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B1E . Fia

1. &M C-H A 2 BRICRIL S D SR AL

MG 2 B O RARMREIEN 2 E 2 BT 28, BROKEITEED
C-H #a 2 BIRAITEM (L L, LOEREELEANT D Z LA FEE & 2UTEAT
BRCTHMMOEMRN AL 225 1 C-H K& O A fREE~ % /L % —(Bond
Dissociation Energy: BDE)I3# 100 kcal/mol & @&\\\7=912, £ OIEMEALIZITIRT) 72
FeAb AN BE L 72 573, SR 72 bl 2 W % &R INA 22 i b SOS T X IR #E & 7
% (Chart 1-1),

R K ERAL SIS 2 22l 72 42 @ C do % 8k & Iz =R D @ s ek 32 4 H
WTEEKT D Z LB AREL 2T, ARAERIETFORRICEMK TS 2, —fkIC
EERKFITER L DRISTRAOBRBILFA THL e Fax v I PNzt LD
728, BIRMZRBIESOS 2 T 2 OB ITNEEcH D 75, —F, HARR
TIEF b7 1 4 P450°" %° Taurine a-ketoglutarate dioxygenase (TauD)'*" @ X 9 73
WRALIE SR 1 & > TR 2 560 T C-H K& ORI LRBRALEUE N B 2 b T
Do TS DOBLEERITIEEF DAL K OHE~LEFLEALTEY, &R
TAMEEA % Y FR A B LIE MR & L C C-H /& 2 BB LR LRS- 1T
D, A TIHIRRREEER DMLY 7 VIS & T, Fiil ORI ERL
fiE DBRFE 21T o 72, £7o, FHIBRER AL OBHFEE T, $AF Y Z b
D& LT UTE R OTE M2 FECRET T 5 2 LIk o T, RARM bEEFE O
{EIEHEREIC T 287 M2 525 Z LN AlgE L e b EWIF S5,

Oxidation of inert C—H bonds

R' Highly reactive R
AN idati AN

R2 ’lc —H oxidation catalyst R2 —IC —OH
R3 R3

BDE(C—H): 90-100 kcal/mol

Selective C—H Oxidation

H i H H
Me OAc Highly selective  wme OAc
Me oxidation catalyst Me
Me ———— > Me
H H H H
H OH

(-)-menthyl acetate

Chart 1-1. Selective hydroxylation of inert C—H bonds.



2. TNWH Y OKRBACRIS % TS 5 E{LA
2-1 VAFTVIT YV
Dimethyldioxirane(DMDO)IZ, 7 k> & Oxone®7 bl SN D (bHITH Y,
OFHERET CRIGEITA D, (EIEME LTI b OBPERT D%
WBNEG Th 5, ()ZMICBIEKISEITZA D72 EOFERH T i, AR
ik <cH s, £72, LLI-FV 7rtarkhrrbflflans
methyltrifluoromethyldioxirane(TFDO){Z DMDO & b3~ 2% &) 600 fi5 DL ) %
ALTEY, FEIFIRLATHD HDOOKE T TR C—H #EE DKL
JEE TS5 2 L ANEI BTV B (Scheme 1-1)%,
L2 L7273 5, DMDO X TFDO [IRNEE Th W IBFROMBERENH 5720, H
KFR A TH U, REOPFBIITBIEA R BRIEDLETH 572 K OREA
WD,

h R =CFj3: 18 min, —20 °C, 98%
OH

77 % R=CH;:17 h, 25°C, 84%
. CHy
H,C OH
CHy
O CHs
e} R =CF3:3 min,
16 % CHa —20 °C, 98%
R=CF;:15h,-20°C H5C

OH
Ph
Me*™"] OH HO
Et R=CF3;:20eq., 3h,
—20 °C, 74%
R =CF3: 3 min,

—23 °C, >95% HO
R =CF3:5min, -20 °C, 98%
R=CHs3:17 h, 25°C, 84%

Scheme 1-1. Alkane hydroxylation by dioxirans.



22 XYY TV

FHRYP Y PALCNO b7 b 3 BREAHITLEMWTHY, EiZA I 0l
Rtz L > CTAERRIN 5D, 1978 412 Davis HIZ L - T, BERAICANLK=
WEBES LIEAX DU DAL BMBN RS IR BN TE, 7 h R AT
LD o MLEEFREIET TRBRMET % 2 L@ She M SETIREmON
DIV U E WD Z & TIRRA R T IVT RT IV DRI R
JEHMIEAIZ LT 5 2 & NS STV B (Figure 1-1)% FF 42U V0%
WAL ITRIMEDR S <, RIS SN TV D0, S EE DMK
72 EEAMBITITER DB ME L STV 5,

H20,

Epoxidation and hydroxylation

benzoxathiazine with H,O».

Cl (0]
//O \ ,/O
Se\ ,S\\O
O—OH —N Soox
F3C FsC
FsC Sred
Cl (0]
//o \ //O
OH N
F,C F;C O
1 10mol% 2 1 10mol% OH
Ar,Se, 1mol% Ar,Se, 1mol%
_— ( ) 6 —_—
UHP 2 eq. Me UHP 4 eq.
DCE, 18 h DCE, 95 h
89 % 80 %

catalyzed by ArSe, and



2-3 THENAI RNIIRUNT VIV

N-t Fax 74 I RINHPD) )OS D 7 #A X RN-AFX LT
UHMPINO TV HMNIRERT VHNFETH Y, EBRREM T CHRE 2t
9%, PINO 7 UV H /L 2T Va— D b AR~DEMER DO AT  =—H
—L LT ZETHERESNTOWER P, 1996 FIHHbick»Tarn b
DIAF T 7wt o OFCRIBER ST V1 > ORI ES D EITT %
Z LN SH72(Scheme 1-2)'C, PINO T ¥ H L& F W= AL RSIZIE T 2L
FIGSTH DI Hb 5 IBRIENRE N &0, it LTERT A 2L, &
TIREBRZBILAIE LTHWD Z N TEL2ELL OFERH T NS,

R
1R
0z coll N—O" W CNR

R R 0 R R R R
coll L 2 R .
0 N—OH C\R —— HO\O/C\R e — HO/C\R

Scheme 1-2. Proposed reaction path for the oxidation of alkanes by the NHPI-O,

system.



