @ %8

é(x) é(n) é(n,") (=)

(D) Isolobal and Isospin

ls I: l:
D A 1A
3 .\}_‘I 3:
o 0, FeV=0

B4 BFEET (0), BEST (0=0) BLUEFF Y (Fe=0) #ird isolobal-iso-spin FiLk .

WCHEHTH . FEE, 200046 5 BSTEIC L 5 B4
& OXO SR D BRI HARH L Twd. T2 TIRZED
EEillEe) acaran

4.3. Isolobal and isospin analogy among molecular

oxygen and metal-oxo bonds

198044812 A % & Hoffmann #4% ¥ & R F#4% Y 78
T80 RRME O #2447 (Orbital Symmetry Conservation ;
OSC) DB X % 152 SOS Blam O M 58 & R RLT
Nobel % %4 24172, Hoffmann 4k 1% Nobel £ ## 5 "
T “isolobal” & 9 73 F-PLE O T IRFEPANE A3 A BAL 5
LR AIT BT AL FE RS 2 R — WIS E R 5 729
DREABEEI % 5 2 L ZWHPUIRE NIz, B TifiE
BaEA F VHAE (M=0) @ Oxyl Radical S %
“isolobal” OB HPBIT 5 & 2\ 2 B E O FHPL
MWD N, EHIZIZAE VIREEOE DL S I L 7.
Z 2T, “isospin” O#& b IMA T “isolobal and isospin”
CHEEES L, AR OB R O BRI S T 0 S DB
P2 T L 72, 3FFOHWMICTEMTH - 7.

BIZ A LR ST 2 LK 4R & D ICERE
T (0), B#EmT (0=0), #+FvV (Fe=0) #1134k
EEZHIEIRETH D, 5F (HF) EOHEPE D B
5N5. Ht-T, ZHbidisolobal and isospin @ EERIC
HrEEZ25 BEFRTIEEZHEHRETH), Z0
Oxyl Radical RISPEIZFE TH ) alkane 5D 7 T 7V
KREGNERERIEATRETH L. —T, ORTFOhkE—
BIRBIIH-CHEENDIARLYTRETH 5. €O
HIZLUMO O R E iR SN b, BRFSTI3EKE
SRR Cldradical ROSEIZ & < WS, JipiE—EIH
IREEIZ LUMO ORETHEITER L T4 O S A i &
%%, Fe(V)=0 D& 13K =ZFHIRETIZORTF &
FIFRICKFET DA NVE SRS UL THETDH 0, i —
FEIRE T OB TR 0,5 T & AR JUE AT T
Hb. £IZT, Fe(V)=0EEHHALEWDIEIK=HIA
RO B T-& 7V % ikt — HERE T 'O R T-&
FIVERZELS. Zo X 9IS, isolobal and isospin FE

PEDH D S IEWRLHIET ¥ AV OGO HIEE % B %
AT VANV BRIC ORI T2 2 LA REIC: 5.
WA RO —IRIIART LS XSO Th 2. P4507 %
TauD"" %35 b Fe(V)=O# & D F ¥ 4 IV REHE % H: 4%
IZL TV A0 THPOERI R TH 5.

4.4. Applications of broken-symmetry methods to

water oxidation in photosystem 11

201 1 ARPREE (RRILRS,) Hd% - g R ORI R
%) #2512k 2 PO O S, 4R T o s 53 g X ARG
AT (XRD) #RFER SN, K5 CaMn,Os
filt B O KE 3= 1 E Mn(D) £ F » 12 & BITRY S 2 Sk L 72
[ FE A 7245 T (distorted chair) HixE | TdH 5 2 L AVHH
L7z (RBIEsRE NV, VER). 20k, X#EHETL —
¥ — (XFEL) %M L7286 7 = & bR #s S 1 T
(Serial Femtosecond Crystallography : SFX) 72" 7% B
FEEIN, Sy, S;IREED B WML A5 e L 72 ABEsE
s VI-X CTREMIICHIA LTk 72 £ 912, XFEL SFX 3
Bt R & D RF S NIRRT BEER T L oA I X D
RO RE 2 53 TG, BT - AY VIKIE, MnA A v
DAL, RALKGFOmRALIRE, KERO7a ko
Bk — b 7 BRGSO IO EO TG %
HBzbZ kol

