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Surface as a Foundation for Realizing Designer Materials

- Wizardry with the Surface and Some Hints from Nature -

1. Introduction

Any sufficiently advanced technology is
indistinguishable from magic.
- Arthur Charles Clarke’s Third Law [1]

Asinall... problems the governing principle is
one of energy.
- John Edward Lennard-Jones [2]

Gold-bearing rocks would be just like any other rock,
unless one realizes that it is a gold-bearing rock, has
the technology to extract the gold, mold and shape it
into beautiful ornaments, jewelry, and other possible
applications. A situation reminiscent of the
proverbial casting of pearls before swines [3] or the
cat with the oval gold coin. So, what kind of
technology do we advance to allow us to perform
Magic with Energy? What does the Surface provide?
How would it allow us to control Energy? What kind
of technology can we advance that would allow to
perform Magic (control) with Energy? ... Structure.

Structure determines material properties. The role
and importance of structure could never be
emphasized enough. We see hints of this in
textbooks on condensed matter physics. The
colloquially known textbook Kittel [4] starts with the
topic of structures. Ashcroft & Mermin [5], notable
for their deliberately unorthodox development of the
subject of condensed matter physics, could only go so
far as three chapters before succumbing.

The Born-Oppenheimer approximation [6,7], or at
least its modern/current textbook interpretation, has to
be invoked (perhaps implicitly) almost every time
before one could continue to discuss -electronic
structure. An exposition in the preface of Dynamical
Quantum Processes on Solid Surface [8] further stress
the importance of surfaces play.

In the following, we mention some surface
structure-related case studies in determining and
controlling material properties and reactivities.

2. Corrosion Control/Mitigation
Ten years ago, studies estimate that corrosion

worldwide amounts to an annual cost of 3-4% of the
Gross Domestic Product (GDP) of the world’s

Wilson Agerico Difio

industrialized countries [9]. This makes corrosion one
of the central topics in materials science, especially,
the initial stages.

Corrosion occurs as a gradual destruction of materials,
usually metals, as a result of chemical reaction with
an oxidant, usually oxygen, upon exposure to
moisture in the air or certain substances. One could
think of it as essentially an electrochemical process
involving the oxidation of a metal (anodic reaction,
esp., metal dissolution: M -> M"" + ne; M: metal, e:
electron, n: integer). Charge neutrality conditions
require consumption of the liberated electrons by
some reduction (cathodic) reactions (e.g., hydrogen
evolution or oxygen reduction). All metals are
susceptible to corrosion, starting from the surface, and
proceeding into the bulk. A notable exception is gold.
Thus, materials structures and properties may end up
different from what one would expect due to changes
introduced by corrosion and/or other impurities.
Hence, the need to introduce some measures of
mitigation to assure robustness of the desired
properties.

2.1. Controlled Surface Segregation with Alloying (cf.,
[10] and references therein)

How does alloying prevent corrosion? How do
reactions proceed from the surface to the sub-surface?
It turns out to be a synergy of effects and controlled
energy landscaping, as we found by bombarding Cu,
Cu-Pd, Cu-Pt, and Cu-Au alloy surfaces with beams
of hyperthermal O, (ca. 10* km/h) and characterizing
the surface after reaction.

2.2. Non-toxic Corrosion Inhibitors (cf., [11] and
references therein)

Corrosion could be mitigated by introducing
inhibitors at one of the elementary reaction steps, e.g.,
transport of species in solution, adsorption of species
on the surface of solid phases, and transfer of
electronic load. In addition, the inhibitors need to be
nontoxic, stable at relevant temperatures, effective
even in very small amounts/low concentrations, and
inexpensive. Here, we report theoretical
(calculations) and experimental (electrochemical)
studies performed to evaluate the performance of two
xanthene derivatives as eco-friendly corrosion
inhibitors for mild steel in acidic medium. We also



performed oral in vivo toxicological studies to
confirm the non-toxicity of our inhibitors. These
studies indicate the abundance of natural products and
nature as sources of solutions for material control.

3. Joining Dissimilar Materials (cf., [12] and
references therein)

Being able to join dissimilar materials allows design
engineers to create new structures or parts with
tailor-engineered properties, e.g., exhibiting high
temperature resistance in one area and good corrosion
resistance in another. Notable examples include
polymer-metal composites used in various specialized
applications. All these applications fundamentally
start with polymer adhesion on metal surfaces. Here,
we showed that metal oxide surfaces catalyze the
formation of intermediate defuorinated
tetrafuoroethylene (TFE) radicals, resulting in
enhanced binding on the corresponding metal oxide
surfaces. As expected, reactivity of the
corresponding metal oxide surfaces depends on the
oxygen coordination of metal surface atoms. Thus,
introducing oxygen vacancies and non-ionizing
radiations to form intermediate radicals could
promote binding of polymers to metals and
metal-oxide surfaces, allowing for better materials
design.

4. Remarks

As a final note, I would like to reiterate that it is not all
about Structure. It does provide us with a means to
do some Energy Landscaping. But we still need to
know what Dynamics would result. Hence, the need
for more fundamental studies. And the Quest ...
Continues!
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VABRRIZT Ty I ab—varE frolz. #£ 1T
HEEOREE T

#1

Au-Au potential
Au-Ar & Ar-Ar potential

VIalb—yg U5
Embedded Atom Method (EAM)
Lennard-Jones potential
4.065 A
196.96657
39.948

Au lattice constant a4y,
Atomic weight of Au my,,
Atomic weight of Ar my,.

1 fs/step
a)leV b)5eV c¢)l0eV
a) 200 step b) 200 step c) 250 step

Time step
Energy of deposited atoms

Interval to deposit

Sedimentary substrate Au polycrystal
Energy of Ar atom to sputter 10~390 eV
Target crystal orientation {100} {110} {111}

ANy ZIBEHE T, =)V —DRR%5 Ar % Au
B mICH biAte v I 2L —2a v &7, Zh
v, (111, (110), (100) OFEDNEIZ A/ Sy X S
DIRTFBZNE WD EREGTZ. SRR B CIX

FEWIE Au ZAERR IR E L, A%y Z Au JR T OFREKEE
1 B X HER 22 O IR R TR OB JERE R S MBI 72 D K 9
WCHGE LTz, BHRERO—FIE LT, =¥ —7 10
eV D 1eV I/ 725 ERmOR M S 1T 3548
EREL D7 EOREREGT- 9. 5%, MIEEED
R HEDIL, AERIEICE T 2 m R A2 B2, X
O SR 7R IR DO TE R TFE DB SN D.

3. KFHETOEAADIEHA 7

KIRH A (A X CHy) D6 DIRFEE TR DK F G
AL LT, AZ T T A~ DIRE LS fRmRE O
FRalToTWD. AKX, REJENEETE 5729 C0,
Z—Y3E L WRLR 2 B0y, KEDOAERNR IR
MTH Y FERHEL TWeu.

LU, Bt 3N Em < CHFEMIC 2 D TRtk s
TETW5., T, FIZIEHEZRALE—THD Y
— T —REIX, BELRECLELEINDGRET LD
FEBRORENE L. Foi-, EEEEMICEE
THE0E, B TKEREOFHRRBZ AL —
FICEZDHFRPER SN TNDENLTHD.

AWFFETR— R |ZF 57t 2%, WEICHE L A
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T L ARIO BB A =2 T T A< & L,
AR TR ESR L TKFET A L IRBEEAED FEFRT
b5, ZOKE, 1800 co/IFDEIA TKFENFAE LT,
COKFZEERIFZRAF—LELTUIMNG Wh (£, &F
DAY TS, —F, 7T A=A L= E K 30
Wh(=E£,)72572DT, AHTIOT R LT =53 (=
En/E)IX0.2 THD., ZNTHARS T X~ DIKE
DRFEINTETZD, AR X S ICEAIZR B 72>
7-.