24 RV A AZL— ]

R Ax Y AZL— MPOM)IL, FENEAEHEETESND MOy M = W,
Mo )& AT LT 57 =4 eIk 7 AZ—Th Y, EEHTH 5
7o OEREBNL 120 T DEERIZIT R B TNEWE, TR b2 a9 5, £,
POM %, ZOHEEREA 4> O—HEatho&REA 4 TERTHZET, &8
FEOORMEEZHIHT 5 &N TEDH, ZRETICKER POM IZ Ti, V,
Mn, Fe, Co, Ni, Cu, Sn72 &, flix O&JEZE# L7= POM BNEK ST D,
A B RO R 2 R USSR ShCng V) &R EH: POM 1T
AHi7e EOBEIZ Lo T Z R GICI VRS ZENTEHE WO FIREA L
TEY, FRZ VERS POM X, @b AKFEE W7 V7 v O xR % ALRIG
RT NN DK E 2 BB HEIT S D 2 & BAHE ST 5 (Figure
1-2)%,

H
A) B) RR v O\V
Ho” O R \o/
H

[y-PVoW40O35(OH) 1>

H,0

H20,
E/R
e SR H,O
(o) H
C) v< >v v/ O\V
0 H,0 ~o
[(n-C4Hg)aNlaly-HPV2W10040] o [y-PV2W1O35(02)]* o
H20, o w [y-PV5W1O34(OH)(OOH)>
O CHiCN/BUOH © \7__/
330 K, 120 min

H,0

Figure 1-2. Structure and reactivity of a divanadium-substituted phosphotungstate
catalyst for the selective oxidation of alkanes.



3. RARBLEER

RIKRDLAKTFIERRLEESR TH D F b7 v L P450 1357 FIRBESE OIE STHING
PALIZ & - TEA S Vil &2 A U AYE ORI KR L SO & #1795 (Chart 1-2
upper), filliitr o 7 LT, $k 3 flit Re~LAF VD 0-0 fEED~Tul v
AN Ko TEARICEAF VR ENKT D, ZO, KE/-EFRY NUV—7 %
Ll e hoBE ESRPBICEN LT AT — N T = b OE SO
FIZ L > TO-0 KA, O-0 K D~T 1 U & X &R LEk 54+
VHEAE LD LHER STV S (Push-Pull concept, Chart 1-2 lower) ™', £7-, /&
L8k 5 A VFEIZTA T — T =4 rnb0E TSI o TEEL S
AT, BIRORBAGIEERE L 25 B2 b TN5,



: WY
£%OH FL ’;A @

1
é\
o;&.
+H,0
ks,

I
|
s
Peroxide shunt C Eng D

~
/ ©:
0-0 bond heterolysis A c|>

QH*

¢ H+, e Fle
é\
S0
~N
o
(6]
H20 Pproton
H,0 shuttle

HO
HOw}

Chart 1-2. Catalytic cycle (upper) and active center (lower) of cytochrome
P450cam.

thiolate ligation




—5, HEIE~LEFRILIESE T & 5 Taurine a-ketoglutarate dioxygenase (TauD)
X> Napthalene dioxygenase (NDO)72 &' %, UTAEDFEMIZR 3 EFHIMFFEIC L 0, fil
WA 7T, $hAX VFEAIEMREE LTERTLIZERHLNERSoTND
(Chart 1-3, 1-4), 21O OF{LEEFR O BUCHEMNE 2 R L, % OB 2 2T
T 52 ENHRE L RAUE, ERhER DO BRI 2R FARR R L BOC AR & 72 D

EBEADBND,

Taurine o-ketoglutarate dioxygenaze (TauD) NHY
NH3 _
03S
- J/ NHj
038 Asp~._ L-O= —R 0, J/
His/Fe\oIO _ G
| 038 s
His C|>
Asp— L-O=—R Asp~. -0~ ~R
NH3 His/Fle\OIo His/Fle\OIo

_ L His His

0357 “oH V \
NHj

NHj J/
I 0" _q

0387 “oH
Asp~_ ASp~—. |'V/O¥R
—_ R
His/Fle OY HiS/Fle\O o
His O His
+
I S
. "0.S -CO
o o 2
Asp~_ I Asp~ IV
—_ R _ R
His/Fl o His™ ©
Hs O *—m8 nis O Fe(lV)oxo

Chart 1-3. Proposed catalytic oxidation cycle of TauD.



Napthalene doxygenese (NDO)
Q His\j:'/ZOHz Q
=

A .
HO SP HIS\ 1
Fe
His” | Yo
o
Q
D
o
His_| 1,0
/Fe\
His (e}

‘asp Fe(V)oxo

Chart 1-4. Proposed catalytic oxidation cycle of NDO.