SRL’ES, XFEL SFX &\ 2 & BB IKEE (Transition
State ; TS) ZHIE L CTv 2 S, ARRE R AT 13 W HET
Hs. LarL, REOHDFTEHDES;— [Sy] — So®
AL % EBR B OB B D H 5 S;, SoIREOK R %
HA[SJIREOMIEIE T2 ) T LW HEZR £ TITHE
BRLTERTVS, FlZIE HHHECXYVMHsS I
[SJIREE T HE & % 2 eH-TRFE (0-0) MHIEDE
BAREME AR5 IR L2, M5 X0k kD
12, Ca-05, Ca-06 DA 2.6 ATH Y, O-O% BT
3 (4) XTRHASND WML T I HVEERIETIE %
$, ARBFZEHE TR L7z & 912 Ca™ @ Lewis Mah 4
H3%55- L 7z Concerted Bond Switching /B TH % &% 2.
bN%. ZODdriving force X 5 (2R $ & 9 12, Mnd-
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LUMO (TS)
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HOMO (TS)

E5 (A) PSIOKGERIGIC B 2 B E—EIE 4 RGO BRIRERE Y, (B) RSBV 2 WA T AR,

054 DHOMO 2 5 Ca™ ADELIZ & ) ZEfb S h
72Mnl1-06 ® LUMO & O HAERICEK T % &
EZzZbhbd, ZoOXHIT, HEFHE L XFEL-SFX % &
DFEBHRER & OMHEZ X 1) SUIRE OB IREREE S
L 72 @ T 2008 4E D i35 O W IZ T 72558 LSS
B DO OIG © KIS BOS HERE 0 22 51
AINSIRE ARV ORI F S/ SRV NP o¥ (V-

5. b U (T

ARFFEHE CTHAL TE 72X 91, [HLENFREOMR
1 (Symmetry Conservation) D HFy) 25FEETH - 72
S504F3E S HilC iR 72 [WLEEN BRI OB (Broken Sym-
metry ; BS) O > o3 E -l B 48 4+ ¥ v
(M=0) #%# @ Oxyl Radical (+M-O-) D %BLOIHE
WEa & BRI EICI R L, M=OK&» 57 %
P450", TauD' 7% &7 4 OERAL KIS 0 B A e > 7 B
&, PSICToOKRDA4EFIHACSOE (WF7EHE VI-XIV),
CcOTOMEHR D ATE T30 UG O HIFEN (WF7E k5
XV) BRECHEMTH L EPEIESN S5 FABH
BERDICHEWT VA NVEREERANTIIEHRT X586
(%1 212 P450, PSID) 21376 4« O BRI L ) EF<
EMENTVBIRWDOHIZ S FL- TR ICE - 72,
GEWE, 2007 4F | Barber DM A% K S M 721, PSII
®»OEC TixCa(H,0), (n=1,2,3) 4%+ ¥ DMn=0~D
Bt fir 5% @ Oxyl Radical Y % il L T > 2 Bkl " 2380 3
IR Sz, Z0BOPSIOBSEHIZX L
726 5 1273 L 72 O-Of & T o TS ¢ 4 Ca(H,0), ®
Lewis )" R K FERE G H v b7 — 2 1 EOBIERYRY
WEETH - 72 BUE, BSEHIIE6 IR &5 I2EN
FIeH 2B 5 —E %8 (Electron Transfer ; ET) &
7a b #H) (Proton Transfer ; PT) iz &ie
Tl % O ER B IEF R O F AT A I N T
W5,

AWF7EHE THRA L CTEatERKRITFEL LTBS
Hybrid UDFT#I2 X 23D TH 5. DFTEMERHEEIT X
D Y% # % 72 BS Coupled-Cluster (CC)*#:7% &0zt

Mn(X)—OH, ET  Mn(X+1)=—OH,
+ +
O=Mn(Y) O=Mn(Y-1)

PCET
PT \ PT

Mn(X)—OH Mn(X+1)—OH
+ +
HO —Mn(Y) ET HO —Mn(Y-1)

B 6 Proton-Coupled Electron-Transfer (PCET ; PC/ET) Ok

HRERRLORBICL) ZOBEMEOMFTOLETHD,
—fl & L CDLPNO CCaHiAE R b MR L7z (Fgefiis
XIZM). 5103 RESHMRCHCO™ % LD
WEREICLEE ML M EshE, K2 - Tk
BS DFT &85 % SUS H R o R i b ic A L, 2o
Hi 3% 5 #H M % XFEL SFX 9255 4 7Y & i) 3
HZEIZXDBGEEL TR, 2512, BHNHETR
Y UM ORREHR S (Jy) %KD, EPR OEBAER
EILBHET LEMRIC X 2B T—RAE VIREBOZ 4% B
AEL 72, AREFZREE (I-XV) THRIM L TR~ 0wtk
RSB OB B 15AZBR 55
fiERE COMIEMAT° BS DFT %8 2 A WG ERIHIC X D
W ARRE LTEBETAZEERMEL TS, &
%, PSIICBT AEHIEA L CcOlLB I B HEHEEILD
REOMMR WFEHREXV) & EOWFEh AR, Ak
WF—FORT - 5B OSSR S WA L 72w,