FIT, KERETS O EAETILEFDT R ILF—IL
FIZOWTHREL, ILWT e RAET LERELT
W5, £9, AZUDBIFKEOBREES FIZRNE,

CH, +0, = C([E{E) +2H,0 (K4K) +409k] -~ (1)
THDHND, Imol H72V £, =409k] B"ELND. (H
T, TRFE] HLERPLEIEE HIT802 k] NELN DN
MRS Z2 BT O30T Z LR TEX R0,
FOGARA T db % [R5 % & T kA iXEI LU CiRFIH
T5H. ZORPIKOERGRERRD. ) WIZ, AX
v DFFBEROGIT, fRBEL T2 RBOKEVRHREET DK
JSEIMZTHET S &,

CH, + 415kJX4 = C(K&) + 4H = (2)
C (KUA) = C(@EA) + 718kJ* - (3)

4H = 2H, + (432kJX2)* - (4)

CH, + 39kJx2 = C([E{K) + 2H, - (5)

L0, K@D G)D FRRE O X 5 I R LF—IL
FiFKIEICEST 2720, Zo800 bFEALICETS
. ZOEOIITxE A LI USEVE RD 72 &,
BERR BN DL 2155 Z & NEHET, F]x 13
WAFEHLCTAZ ) —VE2GLZERELLN, 7
A= i7" 1 & A2 OWCBERFH TH 5. 511,
Bizle 7 v ADEFEFEREIZOWTHEZED S T
ETHD.

BiEE . FHZRIL, AboF—imOpEE, ~7 ) TIVE
FEYUNRAFIEE & OLFRIFEE ST, RO —ERIE (4
) AR A H R B [ D Bh Rk 2 52 1 ) 7. AR R s
Vo X_X—vay - TEEE 2 —0mhEE=

3XHR : 1) S. Sugimoto et al., Surf. Coat. Technol. 136
(2001) 65. 2) AEFEML, =2 /N—TF > 7 2006 42
H75(2006)78. 3) Zoltan Donko et al., Plasma Sources Sci.
Technol. 29 (2020) 104001. 4)NNfEEREZEA, JEW)Fs
222021 %K) 22a-P08-9.  5) NNFERGHE L34 C(2021 4F

F£).  6) Sugimoto, S. et al., J. Plasma Fusion Res. Ser. 8
(2009) 522.  7) S. Sugimoto et al., the 11th APCPST and

25th SPSM, 3-P87 (Kyoto, Oct.4,2012).
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1. BEBRBREICEI2RELREN

WHFZEE TIIRRE T 7 X~ & W 7= B o5 %
WU CmASES (HOONOY) & W 9 LI L B 2L Hilr
AR THO TR LI, 2], BRI FARIC LD
15 bR 2 AT, xR BIc T 55
E RIS 2 EE I L D 3 Y — 2 T AKHIIC
TiEDTWB[3],

BEERIC L VES - IM OBASEEETRIL, FGHE
FEERBY 72T L v L 10, 000%D R (LK FEICH Y 3 %
BENEALTCODENHHLTWD, BENIBKE
VB E I3 < HH R, FRE TRICHAT 729
(T LA T D HERN D D, BEERARIT AR
BREET (REE, pH) THREFRINABHRECTH D | H

MIRIET DT OREMCLETHDH EBEZ DD,

B e B A BT A AHEVEM EBRIC K 5 22tk
BRaiTol=& A, 1,000%0iE L /K DR HE 7112
925 0. IMOBREFRIRIE CEERn v ) = & &2
ST LTWA[4], F7-. PCHIENC L 5 FEE AR
BRALE AP LT, G R R of TR 8T
—AMIZ 1,000 [AREEORBRAEITZD LI L, &
B L TRBR AT o728 2 A, —RE R AR L E
WCHWONDEMICKT L THE A=V NEETH -T2,
ZDOE T, HEROFEFHEANTT LT, Lotk & FE
O THEBICEN - Rk 2 FF o s AR L, ZhE
TOERES IR T D HE A BT A LB /RE & 72
L2 EPNHIRTE D, BRCAEKR~D L A —UNRE L
LT aT—a  TOMANFE CTHY | REE
TR S EFEEICET 2R A LI DTz,

2. FiEHEB~DER

NEENMERM AR E2 D20, FERKEOEH
ROBEYED TP EBERRECTH D, AR (W
HO) O 4 (Global Health Estimates 2016) (24X %
&L 2016 AEICB W TLERM DO SEE B OREUTHI 5, 700 7
ANTHY ., 2D BEYYENRE & 72> TV D A
#1850 HAICHDIED, ZHIUTOIEEE (81,100 /5
AN) LR (89900 FA) ICIRWTREWTFLR-T
W5,

NI & RYME DB Y oI, il 21X, =27
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AEEF A

FNDOIAT0BITEE D (RINE) ITEYE UTIEBR 2 e
RBENTND, T AL ARLHIEE O FEA A N O FEALL
HIOHKFETH--Z L 2E 2L, AEHORAE L &
BICBYIE L OBV E -T2 & Vo THIRE Ttk
VW, F L TREYYE & OV TS LBV T\ 5,

18 A LIRE, U 27 F o OBFRSCHUAEWE D% R X
0 BYLE & OBV IR X S FTHE L, — R IYLE X
BT TIE A EBEbn Tz, LrLZARTIH
MBS A AR T DL, 22 304FETHR LD
30 DIEGYENHTICH R INTND, T b & P
YUfiE Y, 2000 AFERARRICHRAT Lo A > 7 v =
RBUEEITIZAC TSRS E TR Z IR D - T 588
anrFUA LA (COVID-19) & HrHERYYEIZ DI
Do NTHTDREYMETBEE LT, V7 F o OBRNEA
e TR LTHIT O DM, HEIZ X DHEERD A
RRAFL & KO 72 T ECTH D, AHFSETIrLiEg
FRvRIR a W T2 A RER S O EO R EIT 9,

ERFE IR T DR S OFHM T EITEEZ < D0,
FHIZ LA 25 L TV D HIERC AN LA A S w7
FEEICRT LT, 2~3LogR BREORE N EHNDH Z &
DHZEINTWD, k5L LTWnDDOIRREMET
by, FERMEITSSRE STV o7z, CDC CRE
EIRRR TR 2 —) OHA KT 4 [Guideline
or Hand Hygiene in Health—Care Settings| TILF+5
HRECITMEFRIIF2ICARAE L TE R nE ST
W5, b L, MRS RNIE LR, RIS T
OFEFHDOIEENERLTE DLWV Z LT b,

EROEEDET L E LTI ZEERNT, ATH
VG Y S 70T, IRAEERTAIRIC L AR B 21T\,
AL CWDEE AT 5 KR Z2ED -, ZhET
RIS X DIE YT T MRS 5 ([ kI
KIh LT ez, FE A L 0 K (B3 X2 100 £%)
R A AW ERE P LICED S L L LT,
TR TE A E LTS & AN TiHY S W7
EDOXBIRFE T W2, LIENIEAT FUERE
FEANE) OEREEM A AW Z & THEBREIT - 12, A1H]
D HITE 20 D FR T F25R T IR IRES M 2 FEA A 1T ARA(E
LWz, NTLiHEY AT 9 Rl 7 % & b3 %
TEMNREELY, EWRLEX T H RIS L THEE
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T2 R e T BRI X0 R AR IR S H R WM

(BOR]) OEHZAT o 720 IR I3 & 3 ©
HHENHERINTND, vy TR T HRGE I
DM, ZOLDITEMERIZ L IEE(L AT o7 2R
2t L Ml 2R O BRI & A L CL il &5 2
ECANTVBRETNVEHET L L L L,

L RREAROVEREFIZI 7 alciAs L, EiES+
~OALEMTER TH 5[5, 6], Z DILZRERSIE &
B 722 SO & RARIS . BOGEE MR EIKTF T 5 2
Ll b, Thbb, EREICT S 2L TR UEE O
BHEATHTCHEE N ZN ESEDZ ENAREE 2R
Do —HiT, —REIIALTFREEH & R0 | IREEEE D5y
RSO IS VRERFEZEFE L TRBY, SECTs 2
ECRIECDERRENMETLTLE S, £ 2T IK
IR OB & @R OAPKEZ RS LIZERIZ, &
BOTT — TR L —8Ad 54808 2 BA% LSR5 2 i
Wiz, AT VL—8ARIZ XY IRHIHE D BEOIKIR TOWH
TN AREIC R D Z WISk D,