4. BLEERTT VEEE
4-1 BERAINT 4V v

P LI 3R DO TEME H O ORGSO BE 2 (i L 72 B8R £ 7 VSR 2 W TR 72
BOIZEMTHOA TS ', #i21F, 1981 41T Groves 51, Fe'(TMP)(CI) (TMP:
meso-tetramesitylporphyrin) & m- 7 v @ 22 B 7 B (mCPBA)Z W\ 5 Z & T
[Ee"(TMP)(O)]" DA AT h L T 5 (Figure 1-3)",

o : \\\ Ar
HOO)‘\© ;
11 cl | | IV -+ : Ar Ar
— — 3 —  m— : HsC
MeOH/CH,Cl, ;
-78°C :
: Ar= CHj
E Ar

Figure 1-3. Generation of oxo-iron(IV) porphyrin n-cation radical. "

£ 72, 2001 4 Nocera H I N> 7 < R 7 4 U v (Fe"(HPX-CO,H)
(HPX-CO,H: 5-[4-(5-Hydroxycarbonyl-2,7-di-tert-butyl-9,9-di-methylxanthenyl)]-
10,15,20- trimesitylporphyrin) 23~ MK AFPERR(LEESE O Pull BE A B CT&E 5 2 &
EFMELTWE X, 2o Fw BT 4 ) 38k 3 flie Ra L4 VD
BRI T L KB A TUMT 5 = L ST X % B RS A L T\ 5 (Figure
1-4, left), Z @D Fe(HPX-COH)IFifa{b/KE & @RI L, @\ & T7—F
EMEZ 7RI, ALV R B ATF VT ZATNACT D &2 OIEEDK 10
SO VAR TFT 2 220 ZORERIE, ~ L EAEERRERESR T Pull Z1RIC X5 0-0
it 6 Doy 23 i 2 R R ALK 38 DIEMALICEHEZ R H 2> T D 2 L&
TIVHR TR LT & & % 5 (Figure 1-4),

(0]
OH H,0,
I OH /\
0,
O-0 bond
heterolysis
H20,

Figure 1-4. Structure of Fe(HPX-CO,R) and catalytic cycle for catalase reactivity

from a single Fe(III) Hangman platform.
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—J7, PASO DF AT — 8T = A VEMLICHA LN D E G ORI, ~L8k
\ZENL T DB A2 B b S ¥ 5 Z & T, ER L, FEACFOME HAFIE
BITHI TS B2 213, 2005 412 Nam S 1%, $ENT 1% 7 =4 L HEELAT
FThdHI7ul) RT=F U NCERTDHETE R= N AEBAMORLT ¢ U 8k
BEIR L 1T e DRSO 2789~ 2 & 2 L TV S (Scheme 1-3)7,

CI: high ratio of cis- to trans-oxide Cl: low p+ value
AN: low ratio of cis- to trans-oxide AN: high p+ value
cis-olefin styrene
vs a b Vs
trans-oxide

para-X-styrene

(@] o]
OH
Q —es . —= O
[\/FO or — 3 .LCCH3 —> T
Cl AN

CgH
e d s
CgD12

Cl: low KIE value

OH O
©)\ ¢/\ AN: hlgh KIE value
O

major product from CI major product from AN

Scheme 1-3. Effects of axial ligands on the reactivities of [Fe' (por )(0)]".
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4-2 BEEIE~LER 4 A% VFE

HRIEANLBEE DT T UIZE T, EICT IR0 ) P a AT AN T
Z T SRS IR CHE OB LSO LIEERE O RE N RA DL T E T,
BRIRT R VBN T & AT D AL SR 2 fisS (K Fe'(TMC) (TMC: 1,4,8,11-tetramethyl-
1,4,8,11-tetraazacyclotetradecane)° A8 U &7V ¥ BN+ % U 7= Fe'(N4Py) (N4Py:
N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine){Z = — R /L~ £
(PhIO) 7 & DR IINA 2 1EAH S8 TR S 7= 8kaV) 4 Y O E )N X
TR AT I K > TH B2 STV 5 (Figure 1-5)77%,

Supporting ligands

C Ll HsC CHj | = |
Illll © \© (0] \N‘ \N/ X S
N N
Sl DA
€ —_—
N/ | \N MeCN N/ | \N N N == 7 N
X X /—/\ NN N
H3C CH3 —
X =NCMe (TMC)
tertiary amine N (N4Py)
TMC N4Py

Figure 1-5. Generation of non-heme oxoiron(IV) species.

ZID DOk 4 i A3V FEITIEAN D BIKAFPERRLEESR & 1352 DR A B RTE
& DA%, 2010 FFIC Borovik ©E, =5 iSRRG A H T L B SR EH IR
Fe"(TMGstren)  (TMGstren:  1,1,1-Tris{2-[N*(1,1,3 ,3-tetramethylguanidino)]ethyl}
amine % AVVCTE AL U8k 4 flid % Y FEEZEMRT D Z LICIIL TS P,
25°C |ZB1F % Fe(TMGstren) D i A B 8k 4 i A4 % V FEDO 22 EMEITR S W2 (1,
=30s), (KR TZOEMENHIE STV 5 (Figure 1-6) ',

\
\ N
N
g ‘*wi ﬁ Mﬁ:
N \ [N
\ N_/_ \_\ N— N_Fle\N%N_
/N_«N— N=<N— QN\\) |
/ /
TMGstren Fe'V(TMGgstren)(O)

Figure 1-6. Structure of TMGstren and [Fe' (O)TMGstren]”".
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4-3 Bk 4 M4 % Y ORI

BA XV FEO ROCEZ BN RRETT 5 2 & IRIR 2 b BOS 24T O il %
BIRT 59 Z TEHETHD, 8 5 MliAXVEIIZOKISEDOES D, FEfl7e
ENT SR EECTH 228, #k 4 fliA4 S VFEITEL 5 A V& e _REEERE N
LIS, BT VEER A O TR 4 A VRO RISHES G S L Tn g 7T gk
4 fliA 2 YV FEIX, FEDERIKAFPERR(LB%SE TauD OFLIEMEFRE & 72 5 2 & 3His
EREE) Bk S AA R VR L FERICEEARBFETEA L EZ 5N TV D,