7 \2R$ X 9 1IZBS #:1d CaMn,Os, Fe;MoCS, 7 &
DEBEREE 7 7 A ¥ —OfiGEi#Ebe A ¥ v IRED
BT ICE Y RETH A%, LD EPEEDTZED
FLECIRRE D A 7e & FNREIRAE 7 & g m T L 11U B
B %3 (Wave Function : WF) & B & 5 s R
WEE 5.

Z NS OBHEARR O WFEHE IS HE S 112 BSE 0 H &
WLE AT (Natural Orbital Analysis ; NO) % 47> H 238
(UX (X=HF, MP, CC) Natural Orbitals : UNO) %K,
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Broken Symmetry (BS) Methods for
Strong Correlation Electron Systems (SCES)

Natural Orbitals (UNO) of BS for SCES
Localized NO (LNO) of BS for SCES

Exact
Diagonalization

UNO (ULO) MRPT
UNO (ULO) MRCI
UNO (ULO) MRCC
UNO (ULO) DMRG

UNO (ULO) QMC
UNO (ULO) QC

7 BSEMEHREO HRBEMRATIC X D455 7z HRLE
(UNO, ULO) # 7= MR CI(CO)* it 45, 7%
yFAara (QMC) B L URTEHE (QC).

B o N722 O EH B S iR ELE ORI RE & %
% DTN % JiIv T Complete Active Space (CAS)>
MRER kS, 3TIZ, UNO CAS %S I12 L TRk R
DOMR CI” % FAT L2 BB WML S hTWwa, 22T
UNO CAS CCS 3 UNO CASSCF & i T % ™. =5
12, CASZEBIMFKEL A GATORTEY T AT
(QMC) FHHERHIEE P OB TR Z H vk M1l
L (QC) R TH B, TNOOEREREICLD
BONLRTIANVF =L XVIIBERICBIT kL
ANF—BE) % EORTFH I (Quantum Dynamics ;
QD) I ENS.

Rt B8ITRY &) ICHIM TR Z LTwa A
HERIZBIF L2 RTFRRINEH SN TV 5. T TIZ19784F
IZ A ¥ ¥ @ coherent motion & R & 5 > BIRY A48 4
ENTBY, FETIIUHECTERLZETFEHY T Y
v (WEZesds 1) (308 0 5 o M ERREY 32 ik i ne 58 BL
(Bird Navigation)™ & DBIETIEH SR T3, ZLD
W72 ER T ¥ 7 F DT AV F—IUERE) (Light
Harvesting)**” "G Molecular Quantum Coherence (MQC)
ELBRDETHRDPBWENT VS, E5ITHA DL
Y —OBBEER EHE LTRTIOR (23
Folaw, i), bOT AT 2 RT L H—
(Quantum Sensing) D F%EHHEITL TV 5. RILTIE,
A% (Photosynthesis) Al (Cell Respiration)
FRTHRTMENEH SN TS, bR TAaGE
FOLARME? Y IEL OB 2 BT HH - BTAEG
(QIQB) fiZet > ¥ —THHERINTH) SHDORBENS
HlifEs T 3.

" Light
Harvesting

Quantum
Sensing

Bird
Navigation

Cell Respiration

8 A HEAFARDBIN D 5V IZHIRF S B WFFE T

E

R = RXERTT 52720 EERE MBLFE
FTCHRH LHEGIIE 2 ke 9 2 B % 5- 2 TIHW/ - 4%
KR EHVRAIL LY EH LS. 3618, i
1= (WK SR) Bl - g (KRBT R S%) #dz, &
SIZARMIZETHBIMGIC 2 ) F LS K 0%k, £<0
LFeE E# A LET. T2, HARSEIET O
FHER Y v — IR O FHE R ol R & TH &
DX YEHP LB T, RBICATFRONEICEL Te
TOFEMLREL (L) 2HIrFEHTLLTBE 2.
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