FR U7 HFEIC L0 BE L L7 2 BTk LT, Bac
11lus subtilis DIEFEIEO R EEBAT L T, #ES
bzl L Lz, SRR TR MBS
TWDIREOBMEIARE A7 L —E%E L, EEREMH
T D AR OB E T 72, X 1 ISR TERIS, B
WD 30 B TRIEOHEIFHE CTETEHY . 180 OWEE
2R 0 BRI E TR IR L7, R R & i
BEDIPEDLTWD LI, TR ERE
DOFAIAEEIZ A VAT O E 33 2 B 23 K #E
THDHIENLEEEZLND,

B (lag{ CFU/ml)

Control 30 sec 60 sec 180 sec 300 sec

1 M 2RI A A L7z 7 & BT 2 Bl R Ot R
IR TH 5,
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3. B HE~DEHA

I, HARDEETI, WA Ol A RO INR,
b £ TR F ORI HE ) BN B EO
K7z BN X0 FE ARG E OB S 7 O m
DEE S TWD, FETEGRMRE & X JRRE GRS
NTH DRGSR HIAEN D 2 & TEIT 2 HED
ZEThD, TOXIRINERIERIN-ETERE
FELTLED &, BEIFERIN WM OEE ZHET
HTlERD, Vol A BENBYR SN D EEIEICIE
Y DT RN —PNUE L 72D, BIEYOSE A FE
o | e e P NI =1 D/ SR e o R s B we 2 - L2212 3]
TTDIE, BRELEETORBES S HLERSH D
R e HEEN A HW STV 5,

Fo ARG THEEINDIET TR B
TAZZ7 U hMEMELTHAINGEARDH D, AT
TURNBRIX, T TREESCEY I SO 2 A
THIZHEEE L S 2R e Lzt O T, Btz %
EDLZENLHEERLELTAZRHD, LLA
N, RELEEF2Z0OFERMLELTERTEE
O TR EPERE DT E L TW TR B 2R, A
77U MEEPFEROBEREGS AL ETHE SN
TV D, 2005 4E1Z H AR TIX BRI O % A i %
T. WA T VKIBIZSIE L CW= Salmonella Montevi
deo \Z X D EPENHRSE Iz, 2011 lzd—nm v
T, 72X 7 V=T DOATF T MIE L TWZHE
WX KRB R HADRE SN, BARTIEZO
R E LT, 2015 FFITRBMRAKEE DB AT T 7 NAFE
BT HMAFEHEHNRESN, A7 7T FEMHD
APERERR I L CHIAEZ RO Z L 2N T2, Zh
O ORKEILTICHE - ORE R TR L, AEEN D e
R, HEE TCOBRBETEMLIZLDOTHD, o
T AT MELOEFEDORRIIL, FEF DT
LR 24T\ JRRE OBEIEZ S T 2 & A RRE
ThD,

FETRRBEAl & U ORISR E D FE2mE L,
Fex i EBREED TCNDEZATHD, HAEAIE LT
FHLEHED HI12H720 | EHR T LITkkx 7pe s
PERBRSCHRERBREIT O LERNH Y . Bt &E N
EWVIO MK T B B A RIS TR A SRR TS 2
ENRMETH D, BHFEMICIE S 2 52BE 2 7= (83
RICEBLY 52 TICE2ICERF L) 2 LIIRETH D
7o AN S NIZSRUTIZB N T, kb Wi
OGN EMERETHZ L1275,

ZAAMERBRICE L Cid, B OfE 1 ORI
DAL, REREE T A -2 —L L CiHMliZ DT,
AR DRI IR E 2RO DI bR RT A—H
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B DR FE 1T — ) 7o b7 SO & [RRR ISR LAk A7
L0 BERGE L EER T A—F—Th D, Bl
I X DR T, IR pH MRV ME & - R 23 igg

L. BE W ET 5 &0 WYL R RERH 5
D, IR ERE SR I IS B2 DA A=V EEZD
EHFELLS R, S BITHREIIRBEE SIS RIETE T2
ELThH., MENE A= oW DR EH A & T4
A=V E W HENLI BRI e B 7260 EREE TR
B9 500 BRI CRET 50T, REli & &
A=V ORI RS> T D, 2O XD, A ~D
LV LR ) H RS- T 72D ORI, <D
IRT A —H—|TRTE L., D DOfA OB EGE ORI L
STHREL LD TL B,

WS OND R HFETOME KRG E xR L LT, &
ML RENEWNL CE DR ERT L 21To72,
EEBFFEIE D A v _=7 ) 5 BEARKEE K E 0O FF ] il
(BMOKPELBTED  JofhEss 414 5) ZRIHT 52 &
TEIAZ(TST2T A, rhe, 7%V U AL
TRUER AL OREFE2RRITEFEFEREZED T & 2
5. BERZBEASEPICERELRBR THAMRE S
RN E WS FRESREE RO D Z LI LT,

Fl2, AU MHICHREN TV AREFED 7 1
v al) =l ERMRIEEFZFREIT o7, ZiudalE
RO EBR 21T > TRV | iy, HEITEE LD
R LN TR, SEITEEE TRIETE5 LD
B UWEBCR AL L CiMli 2 T o7z L 2 A, EI
AR THASERE OB WRERIEDLETH D Z & 03
HLZbDOD, FFICH A= kG52 PITEES T
BETH D Z LV LTz,

DX ITHEE DR THERBN TR TRE L &
NHVNVTHEAEREDRESD LoD, 7 Lb4e
TORRYFE TN EE L TE D & ) — 7 REEIX 72
WD, LU= RO EWERYLE T L DR 4 D
7o AN IEMITRE S IEF N TH D ME OIRRET
HY . TR E RV, B L TR SR D
BWER LNV EEIECTX L EICb b, Rk E
TIATARNE LTH, Z OMIEEFR 2 B xR st
L CREMEMIETHRIET T, RbEWEENIBED
NOERMEZEN, MIAEICELERETHD L5 X
%o BHEFEBUITI O TIL, HERD 1T RRICET -
W, AREEEEICERICT 0O EEICKFT 5
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R EEZ D &L WINCEWEE LR ELND
DOPNEETHD, £ T, 7aya ) —F1iZxt LT
Bacillus subtilis OMIEFIKZEM L T, HmES
BIZETILVORELIToT2, W ONDIEEEZ 3D 7V
A —THREL., xS 250E LR ERZED
b DD, FHRR OV ERE~EEL 52T, ME
Fh A2 BHERALL T £ CHRETE 2582 Ro1T 51
ELeholz, ZOXIRETNVERAWT-HFEIE R
WHEHE RV, ZOHLWET AL EZHWTELN
ZHABITYNE LS HICBVWTEETHL EEZ LN,
EHE ZDOET N EHOTERESRGEOREZ1T 2 <<
INTGRA—=H =P =R EfTH) TETHD.

4. TS5 XINBKPOBHEOLERBRE

KIZT T A< B 2T, Z 07T A<l %
it L7=K (7T X< 4FEK, PIW; plasma—treated wat
er) IIRFEDRAEFFOZ L mbs TV 5, HHRAICIE
K& IR iEMERE A G AT D PTW N D0, BRID 0 4
VU ThoT D . IR S 7o HAEEE Lk b
KFENLEREINDNVAFVFTA N TA M THoT-
03D, ARBFEE T, K pH 1A & AR AL % il
T 52 LICR VR TR EZHE D E PTW OARIC
KL TWD, I E TITHE A OfifHTIZ &> T, PTW @
B - D3 B (HOONO,) Th D Z & 238 HL L 7o, il il
F2l%. pH 2% 4.8 LLF D&M FIZHBWT E D bl @ik
ERN R AR L (K pH #5) . 2 OFRE N BTk Db F 5%
EH L i U CmmnIcm W2 EHBA LTV A, T
X9 7a @R O EH A~ OIS T ETEIA 72Tz, LD
K 2 N CREIZERD AR TFARIEIZLVEDS
AT IR A TRIR & VTR~ 72 2B, TG &2
TW5,

LML, K~OTF T A<BEIZE D PTW HRICEagEE
WAERREND A T = X LT HOWTHRT BRI T S
NTWARWEE Lo TS, IBIEEEIC X 5 R E i
EEAMET S ET, 7T A BT L o TR E E
T 5ZEEMN T LLMETIERVD, KT T X~
ZHRE LB OBMER RIS R TH 5 7 7 A~ i+
LRSS & BRT 5 BTk, 77 A~BENC X 5
HIE D LR A = X A2 BfEICT 5 2 &3 REmiciX
HERBETH S,