Bk 4 A VHEZ W T2 AKEREEOSICEE LTI, & O RO 0@ iR & S il
LTS EZEXBNDHKBRT5IEH & K& (hydrogen atom abstraction)? i
FERE DRI IFE B N EE > TV b, Z D hydrogen atom abstraction (21X /K35 i1
ZHEPEG| & P < i (hydrogen atom transfer: HAT) & 1 & 1B & 7' 0 b U BH)
DIBEAHNCHETT I D S (proton coupled electron transfer: PCET) @ 2 i V) O )i
BRENRHLZERMLNTEY, AiEOKIGTHIIEEDOHEL, KERTD
FlERE Nl L /2572, B O BDE OKE S 2, BB LB FBEN
B L 2 D OZ OOEEITIEE D | BTRREBMICHES Z L5 TV
%o —MUTHBEIEA L8k 4 MiSE R 2 IRbAl & L THWSE, HAT TRISAE
T2, LonLgndh, Zo4FVREICH LT, S’ H e EOME RN 5
&, FEO 1 BETBGECEMPAICKEWESICE, RISHENE L LS
L, AE® BDE & OMENKDOND Z L3RG ST, T ORSEE N EE D
iR CEN & R — B AR L TWD Z 0 h, RISHEMED) HAT 725 PCET
IZZEAL LTz &% 2 535 (Scheme 1-4)7%

N N R
~N i
_Fel_ + -c:R
N" | N
proton N electron
transfer, transfer
o] OH
Nl . Fé/R HAT _ NSl . Fg,R
N/ | \N H/ “R N/ | \N “R
N N
electron proton
transfer o —+ transfer
R
N\F”]y,N LR
e + L
N/ | \N H R

N

Scheme 1-4. Three possible reaction pathways in H-atom abstraction reactions of

iron-oxo species
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2007 A2 Nam 52 L - TRE A~ OEWELNL 128 7 D BIRELAL - TMC @ 4 fii 4
X Y ff Fe'V(0)(TMC) (X) (X = NCCHj3, CF5COO", or N3)*° Fe'V(O)(TMCS) (TMCS:
1-mercaptoethyl-4,8,11-trimethyl-1,4,8,11-tetraazacyclotetradecane) > & i = 41, &1L
BOGIZ 3T 2 BOGEDEW R Sz, = 0)#*51‘% Fe"V(O)(TMC) (X)%& Fv 7z
BOGTTiE, Bl 2 W TEOEBE TIREEEZ A 2D Z & TV VEOKERIL
BOGS 5 BOSHEN AL 5 Z & NG i-s T 5 (Figure 1-7) %,

QN/_”IX Nﬂ QN/”IyN

X
(@]
S
A \_/ > \_ﬂ
X Ep,c (V vs Fc*0)

X =CH,CN, N57, CF;CO0"

Figure 1-7. Plots of log k> values for the reactions of Fe'"(0)(TMC)(X) with DHA
against the redox potential of Fe'V(O)(TMC)(X)™.

4-4 BEIE~LER S A Y fE

ERGIEA LB AR 2 VT S iAo VREZ AR5 2 L 1E, ZOREED
KEMLREEE STz, LavL, 2007 412 Collins Hid 4 >D7T I K7 =4
VBN A AT D B IE A 2GR Fe(TAML) (TAML: tetraamido macrocyclic
ligand) & mCPBA % F\\NC, 8k SAliA S VN ERTHZ L%, WILART FL
R ESR A7 MVHIEIZ L » TH BT Lz %, Fe(TAML)IZ H,0, 12k %, &
PRV VY OBRLAS R & il 5 (Scheme 1-5),

o
OH. HOO -
N ol f
Fres Mo
N /
N/\FéwN cl ;Fe\’N orenge Il
N SN — > N SN
iPrCN, -78°C &_% o)
O

Fe(TAML) Bleach

Scheme 1-5. Generation of oxoiron(V) species.
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5. BERLARICE DEEIE~LEE S M VY EDOER
WEWERLKFIIEEZE D 2 B =TI L > TAERT DA TH 5 (Scheme 1-6),
WV KB ITIEMEREZEO—FETH Y, 5k, AN, DNA Z2{bEET 5
BHEAT D0, ARICHEERMLEMTH D,
e . e . 2e i
O —3 0, —3 0,°—=3 2x0?

N

2H*, 2e e
\ H202_> 2 X OH"

l 2H*
2 X HQO

Scheme 1-6. Reduction steps of molecular oxygen.

— 05, WK FITIR A=A m <, BREEAMT MR & S BARR 2 R (b Al
Thd, LL, BEZEEEERZMLL, @BLKRBLZBILAIET D27V 0 0R07
Wy DEBALEOS A5 &, 8k 4 A VRO AU RO EISTEDEm W E R
1% VT DAL DT DI O DOBIREPR T T 58D H - 7o
(Scheme 1-7) 7%,

Scheme 1-7. OH radical formation by reaction of Fe"(N4Py) complex with H,O».
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Fellk 38 & BEEBREEIR 2 N T 8 /“ﬂ:}iﬁﬁxf ERa® g OhOARK
Za‘:ﬁc%ﬂ“ Z, B VA AERT HIOINE, SRR L BERILKTE & DORIRIC
KXVAEUHE3fIE F‘B/\"/I/z“ﬂ?7@® O-OfEED~THr Y VRIZELST,
5l A AR S B 5 MEN B D (Figure 1-8),

OH mmm) LOW
lo) 0O-0 Homolysis o Selectivity

/
in

Flem — F”e“ — Oxidation

Fast Conversion H,0
_OH 0-0 Heterolysis HIGH
<|> H+ ?I Selectivity
no — v i
Fo Fe ——) in

Oxidation

Figure 1-8. O—O bond cleavage fashion of iron(IIl)-hydroperoxo species.