AKIFZETIE, WL 2O D T T A< BEEED T T PT
W AER L=, THENho PIW & £ 5 iEasEe 7
EOFERETER L, T ORE SIEaEEE DA K
Wb BEREFETDHZLICEL - T, 77 A~
WIC KD IBEBEDOAERA D= AL EHTA LN THI L%
B L7,



FT. T T XAEHOFFRIN A & BRI KIROKD
AT H A % il L CKR~T T A< B 2470, e
DR~ DREEZFHM L 7=, e ORI, 8
Tl & B ER Lk % pHOFEE CTRUS S ¥ 2 MR H D,
TT R EKIZIRET S L KT OfREEZ LY O -
DA SV, EN o0 LIRBILKFENER S ND, F
7o, FHRA AR ORESE L BHR ) OAFEOTEMEERER
FREENER S, RO E EN D, S HICEHBOS
BAZ IR I AR O ERME SR DS LT H D 23, —fRAIIZ P
WO pH X 3~4FRETH Y | ARG ETTZ S 720,
LWL G, 77 A~ BE PO EIZ BV T,
SARD BHEAE X DAL FRE D SR CAEAE T 2 i A
FETHZENAATHY ., ZOKIENEHOIETIZHE
WL A =2V T pH 2 0 LU ISR 0 i asEe s Ak &
NHEEZLND, KA GEEREATH DI L
RIS D & 2O R CILRENLB OREE X
D BRIV W T, IERICTIRENEL 2D 2
EMD ., BIERRIL T T X~ RE O KIA HE TAR S
NTWn5EEBEZTND, DEY | 7T XA~viFikt b
FOGEFT BT, FRERAISEER 22 2 b & 3 2 (L5 FE
DZEMIRE AR Z B8 L7 i huE, SROSHRE O g7 12
DIREMNBIRNENS Z EThHD,

ZO XD N ZERfE (BELL pmn A=)
TOFREOZWIINETH D720, 77 A~ E S
HEEEST 52 LT, [URNEIZBIT 27 ROG % il
B35 2 & AR ATz, BRI RIRS NI 3V TR AEEE A
AR ATRE 724K pH SEI D JE A & HIH 95 BT, KD p
HZFANSHIE LN S 77 A~ BEEBREIT- 72, S
DICEHRT A LB T AR, TNENER, £F, B
TNV TLATT D2 & T ALTFREO AR A FlE L7z,
RIEHN A BITARTH 720 . ER SN BT
i & & BICBET 2R LS 720 35720, i@
RIAT o CERFEBRLE R | RESTZRFLIZE T 5
W AR DY FE 2 HET D DO TR < L PR ORI
ZRIELT, ZOMHE 0 OMIGHEE LTS5 2 & %
1Tote, £z, AR S N iBfEER O B O 50 2 Il 5 %
eIl TR EAT I KEKTHATL L1
Lz, & BIT, @R ORERIEI I3 aiEE 2 AT
WD, 7@ pl 3 AL < THRIA AIEEZR &
INZRIEDOMBL 2 WER D FIENHER LT,

pH 22 72N T T A~ 21T-7- L 2 A, pH %
THIIE T 213 3 E 23R < 7o 5 KBRS R0 5
BT, & BITH AR O EBAE RS | BBy 112
EEN TV DLBERTOMIETRN, BeFE A A2 Tl
2 KRG F O RET DFERBE LN, 2D
THIZE 73 A HE C o % D3 KUK S DAL S BUS DA 58 2 5| &
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ftE D TIT S FETH D,

5. BiEE

AWFEE TIIW B O FIPH & 8 2 72 BRI 22 if
IR ZED TR | kx5 oER S5 100
NZiiz 5% < OILFERIZEE O HIEHT 5, R,
53T FIIR IR E SE BT SE T O ) 1R EATFJE A
WEME P TARF RO S HE RS e 138 R
WO KRG FNEZ, EFILENLS AR
Z —HURBE DRI RBIFH R, BEEEM T OZIRKTO
JEAREGR . 7T A~ 3T 0 B AR FOFRAE I
B, "o A A A =T TIETHEEB RO ERATEH
BOERIIIRERHSH L TBET, 2. TRDAH
w7 SPAEOERRIC bk 7R F2R A fikfe L T TIA
X, FOEBSEICHTLEITEIL W — X DL
PRI L TN IR ST 5, 51 & fe s B O W)
TR OMIEZHEE L TWE N EEZ TS,
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BNCT D7z DES « i s 7 e o 78 BE I B R s D EBRAORRALE

1. [ZC®IC

LWL ATEFREE LT, Ay R Es
(Boron Neutron Capture Therapy :BNCT)23{EH &1 T
W%, BNCT 1%, L FISRTATHE 10 L= /L¥—rf
MA L OB TE L abi &Y F U LK1
WL THAMIEZ RS T D IRETH D,

n+ ! — o +Li (1)

AU ENESEMIICOHLERE LI2SE. = OEEM
MDD ZEHIRSED ZENTE DO, BHBRIGHET
EME— RS R IR 2 A 5 L LTV D, BNCT
X, ZOEENIEFICHHF SN T DIRIFIETH 508,
TS b RRE IR T DY, b h A R
ROBEIIHHEFIRTH Y . R4 Tide < R %
FHUN 2 BNCT OSBRSS D HAL TV 5, IEEARIC X
DIEAL 4D F 1+ (Accelerator Based Neutron
Source (ABNS) ) OREM: I, IEHEF. AFPRI -, Z DT %
X — AR KV EDDZ ERMBENTEY,
FORERETERBIZHND Z EBMNETH D, Ll Pt
FORIE ., HFFIZ BNCT THW B D BS 1 O IEE 7R
FHENEEE LU, ARBFSETlE, BNCT H ABNS O Rt % BH2
FHCE MmO A BiE Lo, BERMICIX, LLF
D2 >%EHFE LT,
< B AR RS E R AR (55 1 MRS
o Rl M e R S HE MR AR (B 2 R ER)
1B, BRICHV SN S BS A (0. 5eV~
10keV) ZFHIF 2 5L TH 0 | TBRDROHEE S
BEORLE RIS BEOHTEITHOND, —F,
%2 BHERE. MERICH E 722 & E - (10keV~1MeV)
OMBEHEET D0 ]S, ZHET, 1 B
FRTHERRFIR 45 (KUR) T, 2 2 MeHHEs i3 KIR O
HAERS PNL gk (p-Li HPEFIR) CHRGEEEZED D
LBNTET,

2. R

2-1 E1RHF

1 1 RS Z RS, KESIE, S anAREETH
WRY=FLUTHD, T GaN HEFREL TH
V. "6a(n, v)™Ga KISIZ X 0 AERKT 2 “Ga Dk HE
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Figure 1. Cyclic voltammograms of CuTPFP (0.20 mM) in 0.1 M
TBAP MeCN under Ar (gray) and under CO; (black).
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B — BN & O EREME 21X n RS T
N2 Rk ETRETCH D, WAL/
HOMO-LUMO % v 7@ Mt 2 A
5@E\£@Lkﬁg%%¢:&ﬁgwobﬂb
HE ALK R Tl MM % R R 3501
kRO THEE LV, ZhiT, BREREDIIRIC iﬁ
AT 72 B FEROF GNP RELSEE L, 4nn ER

OVEEIX OB EEY FICBWVWTREH
72N DT T 5 (Figure 1A), i, 4 OHf
2T N—T T, IRV [aff AL 1 DA
Ji% % 2Rk L 7= (Figure 1B),

(A) Open-shell 4nn-electron molecule (ref. 3b)

Sessos I BN seery

14
open-shell

(B) Dibenzo[a,flpentalene 1 (ref. 4)
R’ R

16 1 open-shell
a:R"=R?=H b:R'= Mes, R? = Me

(C) 2,1-Naphthoannulated pentalenes 2 and 3 (ref. 5)
R R’ R

closed-shell closed-shell
2 3
aR'=R2=H aR=H
b: R'= Mes, R2 = Me b: R= Mes

(D) 2,3-Naphthoannulated pentalenes 4 and 5 (Th|s work)
R R

N0 )
(O
O O
4
aR'=R?=R3=H aR'=R%= H
b: R' = Mes, R? = R% = Me bR1 Mes, R? = Me

c: R' = Mes, R? = Bu, R® = Me

Figure 1. (A) An example of open-shell 4nm-electron
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B D0 FRHIEL

Bt & 5 B RME O R
AN 7

molecule. (B) Resonance structures of 1. (C) Molecular
structures of 2 and 3. (D) This work: molecular structures of
4 and 5.

Vol WER b)%%vyf&qumﬂ%@%
BUTHE D Bk L7 0-F /A FHEEITFE D
Mnﬁﬁ*#iﬂ 4 2. ZAud, RRAMAN IR
T 2% Bt & BT AR D FE BE B LR 0 Rt Y B
filtZe FIREIC T 2 0 FEMS EHIFF SN 1 ICKT D n
%%ﬁ%t%?ﬁhzmuﬁ%ﬂ%thko:h
FTIZ, 7LD 21 TaitiELZ 2B X
O3 I FL LTRSS — 45T, 1 &0 %
BRI B EMER R 8 BTl bd 2 &
% WL U7 (Figure 1C)°, ARFZETIE, 2 BLV 3
DOREERMARTH DXV [a]l T 7 F[2,3A3 F
Vo4, UF 7 M21-a23-f] R0 F L2 52O
THHH L., EEOGRK &7 217 > 72 (Figure 1D),

2. RuVialF 7 F[2,3-ARVE LY 4 DER
bl /L

Fhwa BT IUNLHEE L6k LT,
BA-BER I AD TV TICEVRRDTY
— NV EBFEEINTEANE, AT v TR Tmm
WA T NVEEEE AN L2 EW 7T 2L
72o "BuLi Z HWT YT =AU HEEBEIE, p-
a7 =)V AWERBLIZ LD XX LU ER
%m%éﬁbk®mmwn

o o PPh; Mes H H Mes
CBr, 6 steps
EtO OEt ——4 > EtO OEt ——> ."
£ o O

"BuLi

THF ig

2) p-chloranil O Q

benzene
b R Me 4b/c

=By

Scheme 1. Synthesis of 4b and 4c.

o407z dble 1%, ZERUCx LIEFICARLETH
o7, 4¢ D X B REIERAT (Figure 2A)2°5, 5



BEROAZRE.377(9)-1.476(9) A)ix. BEILA
¥ 1b (1.409(3)-1.458(3) A) L » H K&\ \— T,
mEREEAERTCHLVHAZILAEY D 3
(1.362(6)-1.502(6) A) L ¥ H/h& <, ¢&F®%ﬁ
PO 523" X 7= (Figure 2B), fEBr L7z 6 B
BAESDTEZLL. 4 TRENLE 0-0 V%
A ROEEFEPBS BN TWDL EEZLND
(4a-A, Figure 2C), BRAZMEOFR BB AIRE D D
BOMNZTHZ ENTE, 4¢ D ESR JHIETIX
TMM ‘B #IZRA O ZEIEY 7 VBl S iz
(4a2-C), IRFEMNTIZHE D v 7 FVBRE DR I
FEERRB T — E%&&méhtoit\éﬁﬁ—
S HIHT R L X —F(AEs 1)IE. —5.9 kecal/mol & FL
Loz, 2t %ﬁ%%f%élb@“
keal/mol) & V) & K& W 3 )L F—7T 4 DR
F1 LV BWERL WD EEZHND, -60°C T
O 'HNMR HIE TlE, EEHOT e horov 7
JUE 5.0 ppm 41T D E kS ﬁﬁ_ﬁﬂéﬁ &2
BEHRVEIZ BT 2 MR B OFFIE S RIE Sy
72o NICS FHHE2 51X, Sﬁﬁh_m24ﬁ®6§
BREF CREQEDEDOHEENAEDL b, X
AR B VAR LT 121 R OPEE S
FRUVNZ &#Téﬂt@am
(A)

Mes

Mes

1.377(9)-1.476(9) A
(©)

o-benzoquinoid 12z TMM

4a-A 4a-C

Figure 2. (A) Ortep drawing of 4c. (B) Selected bond

lengths of 4¢. (C) Resonance structures of 4a.

3. >F T M2,1-a2,3-ARV B LY 5 DERLE
mE

DF T B2,1-a2,3-f]% Z L UiBEK 5b 120
WThH, 4 RO FETEREITo T2, BFD1
72 5b i db/e L IFTHERR D ZERHFTHEETH T,
VRO NMR HIEIZB VT S 7 L 3Bl
i, HEERMEARTH D 3 L RRICEHBR LAY T
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HDHZENHLMNE R o T, X RRERG LE E fRAT
(Figure 3A)22 5. MisgD 6 BEROFEARZEIT/N &
W—T, XU U UESITIER & AR
Bl 7= (Figure 3B), ~~> % L 57 DfEH 2L
—HDOILEW DR THRICKRE <, KB FBRMEOH
E2RMH SN TWD Z & RRIB X LT (5a-A,
Figure 3C), = D#ERIT NICS FHE D & KRS,
S51%2 X3 LREBRICHSRAZ L UAICHR L

t% B RGa-B)OHEZETHHDD, KER
TERXEDTDEDORGEBEMEIT NS 252 &

MRS b,

1.372(2)-1.493(3) A

RO R

5a-A 5a-B
Figure 3. (A) Ortep drawing of 5b. (B) Selected bond

lengths of 5b. (C) Resonance structures of 5a.
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1. [XEHIC

F1—R AR BICE R — ERENEE M-N, 1 ) &
YA b & LTHET AT TM/N/C fikllh) LIRIEN D,
M-N, ¥ FOFLERBICIIFEESEBE THDHEL. T/ b,
= R ED3-BEERNEICHHIND, Zhbe
BIRFIZE K2 REFHESS T 7 = U@ CRNAEE 2 K
THZEICEVEFEENEL L., FRRRRB LR EZ R
TIEPAOBNTWD, £, ATV T 7 = HROE
VBB A RO L EBEAME L L TER MR RS, B
ZAE, LB TH D Fe/N/C il pkelEmho H v — R
BOS & LTH b EEETCE (ORR) IZx LT, F7zH
DB L ST D Co/N/C i3k 564 5O (HER)
WXL CETEECH D Z L HEEIN TV D, MU b IR
A B (OER) R ZE HE ot (NRR) L CO, # 7t is (CO2RR)
DIEERRE SN TEY . BRI LT =¥
— P B L OGRS Y at R &I % T M/N/C
fBE T EE AR R TH Y . B dEIEE i S Uit
TR TIEOBR PR L5,

—Ji. EFEOH—RMEHLE T, 7T 7 = O
WEThHD [T/ 7772 14bEW B TORESLES, =y
VO, BXO =7 SNmAT v FIEF L TR
REE T ETHBENTRY ., BT LUV THEICE
T D FEPR SN TE e, RRNLRFIETHLHR LT
v TERIETIL, BiE LALE IR R A b OZ RS AL
BWEHEAEEL LTPORR L, &6k, o FWHERRKG
ERT, ST T ANEMEG D, T OFEITEAEE
EEMT DT RHDT ) T T 7 2 U EEMRATRETHY
BT % T — R UM B O RS A R % TR 2 T2 I8 )
BT 7a—F LNz 5,

M/N/C fikEEOFREUC I DFRED—2 & LC, BERRHIZIK
TR S REER FIXEgRETRLO> 2 ) 7)) B
WS, ZORER, MIEEEY A F & L ToOERAAENME
TtazenBFonsd, ZOZEEEX, 56787 ~F
72 = )L-1,12-C T MY T 2= L UEMEF0 B K D SRS A
%7272 Fe/N/C filBtsUel & L%t L7z (Figure 1), ABINT
TIE N2-F720F N3-F L— MENZY A M EREO7ZD, Fho
A A BREIRITT D, TNETOEELD I NV—TD
R & [FIRR, BRI 43 F-PIMEER & 5 LR 7 2 B
T ) VT T UREEICERSE AT L TR
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Mo

T = L UERED 5,6,7,8 (I EER Z LS ST, ARENLT
3T 7T 7 2 MM D 1 D ThAEEHZ XV a
03 ORIERMES - ThH D, IHIT, 7 aEihi i 128

AL, @R FICBIT 5 RHE-RE/BEDOH ALY T
HNFEDFA R T, EUTET I NRERLN D v 7Y v
TTBHZET, BALTEAY DT T 7 7 A MesMEE S5 %h
RS (Figure 1a),

* Preorganized aromatic rings
*  N2- or N3-coordination
* Bromo groups

Fe/N/C
catalyst

® Fe-N, sites

Pyrolysis

[Fe(L1)5> [Fe( )z];‘: \7Fe2‘+L [Fe(L4)5]>* [Fe(LS)s**  [Fe(L6)s>*

Figure 1. (a) Schematic illustration of the preparation method of
Fe/N/C catalysts from an iron-complex containing 5,6,7,8-
tetraphenyl-1,12-diazatriphenylene ligands. (b) Chemical
structures of the iron-complexes.