Fe"(TPA) (TPA: Tris(2-pyridylmethyl)amine)<° Fe''(M*MPyTACN) (MeMePytacn:
1-(2-pyridyl-methyl)-4,7-dimethyl-1,4,7-triazacyclononane 7¢ & O8kEEAILT
ANT 2 DOBEHIEHERENEEZF L TEY, KOFRBOTFET, & ked v
WTDANEETDT L7, 85 AT VHEPERT DI ENEESITOE
F AR I LD B ST D Y SEER LK SR & DORURIC Lo T, 883 1
b R~V Y FEOEM OEER R FI5 U CRUNLKCHERE 3K E#E G & TR
L, OO/ DO~Tr Y v AZRHET DL O LB 2 55 (Scheme 1-8) %,

13+ —/2+
X
| CHs
P H20,
N -H,0
N, |1_ancume  SHCOOH =, N,
\/Fe\ —_— H
(=N | newe SN
|
Q

two cis-labile coordination site

12+ 12+
H30 ,/\N 202 HsC. NS
11 N K 1 N / - H,0 [NﬁFlv/N =
P e
| \0330F3 > Nl Non
H3C 0,SCF4 HiC 0O

~o-"
I
H

Scheme 1-8. Proposed reaction scheme of the formation of iron(V)-oxo species by

iron complexes having the cis-labile coordination sites with H,O».
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6. ELEASRSEIA % fillt & 9 2 Bb G

2007 412 White B, ¥ ANLIZ 2 D OEHIEVE/RENLE % F 3 2 HELEk 2
Pk T & 5 Fe'(mep) (mep: N,N’-dimethyl-N,N’-bis(2-pyridylmethyl)-ethane-1,2-
diamine)\Z FIEL 72 TRAT 2 38N U 7= 8 R BLRZ 8% 2 i BE (A it Fe''(S,S-PDP) (S,S-PDP:
(25,2'S)-(—)-[N,N"-bis  (2-pyridylmethyl)]-2,2"-bipyrrolidine) %z B & L 7= %,
Fe"'(S,S-PDP) % W TR b /K i L D IRALKFBORILIIGEITH &, BIHE
M E D E C-H S DB S D 2 & 2@ LTV % (Figure 1-9),

—2+
g
CHj S
H N
o N [ |, NccH,
HaCm=={ "y H.C e s NN I
3 O- Fe complex (20 mol%), H,O, (4 equiv.) '3 /Fe
o ? > N | “neeH
“H . 3
Ha AcOH (0.5 equiv.), CH3CN, rt, 1 h N
CH3 | <
(o] Z
Fe(S,S-PDP)

Figure 1-9. Regio-selective hydroxylation catalyzed by Fe"(S,S-PDP) with hydrogen
peroxide.

2012 £F(Z Talsi BT & > T Z OfPER T TORALTEPERIIEE S A > 7 &~
— METHDZ L EPR MIEIC I > THLMNZENTE P, ZofER Ly,
Fe''(S,5-PDP) & il .k 35 & FIV 72 R E C U, Scheme 1-8 (2773 K 5 (CHERR
O7a B3t Ra~rdx VO 0-0 fEGD~T e U v A ERET D
EEbIIT S — N =F OEFHEGRR TEEANA T Y e L ENT D
2T, BIRWMRKBERISEEITT2EZEIbND, LLERRL, Z0
Fe''(S,S-PDP) % FI\ N = BAA LSOOG O b IR0 AR <, AHEA b7 B 7 I
215 H1T1E% < OEERAMEL A W2 iR b7 n e WO RER N b o T, Z
ORIEZ RIS 2728, 2009 412 Castas 12 & o THEMEHUMITIZ K & 7o iR
[ = & & A L 7= Fe'(mepp) (mepp: N,N’-bis(4,5-pineno-2-pyridylmethyl)-1,2-
diaminocyclohexane) 23 BH%E S 7z ', Z D8R E VL 5 & 3IRMEIT Fe'(S,S-PDP)
IZHEAENTIR T T2 b 0o, SRS W L, SEARAREE o4 & 2 (K
SHDHIENAEETH 5, Costas HILH T, $ERABEDO TS Z IS5 Z
&C, SRERMA S ST D Z L AWE LTV A (Figure 1-10)2,

Fe(mcpp) 1 mol%

H,0, 1.2 eq. 7
> “OH
AcOH 0.5 mol%

MeCN

Fegure 1-10. Selective oxidation catalyzed by Fe'(mcpp) with hydrogenperoxide.
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7. AFRIT DR

2 B 1 RERD A DARIFHERRALRESR (Z A2 DAL D Push HHE & By 1128 A L 7= B
BEFE~ LSRR E AR L, @RI 72 KR LSO 21T O il 2 BHs Uiz, A&
THWS 8 3 sk Fe'(dpaq) (dpaqg: 2-[bis(pyridin-2-ylmethyl)lamino- N
quinolin-8-yl-acetamido)ld, Z#lF TERAIKEZLIGZHEITT D L@t S
TWD 4 BRI 29 5 B 2 g RO L 212, VAN 2 DOEBIENER
BNEEZR L CE 6T, EREERENEEZ 1| D LR, Lo, KK
DNLEZDOF 4T — b7 =4 U EML & FEOB G RE NI TE 57 2
R7 =7 VB & EHEVE B EED R T AICE AT D LI L - TEE 3
flic Ka~LA4% VO 00 fEEDO~Ta Y v AEAELD, $k5 M4 /e
Ly & L CH 25 2 &3 A[EETH % (Figure 1-11),

Iy
|l/ll\© H3C\
! E ‘e, |II L. Solv.
E / | \Solv
AN N
amido Ilgatlon S | two cis-labile

corrdination site

Figure 1-11. Structure of iron complex having amido anion coordination Fe(dpaq)
(left) or two-cis coordination site Fe(S,S -pdp) (right).