2. BEEAE DAL Fe/N/C it o aRS

N2-3 L— RENZY A b Z2FF> L1, N3-% L — MY A
FMaefio L2 6Lz, £/, 2B E L CRALY A |
JE Y OSTARREEIC LV BATRE AR T X872 L3, 7 B Ak
772\ L4, 3,8- 7 aE-1,10-7=F > bl (Ls), 1,10-
ZxFrbhulr (L6) &M= (Figure 1b), TG MIED#E
H. L4-L6 (X 500°C IZHRT 5 £ TIZRENBE, £/
HAET J o TS L7273, L1-L3 13 900°C 125\ T & B &
DA 40 Wt%LL FIZE T Sz, ZORERND, B LT
NMEICEFREAETHV TN 7oL gk L 7 e el
DS, BN H BN LZER T T 7 7 A MEBICAHS
DIEDIZHETHD I EDRRBI NI, A X —I)VERET,
HALSRAD) & Behr 1 (L1,12,L4-L6) ZiRA L. MiEE <o
% gk GE R ([Fe(L1)s]*, [Fe(L2).]*t, [Fe(L4):]*, [Fe(L5)s]*,
[Fe(L6):]%") %A L7z (Figure 1b), SFEOESEMR, E721%
L3 L HAbEEDIEAY (0.05mmol) % Vulcan XC-72R (100 mg)



LIRA L, BREXIETF. 700°C TEERRT D Z & ThH—Rfil
B Fe/LI@VC. Fe/L2@VC. Fe/L3@VC. Fe/L4@VC .
Fe/L5@VC, Fe/L6@VC %7437, AT TITEERIHCRIT D8k
BHEMRIERROIH 2 B &3 572, BRI % e < 9712 LA
DEBREITHT12 %

2-1. SREEART DA

A XRD MIEDFEE., Fe/L1@VC. Fe/L2@VC TIET7 /L
77 AT — AR UOEIEICHRT HE—7 (20=26°,44°) DX
DB ENT7=DICxE L, Fe/L3@VC—Fe/L6@VC Tlk, 71—
VHROE—Z M TR{ESRoORICRBE I E—7
(20=36°,44°) BEH I NIz, T720H, L1 R L2 16D
BREER 2 ARILECEL & 95 Z & TEBEEROER S IH S D
T HEFEELT, Fe/LI@VC, B XU Fe/L2@VC I[ZEkEEER
DIFELZRNZ &I, TEM BlE06 bR Sz, 61T,
HAADF-STEM £ & OY EELS 43 #7112 & ¥ Fe/L1@VC
Fe/L2@VC O JFFTEE OB & i & e L 7o RE S, il
BER OSIRTIT BT OARRE T — R AR IR < A3k L
TWHZ ExWBENE LT,

2-2. Fe—N, A L DIEE
BNHPEDE 5,6,7,8-T N T 7 2= - 12-V TV hU 7 =

= L UBNL T (L1-14) 25 R 5 SREE IR H FA ML U 7= fild i

(Fe/L1@VC— Fe/L4@VC) 7 Fe/L5@VC % Fe/L6@VC &t
BLTELDEH 11-1.7wt%) Ze5HLTWH I i TH
IWTICE VR Lz, S HIZ, FeN, YA FEFEHK LTS
Fe-N OFERkEE . LRI LD EHEOER L XPS JIEIC
Ir22FoEEMELPLEBLE, 2REED
Fe/L3@VC-Fe/L6@VC &t LT, Fe/L1@VC, Fe/L2@VC
NEL DFe~NE2EieZ & % B U=, FrIZ Fe/L2@VC Tl
VLD Fe-N (0.63wt%) BB S I TND Z &b N3-
& U — MEOACAEE, BERE LTI SN B ERE AT
LT R 7= L EK, BROT rREEE T AR
FNOEDEREEAE ([Fe(L2):?) A3, BERALIRIZ K 0 Zh=RAIZ
Fe-N, A MIEWIND Z LR E T,

2-3. Fe/N/C fii3£0> ORR ;& 45Tl

RRDE HIZEIZ L Y filif o> ORR i& M % 5l L 7= (Figure 2),
Fe/L1@VC (Eonset=0.90 V) X° Fe/L2@VC (Eonset =0.93V) 23
N T- ORR &M AR L, R T Fe/LA@VC (Eonset =0.88 V) |
Fe/LS@VC (Eonser = 0.82 V), Fe/L6@VC (Egnser = 0.79 V) |
Fe/L3@VC (Eonset=0.69V) DNEE 72 o7z, F7-. U 7 EM
LT o AT BRI SN EBRAED HIRER LK R ORE R
R L7z, Fe/L1@VC. Fe/L2@VC TiTimme{b/kFE D34
BN S%A T TH Y, EN 4 EHRICERGIZ R &R
HHNE o7, EYA MH7-Y D ORR FEM: & R~
L LT, &l ORR (Zx9" % Turnover frequency (TOF) %
g U7z, YA M& (Mass-based site density: MSD) 15
A7V 7 ARNE AR Y =TS 17z Fe?'/Fe IZ)mi &
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NHBILBELEY —7 O L RO, Fe/LI@VC,
Fe/L2@VC @ TOF |ZZ €41 0.17 e-site s, 0.21 e-site 57!
TH Y, Fe/L3@VC-Fe/L6@VC 1% 0.02-0.04 e-site™*s™! T -
72o T 5, Fe/L1@VC, Fe/L2@VC (25 D Fe-Ny
A FAEV ORR {EMEZAE L TRV, filEREDm LIcFHS L
TWsEE2bh5,

01— rer1@ve
— FelL2@VC
1 | — Fe3@vc
-- FelL4@VC
— FelL5@VC
o |- FelLe@vC

0 0.102030405060.70809 1
Potential (V vs RHE)

Figure 2. Disk current density of the catalysts: Fe/L1@VC (black
line), Fe/L2@VC (red line), Fe/L3@VC (blue line), Fe/L4@VC
(black dashed line), Fe/LS@VC (green line), and Fe/L6@VC
(green dashed line). The liner sweep voltammograms were
recorded during positive sweep with 5 mV-s™! at 2000 rpm in an
Os-saturated 0.1 M HClIO4qq solution.
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INFTOEERFTST T ) U R HIERIRICE R E
ZCHFF LTz 56,787 N7 7 2= )-1,12-TH ) 7 ==
U BT D D BREEIR A JREF & LT Fe/N/C it % 5
THZ LT, ETH - BRI D 8k% éﬁéﬁ%ﬁkmﬂl
il &k Uiz, 72, in-situ #0E XAFS HIER L O, BRI
FRIEIC &0 AMEFR R L0 15 57z Fe/N/C Wiﬂfﬂ@
PRIF T3, AR Fe?/Fe ORLIRTTISE 2~ 38— 7221k
FHRTH Y, ORR IZH L TEVRBLENE 2773 Fe-Ny A b
ERR L TWAZ EEHLNE LT,

E. AL, FEHEOMREICHE L, BEIEE K
O/ SRR (2019 AR E T T FERESER) & 2021
EERICHE LA 2 BUG LR T EORRETH D
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B AR EOEBNEMEME, AR SR En 51k
EMTHD, TDTD, HEL D= Y VOEHRFER
NHAEIN TS, IMTFOlMiE L 75 =R LDE
RFIET, ARFDRERNOHERIL = I NEHL L
NTED, FIzIX, 7TIVORKEST I BT F T A0
AKIZBET 2 R TR IR S T & 7=,

t KT AT FR= b e v K72 ORBKHFE IS
Lo THLNDILEMTHY . 7IVDOREHcE>T=RY
JAZEBTE D, LinL, ER—EHREEGOREEDTZD,
Z OBMERITIZ 200°C L EOFRN/MBETH D, £72,
WEHSBALA Z RN T 5 FEBRB SN TV DY, B A6
REOSHEEIHIRD > o Te, PSR Tl vRER B 4 8
itz LD KTV D= b Y A~OEBSSITEFIRE S
NTWAR, WTFNRLTITE FHEDOE KTV A2k LT
OHEHFEETH D (K 1a,b) |, ZhTxt LT, AAFFETIE
TATFE FBIO 774 ) onbififlLiz N-7 X aA
VB RI YV URRG DT A Lo T= N Y MZZEHT &
L2 EERBLIEOTEDFMZOWTHET S (K 1c) 2%,

(a) Milstein et al. (ref 1a)
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H t. (PCP)RhN : |
cat. 2 ' -
_N<_Ph _c= : Rh-N
Ph/gN Y ——— > Ph—C=N ! | 2
H : PPr,

(PCP)RhN,
(b) Nakamura et al. (ref 1b)
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R’ H
(c) This Work
E NPhth:
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2. N-7284)ILERFSVYIDOZ MY IILADEHR
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Lizk 7Y 1 2 v, RSS2 520t L 72
(% 2), 0.3 mmol ® 1 % 2.5 mol%® Pdy(dba);-CHCl; & 10
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(SIS Iy

mol%® PPhy fFFE T, kbt 160°C, 24 BRRNE#: L
TREMO= kUL 2 OAERITHER SR> T, k2
T4 VA S A TIER D o T2, Ne~T BRI L
(NHO) BN T &2 AW BIc 2 M5 BN D 2 L b o Tz,
B2, BRET RCA T TFANEEZE TS Mes ZBANLT &
2812 NMR IXER 25%7C 2 M b7z, £ 2T IMes Bifir
FTERNWTENT A—Z &AL E Z A, (IMes)Pd(ally)Cl
AN IEETEATH Y . Pd & IMes & 122 DEETHWS
L 120 °C T2 75 NMR IR 99%C. AT 1 mol%, 25
WTHEVEEZ RS, Pd & IMes DA 111, D5V
WERO D% FHW D S TG ET LR o 12,

o st v s o

toluene 1 mL, 160 °C, 24 h

1 2 (NMR yield)

phosphine ligand (Cy = cyclohexyl)

PPh; 0% PCy; 0% 0%

Cy,P  PCy,

NHC ligand (with 10 mol% t-BuOK)

+ /7 \ + /7 \ + 1\
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cl~ Cl™ Ccl~
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17% 7% 25%

further optimization (at 120 °C)
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/(ﬁzFaji)\
NTN
Pd
k/ ~cl

IMes-HCI (5 mol%), t-BuOK (5 mol%) 99%
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BT, IESRMETICRBITAT /LT RHERE KTV 0D
AL REE L (K3), FEE LICEF GRS LOE
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T&E, &b, TAFL=FUL (15) HLAKATRETH S
B, THATr=)L= R ARTILF=)L= U LD LD RRHE
—RBLEMEEETH= MV ALOERITITEATE Ao
77
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IMes-HCI (5 mol%)
H t-BuOK (5 mol%)

» R-CN
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Do FEWNTB-ERBBEICE D = N Y ABERT D, DK,
MHT Z A I RPETHIBREST 5 2 & T PO R4
THLEEZTND,

H (o)
(o)
Pd(0) AN
N R N
H” o
o
(0]
0O,
N H-Pd
Pd _N
|!| o R™ °N
B A ©
R-CN
4 FRERCHEE
RE. IR —IKFERE G OUIWTB R I\ Tl EERR B RINLAA )
AN ENTEY | ZhWAFREEETHD LB X b (X
5) o
H/D (IMes)Pd(allyl)ClI (5 mol%)
IMes-HCI (5 mol%)
N,NPhth t-BuOK (5 mol%) _ CN
toluene 1 mL, 120°C,3h
1 or 1-[D4] ky/kp = 1.8 (parallel reaction) 2
5 ERERAMAZR
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BLERZRN T &2, PA(O)/IPr fikiiiix s 7 w7 & 7 kD N-
THaANE RTV OB L TESTHY, TILr=
N= b INEEZDZ ERbIoT= (K6), 3-T U —Lv 7
a7 ) EKROE RV U ERWESES (BE)-ROT V7
==hrUL (16-21) DEHLELTHLN, U LT,
3TNAFNTIaTE ) HEOE KTV U E AW AT
(E)-1RD HDNEIRINCE BTz (22), 72385 E/1Z BVE(RIZ HPLC

DBET D EMARETH D, ASITRFE —RFER X
OEHR—EREE O D%, BKBMBENEITT 52 LT
TNr=r= I VEHZ5,

(IPr)Pd(allyl)Cl (5 mol%)

IPr-HCI (5 mol%)
R t-BuOK (5 mol%)

> CN
N-NPPth toluene 1 mL, 150 °C, 24 h J\““

R=H (16) 86%, E/Z = 6.2:1 21, 84%, E/Z = 6.0:1
Me (17) 83%, E/Z=4.5:1 (160 °C)
CF5 (18) 87%, E/Z = 9.9:1
F(19)  78%, E/Z=4.6:1 MeOZC%CN
(160 °C)
OMe (20) 78%, E/Z = 6.1:1 50%
(160 °C) (160 °C, 10 mol% cat.)

a plausible mechanism

R Pd(0) Pd
y-NPhth —> R y-NPhth —
PdNPhth oN
L/ ’, R —_— J\mCN
R CN PdNPhth — Pd(0)
— HNPhth

e rvu7& ) Hke RIVrD= R L~DEH

ARHFFETIE/NT Vv A/NHC fitliiic k2 N-7Za A re R
T D= MY NSO ER LT, KATEIIERERE

LENTz= b I NVEHIRILSEGRTED, 6T, RXTVY
L/NHC i3 R 38 — R ERE A U L CHIstEEZ R~ 2

ERAL NI o Tz, BIE, A% R — KBRS DK &
LT B0 T EBIEORRBICH AT XFREED TV D,

SE X

1) (a) Cohen, R.; Rybtchinski, B.; Gandelman, M.; Shimon, L. J. W.;
Martin, J. M. L.; Milstein, D. Angew. Chem., Int. Ed. 2003, 42,
1949-1952. (b) Nakamura, I.; Shiraiwa, N.; Kanazawa, R.; Terada,
M. Org. Lett. 2010, 12, 4198-4200.

2) Ano, Y.; Higashino, M.; Yamada, Y.; Chatani, N. Chem. Commun.
2022, 58, 3799-3802.
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(1) “One-Step Preparation of Fe/N/C Single-Atom Catalysts Containing Fe—N4 Sites from an Iron
Complex Precursor with 5,6,7,8-Tetraphenyl-1,12-Diazatriphenylene Ligands”, Koki Matsumoto,
Masaru Kato, Ichizo Yagi, Siqi Xie, Kiyotaka Asakura, Shin-ichiro Noro, Norimitsu Tohnai, Stéphane
Campidelli, Takashi Hayashi and Akira Onoda, Chem. Eur. J., 2022, in press.

(2) “DNA-Mediated Protein Shuttling between Coacervate-Based Artificial Cells”, Tsuyoshi Mashima,
Marleen H. M. E. van Stevendaal, Femke R. A. Cornelissens, Alexander F. Mason, Bas J. H. M.
Rosier, Wiggert J. Altenburg, Koji Oohora, Shota Hirayama, Takashi Hayashi, Jan C. M. van Hest
and Luc Brunsveld, Angew. Chem. Int. Ed., 2022, in press.

(3) “Focusing on a nickel hydrocorphinoid in a protein matrix: methane generation by methyl-coenzyme
M reductase with F430 cofactor and its models”, Yuta Miyazaki, Koji Oohora and Takashi Hayashi,
Chem. Soc. Rev., 2022, 51, 1629-1639.