Fe(dpaq)$fikiL, RIXND~LEEER L FERIC, $3 it Fr~vAF VHEO O-
O fEBDO~THrYTRAIZL ST, # 5 iliAx V2B biEEREE LThHEX, &
BRI KB LSO & FERR T D & & 2B 5 2>Z L 7=(Scheme 1-9),

H

\ " R
C\
- N ;I\\O m
S sﬁ@\ oL SE <l 3 <

| NN »\l NN O—O bond
heterolysis

Scheme 1-9. Proposal reaction scheme of selective hydroxylation by Fe''(dpaq) with
H,0,.

electron donation selectlve hydroxylation

18



953 % Fe''(dpaq)D K FFEUNI T 5 H-dpaq DF / U U ERD 5 (I EHILE
&\ L 7= H-dpaq® (R = NO,, Cl, H, OMe) % & % L (Chart 1-5), Fef7 128 A L 72 &
BAOLD RIS DOFIEIT G- 2 DR R E T ~T2,

d§|||§© dﬂb@ dﬂ?@ Cﬁil o

NO, Cl H OMe

Chart 1-5. Structure of Fe"(O)(dpaq®).

— D ERGER DR IREITCEN I, Fe3t/Fe2t, Fett/Fed3tl 1,12, B RKIMEDHY
KRICHEWERLEITCEMITEICT 7 ML, = b E#EAR TR S IEICRK X WEBRLE
TN Z R LTc, TN v DTRF ALKS TIIEBREOE LGN B3

DATHENE S DIIRPED A B35 DIkt L, 7ww/®mMmﬁmfi%@ﬁ
DEAREIMER EF HICHEVIBIRMEN [ LT, ZOfE%EI1E, Fe(dpag®) %
filt i & 3 2D KEAL ST, ZOBIRMELRE L TWDHKRFER T & & G
(H-atom abstraction)?®, &L= CENAL CTIE/R <, A% Y O IEMEIZKAF L
TW5Z & & LT a(Figure 1-12),

\1
AR NG
/ \
-~
- Ne L
gﬁl A
R
R\é v
Ho” NG
H H
redox potent|al control pK, control

Figure 1-12. Reactivity of the alkene epoxidation or alkane hydroxylation by
Felll( dpa qR)
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5 4 ¥ : Fe''(dpaq)|Z IBX-ester (isopropyl 2-iodoxy-benzoate) * # K in S5 Z & T
Bk 4 il A4 % > F Fe' (O)(dpaq) & A=k~ 5 Z L 12k zh L 7=, Fe'Y(0)(dpaq)% 7 /L7
VHE & POS SETRER, T ORISEE T O BDE & BAFREMRERE R L,
TF NN B DI EOS TR & 7238 LA [R50 2 (kinetic isotope effect:
KIE, knlkop = 32.0)2R L7z, ZOFEHEIE, Fe'v(0)(dpaq) % V7= KB IZ
HAT CHRGOEITT S Z L 2R L CW5, £72, TOREZBER O 4
T VML ET 5 & Fe'Y(0)Bn-TPEN) > Fe'V(O)(dpaq) > Fe'V(O)(N4Py)
(Bn-TPEN: N-benzyl-N,N’,N -tris(2-pyridylmethyl)- 1,2-diaminoethane) T - 7= %,
—7J5, ER(LIEICENLIX E o= 47 mV (vs. Fc'/Fc) T&H ¥, Bn-TPEN X° N4Py LV %
190 225 70 mV & Tdh o> 7= (Chart 1-5), L EOFER LY, 7 I F7 =4 BfL
TEAHEGEDONR TEJE A Y RO EEZ M ESEL & L biZ, IF
VOBV EE L BRI EHEEMEN LR D2 L TT D OKERIC G
DO AR ET D 2 BN LT,

N 0

— O /"@ N eSS
( N\'_“ILN P N\?I/N\ N IL\N\\
\/“”N/ |e\‘ z &/T({N X 0 (
[ AN S \ @/N\)Q

[Fe'V(N4Py)(O)1** [Fe'(Bn-TPEN)(O)]** [Fe"(dpaq)(O)I*
Redox potential

[Fe™V(N4Py)(O)** > [Fe'(Bn-TPEN)(O)]** > [Fe"(dpaq)(O)]*
Reactivity of hydroxylations

[Fe'V(N4Py)(O)1** < [Fe'Y(dpaq)(0)]** < [Fe"(Bn-TPEN)(O)]*

Chart 1-5.
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EL2E . ® )T I RT=F SRR LGREER L
BERL AR Z W= TV A OBIR KBRS

1. BE

)T I RT =F U EARBIER S AL H-dpaq 2 A 7 5 HiL 8k 3 sk
Fe""'(dpaq) (dpaq: 2-[bis(pyridin-2-ylmethyl)]Jamino-N- quinolin-8-yl-acetamido) % F >
T, WEREARFRE ZWALH & D KEILEOS DO Z 7 L 7c, & DRER,
Fe""(dpaq)l Tl e bk 5 2 B LAl & L ORI Z2KIIL OS2I T4 5 2 & 25
Sk 7oz, $FIZ 1-bromo-3,7-dimethyloctane D /KER(V KGR C 3 AL & 7 ALIZAF
£ 53D C-HFERD 5 6, TALD 30T HA~KI 15 58RIV KB b S Tz,
Fio, BLTEMRECTH D L HEE SO 8k 5 A% Y Fl 4 CSI-MS (2 K - TEUHI
L2 LI LT,

e
_ fﬂm Br [Fe'"(dpaq)]?* Br ar

,N/Fe Me — Me, — Me,
X A% e~ Pt + ,‘Q/\/\,C/._/
N\ Me™ W Me ) Me Ty Me Me™ Y pg Me
o H202 n CH3CN 15:1
electron donation regioselective hydroxylation

Chart 2-1.

"An Iron(II) Monoamidate Complex Catalyst for Selective Hydroxylation of Alkane C-H Bonds
with Hydrogen Peroxide" Yutaka Hitomi, Kengo Arakawa, Takuzo Funabiki, and Masahito Kodera
Angew. Chem. Int. Ed., 2012, 51(14), 3448-3452.
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2. WE

ANEPEZR C—H f A ORI EOS & 1T 2 A D BRIE 1L, TEE 45T
XL 2p o TN D UM, RIRD K AFIERR LI SR Ol A T = X 2\ filt %
S, WRLKRFEZHNTET VI O C-H fEE OBIRIIKBIL S 21T O $kEE
IR DO BIRE AT T 5 7 BERLKFEIZR TR OB, b b ENT-
(LA Td 5703, —#%IC Fe''(N4Py) (N4Py: 1,1-di(pyridin-2-yl)-N,N-bis(pyridine-2-
ylmethyl)methanamine, Chart 2-2)7¢ & D H4: 5 JEEU - 4 A3 2 SRei (Al 2 H
WB L, BEELKENEZICE Ra X LT Ul R 572018
IKBACSOG IR EE T3 o 72 120, UT4E, & AT 2 D O BHRIE VLA BN & A
LERGEIRDS, WEREOAFAET, MR Tl bk 2 W R IRKR b IOS &
HEATSED 2 LG STV D MY, Z OIS THRERRO G B S (3B S
TN, ERfilt e U< Z & T3 flit Re~rA*% VO O-0 fiEH D
~NTRYVAERRELTND EEZ NS ™ FTz, T4 Costas HIC k- T,
Fe"'MeMpytacn) (M“M°Pytacn: 1-(2’-pyridyl-methyl)-4,7-dimethyl-1,4,7-
triazacyclononane, Chart 2-2)23FEFE D IEAFAE R TH T /L 7 > O C-H & 2 18Ry
(KBS 2 2 L3 Shvic, T OSRBEAREE O LIEMEREE B 2 D8k S
fliA4=e > & Frf Y BIEESFICE > THRIShTnD P,

O, — = =z =z
o) « | ~ | HiCo /_\
b S MAD ey
\H _?/:\> — H v \ ~ N Q_ _)
o OO0 oD

H-dpagq (this work) H-PaPy; N4Py MeMepytacn

HaC, /—\ CHj

& T o

(S.S)-PDP (S.S,R)-mcpp

Chart 2-2. Chemical structures of the supporting ligands.

— 77, NOIRIEMERRLIESE OIEMER O, EFEO 4 JEOSSE A DRE 2> 2
AL 2 D OEHIEVE R BB DAFAE L 720 ~ MMRAFMERR LI SR Td 5 P450 1
ZOWEEFICFTET H2KERBAERY NV—I b7 m N BEhE RV T o4
Vo OHLEEA~SDF AT — T =F B X > T, $3Mie Fe~ra¥xY
D O-O fEaNmi L, ~7 1 U ¥ X Z{EE L Tu 5 (Push-Pull concept, Chart
1-3)2, &£/, FAT— T =F 3B LHEICL Y, BSR4 VR LE
b UKL O DEFEZ A E X ETWE EEZHNTVND
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AR TIET AT — N7 =F > LABROEBE L GHRPMHFETEZ L7 I RT7 =
FUBMEAEANLTZHRTE ) 7 X K7 =4 G/ MEER 5 L 3 s K

Fe'"(dpaq) (Chart 2-2)& A L, KEE{LI )G % 3 L 7=, Figure 2-1 (Z Fe'"'(dpaq)
DFE S 2", Fe'(dpaq)lZE T N AN EEEGEEZ A L TRY, BEift
SIS T DT 7 TENALD b T AT S RT7 =F U NENL L TV D, &K
BEIRIE, WEB(LAKFENRT 7 TEAL - EHR LER 3l Kr LA VREZ AR
L7=t, 7 KT =4 r0EtE L 7o 5> TO-0fERDO~T 1
U ADMERE S U, 8k S A RN AERT D & WIFE L 72 (Scheme 2-1),

Figure 2-1. Ortep (50% probability) diagram of the cation of Fe"'(dpaq). The counter

anion and the hydrogen atoms, with the exception of H1 and H2, are omitted for clarity.
Selected bond lengths [A]: Fe(1)-N(1) 1.976(3), Fe(1)-N(2) 1.975(3), Fe(1)-N(3)
1.987(3), Fe(1)-N(4) 1.857(3), Fe(1)-N(5) 1.980(3), Fe(1)-O(1) 1.963(3).
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H\O/H H\‘,‘O/o“H O/O_H
N T N R N//\@
C{N\’/\Fem/ S 4 H0, [ONLFENST o =K LR NS
™ ’ \ —_— . N —_— . ' \
| N “h0 XlN\ S)JN\
a N \’ oN \, g N \,
[Fe'"(dpaqg)(H20))** [Fe''(dpaq)(H20,)1** [Fe"'(dpag)(OOH)]*
H
0O-0 heterolysis Q\B’r_
Ve
o]
<l N N
LS o WA o0 | e
»] NN | N\
a'N \,
electron donation
[Fe"(dpaq)(O)]**