(4) “Electrocatalytic Hydrogen Evolution Reaction Promoted by Co/N/C Catalysts with Co—Nx Active
Sites Derived from Precursors Forming N-Doped Graphene Nanoribbons”, Koki Matsumoto, Akira
Onoda, Stéphane Campidell and Takashi Hayashi, Bull. Chem. Soc. Jpn., 2021, 94, 2898-2905.

(5) “Functional Myoglobin Model Composed of a Strapped Porphyrin/Cyclodextrin Supramolecular
Complex with an Overhanging COOH That Increases O,/CO Binding Selectivity in Aqueous
Solution”, Qiyue Mao, Pradip K. Das, Stéphane Le Gac, Bernard Boitrel, Vincent Dorcet, Koji Oohora,
Takashi Hayashi and Hiroaki Kitagishi, /norg. Chem., 2021, 60, 12392—-12404.

(6) “Dynamic Protease Activation on a Multimeric Synthetic Protein Scaffold via Adaptable DNA-Based
Recruitment Domains”, Tsuyoshi Mashima, Bas J. H. M. Rosier, Koji Oohora, Tom F. A. de Greef,
Takashi Hayashi and Luc Brunsveld, Angew. Chem. Int. Ed., 2021, 60, 11262—-11266.

(7) “Thermally Controlled Construction of Fe—Nx Active Sites on the Edge of a Graphene Nanoribbon
for an Electrocatalytic Oxygen Reduction Reaction”, Koki Matsumoto, Akira Onoda, Tomoyuki
Kitano, Takao Sakata, Hidehiro Yasuda, Stéphane Campidelli and Takashi Hayashi, ACS Appl. Mater.
Interfaces, 2021, 13, 15101-15112.

(8) “Construction of a whole-cell biohybrid catalyst using a Cp*Rh(III)-dithiophosphate complex as a
precursor of a metal cofactor”, Shunsuke Kato, Akira Onoda, Alexander R. Grimm, Ulrich
Schwaneberg and Takashi Hayashi, J. Inorg. Chem., 2021, 216, 111352.

(9) “Iridium(IIl)-catalyzed Branch-Selective C-H Alkenylation of Aniline Derivatives with Alkenes”,
Shrikant M. Khake, Ken Yamazaki, Yusuke Ano and Naoto Chatani, ACS Catal., 2021, 11, 5463—
5471.

(10) “Mechanism and Origins of Regiochemical Control in Rh(III)-Catalyzed Oxidative C-H Alkenylation
and Coupling Sequence of Unprotected 1-Naphtylamines with o,B-Unsaturated Esters”, Ken
Yamazaki, Supriya Rej, Yusuke Ano and N. Chatani, Organometallics, 2021, 40, 1371-1378.
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(11) “Palladium-catalyzed 1,1-alkynylbromination of alkenes with alkynyl bromides”, Yusuke Ano,
Natsuki Kawai and Naoto Chatani, Chem. Sci., 2021, 12, 12326-12332.

(12) “An Unusual Perpendicular Metallacycle Intermediate is the Origin of Branch Selectivity in the
Rh(II)-Catalyzed C-H Alkylation of Aryl Sulfonamides with Vinylsilanes”, Ken Yamazaki, Supriya
Rej, Yusuke Ano and N. Chatani, Organometallics, 2021, 40, 3935-3942.

(13) “Reaction Path Determination of Rhodium(I)-Catalyzed C-H Alkylation of N-8-Aminoquinolinyl
Aromatic Amides with Maleimides”, Attila Taborosi, Qiyuan. He, Yusuke Ano, Naoto Chatani and
Seiji Mori, J. Org. Chem. 2022,87, 737-743.

(14) “Double 1,2-Migration of Bromine and Silicon in Directed C-H Alkynylation Reactions with Silyl-
Substituted Alkynyl Bromides through an Iridium Vinylidene Intermediate”, Ken Yamazaki, Sanjit K.
Mabhato, Yusuke Ano and Naoto Chatani, Organometallics, 2022, 41, 20-28.

(15) “Origin of Reactivity Enhancement in the ortho C—H Borylation of Benzaldehydes with BBr3”, Ken
Yamazaki, Supriya Rej, Yusuke Ano and Naoto Chatani, Org. Lett., 2022, 24, 213-217.

(16) “Palladium-Catalyzed Site-Selective [5+1] Annulation of Aromatic Amides with Alkenes:
Acceleration of B-Hydride Elimination by Maleic Anhydride from Palladacycle”, Qiyuan He, Ken
Yamazaki, Yusuke Ano and Naoto Chatani, ACS Catal., 2022, 12, 1595-1600.

(17) “Palladium-catalyzed synthesis of nitriles from N-phthaloyl hydrazones”, Yusuke Ano, Masaya
Higashino, Yuki Yamada, Naoto Chatani, Chem. Commun., 2022, 58, 3799-3802.
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(1) “Artificial Metalloenzymes Consisting of Conjugates between Apohemoproteins and Metal
Complexes” Takashi Hayashi, European Federation of Biotechnology 2021 (efb2021) Virtual
Conference, May 14th, 2021. Plenary Speaker.

(2) “Reconstituted Hemoproteins with Ni Corrinoids toward Functional Models of Methane-producing
Enzyme” Takashi Hayashi, International Conference on Porphyrins and Phthalocyanines (ICPP11)
(on-line), June 28th, 2021. Invited Speaker.

(3) “Engineering of Hemoproteins to Create Artificial Metalloenzymes™ Takashi Hayashi, electronic
Biological InorganicChemistry (eBIC) (on-line), July 21st, 2021. Invited Speaker.

(4) “Conversion of myoglobin to an artificial metalloenzyme” Takashi Hayashi, Pacifichem2021, Dec.
20th, 2021. Invited Speaker.
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2021.
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(3) ASCHT2021 best poster award, Zhiwen Jiang, Masahiko Shibahara, The 8th Asian Symposium on
Computational Heat Transfer and Fluid Flow, Qingdao, China, September 2021.

(4) Nominee from Graduate School of Engineering, Osaka University, for Inoue Research Award for
Young Scientists, (2021), Abdulrahman H. Basher, (3% i SO il 5% FHFFEEE P 2% BSOS ax 7ty
1)

(5) Fairchild Award, “Development of Submillimeter Gamma Camera for Measuring Boron Distribution
in Brain Tumor of Rat -Design and Examination of one collimator hole camera-", 19" International
Congress on Neutron Capture Therapy, (ICNCT19), Granada, Spain (2021), Yuri Morizane, Isao
Murata, Oct. 5%, 2021.
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(7) Excellent poster award, “Design of a new shadow bar to improve the accuracy of benchmark
experiments of large-angle elastic scattering reaction cross sections by 14MeV neutrons®,
Symposium on Nuclear Data 2021 (Online), Kazuki Fukui, Isao Murata, Nov. 19, 2021, (2021).

(8) Excellent poster award, “Design of real-time absolute epi-thermal neutron flux in- tensity monitor
with LiCaF detector®, Symposium on Nuclear Data 2021 (Online), Daisuke Hatano, Isao Murata,
Nov. 19,2021, (2021).

(9) Excellent poster award, “Design and Construction of Epi-thermal Neutron Field with a Am-Be
Source for Basic Researches for BNCT®, Symposium on Nuclear Data 2021 (Online), Takahiro
Hirayama, Isao Murata, Nov. 19, 2021, (2021).

(10) National Academic Talent Development Program “Postdoctoral Fellowship” from Physical Science
and Engineering Division at King Abdullah University of Science and Technology (KAUST), Saudi
Arabia, for 1 year, Abdulrahman H. Basher (3% HIAEIEE GRS 2% mm )OGS a% 70 BF),
Dec. 2021 — Nov. 2022
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B (2021)
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(13) RECRZFARAKIES (B A FOEE e BRI L), BRI, 2021.
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(16) JSPS Research Fellowship for Young Scientists, Abdulrahman H. Basher (3% i 5 bt il 3% 5 HF 40
BB i SRR EF 57 B ), April 2020-March 2022

(17) JSPS Research Fellowship for Young Scientists, Charisse Marie D. Cagomoc (3% i S i il fHI5% §
WFFEERFY 2% BOG ER R0 BF), April 2020-March 2023
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