Scheme 2-1.
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3. WBRLEBE
3.1. IR T D 0-0 #E B BIZRROREE

CH;CN 7, 20 HEOWBRLKRZER{LAIE L THW T 7 maFi oK
AL AT o T2, —WRIZT 7 aos Y o OKBRE G TIEBR b AR & LT
vruantt ) — AT ant Y ) (KD EKRT D, v AR T
CUHNFEIZ L Db =T, BFEMT VXNV T OANRERT D &, Russell-type
termination {2 L CT N a—/L 7 R U 1 %P1 THEKRT D720 A/K T 1
& 725 (Scheme 2-2)°, —75, kA X VREIZ L DMILEISDBE, VN7 RHEE
TRIGHET LT V2 — LRI RO & 72 D, ZORRIZY 7 m o~ o Dfg
AR D AK s, BLSOGOTEMREZ 5 Z L 8 T& % 2, Fe'(dpaq)%
W T2 AKEBE RS OFER, BRALARRI O A/K I 113 THhoT-, £, AT
TGS AT 12858 A/KK BN 114 TH Y, AK LD BBEOFEICAS S
WD EBRALMNE IR o T2,

§ 1L 2 E L EBLE

Russell-type terminatlon step

Scheme 2-2. Oxidation of cyclohexane by hydroxyl radical.

IKERAY B D SO Tl A/K HelE 36 TH Y, TOHELIZ 11 £ TERTT
52 ENHB ML 72 o= (Figure 2-2), ZDFERIT, B Rax i o U hraET
Russell-type termination ##& % /- L C7 F U DNERT 2D TIEARL, 7~k
W= IVOHEBICE T, v r7ankt ) URERLTNASAZ EERL T
Do ZILHDRERIL, #8314t Fu~ A VO O-OfEGD~7T 1) v AT
Lo TEAF VENPAER L TNDZ EERIBL TS,
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TON
NIV

Time (min)

Figure 2-2. Time courses of cyclohexane oxidation catalyzed by Fe'"(dpaq) with H,O,
(red circle: TON of cyclohexanol, blue circle: TON of cyclohexanne, green triangle:
A/K ratio) in CH3CN at RT (Catalyst/oxidant/substrate = 1:20:1000).

PA S VFEDOER A FEMCGET 272012, m-7 v 02z BEM (mCPBA),
methyl 2-iodosylbenzoate (IBX-ester) o t-butyl hydroperoxide (--BuOOH), cumene
hydroperoxide (CmOOH, Cm = C(CH3),C¢Hs)72 & DD LAl Z FH W T 7 mos
F Y DEEIPKERICEOS Z2AT o T A, A/K HITHW 2 AN Bk 7 <,
H,0, % A 72 & [R5 il % 7 L 7= (Table 2-1), mCPBA & IBX exter % Fe'"'(dpaq)
DR 3TN AF Y IR EB T 5 L BEZ BN, W ORRIEAZ
TG S A VRS LIEEE & L TAEKRL TV Z ENREXDLND,

Table 2-1. Cyclohexane oxidation with various oxidants catalyzed by Fem(dpaq).[a]

iron cat. OH 1%
> +
MeCN, r.t.

Entry Oxidant Air or N, Alcohol™ Ketone”! A/K'  Efficiency'”!
1 H,0, Air 14.3 1.3 11.3 78%
2 H,0, N, 13.7 1.2 11.4 75%
3 mCPBA Air 15.2 1.3 11.6 83%
4 IBX ester Air 16.7 1.3 12.8 90%
5 -BuOOH Air 15.1 1.3 11.6 82%
6 CmOOH Air 10.0 1.0 10.0 55%

[a] Catalyst/oxidant/substrate = 1:20:1000 in CH;CN at RT. H,0,, -BuOOH and CmOOH were
added over 30 min by using a syringe pump. [b] Turnover number (mol of product/mol of iron). [c]
A = cyclohexanol, K = cyclohexanone. [d] (mol of product/mol of oxidant) x 100. [d] (mol of
alcohol + mol of ketone)/(mole of H,O,) x 100.
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M-00Cm @ O-O F#EADHRET Y VAL o TERT D7 INAF LTI
N B EZ N LT ' B 7 =/ »(PhCOMe)5- 2. 5 DIZ%f L, M-O0OCm @ O-O
fEaD~T ) A%, 7 IATa—/ L (CmOH)% 5 2 57-%, CmOOH i3,
OO FEADRZERZH LN L THEODAI=AT (v 7 T u—T & LTH
B35 (Scheme 2-3)2%, CmOOH Z kAl & L THW TS 7 a4 2l
L7246, CmOH NEERKY & L THERK L, PhCOMe DAERITVEDHTH >
72(CmOH/ PhCOMe = 18), F7=, Table 2-2 |Z/RT L HIZ, ¥ 7 a~FH ook
FIEFThH, [A% D CmOH/PhCOMe 35 Bz, Z OfEHI%, CmOOH & ®
FOS TR L7z Fe-00Cm @ 0-0 A AMESAC A 4 BICBRIZ L, # 5 i
XVHEAEHEZDZ EEREBLTND,

0-0 Bond Homolysis

*CH
nﬁ CH; Hg [3 ?Ha
F“’—o—o—f—CHa —— Fé=0 + °*O—(—CHs Q==
|lh acetophenone

h

0-0 Bond Heterolysis ‘

‘f 3 CH3
H'I‘
Fe—o—o—c—cH3 = Fe=0 +| Ho —CH;,
h n cumyl aleohol

Scheme 2-3. Reaction of CmOOH with iron complex.

7DFyﬁﬁﬁﬁ3ﬁtPn&wﬁ%y@®00#A®m%n)yx*E£
ThbHZEEMRAET H729HIZ CmOOH ZEE (LAl & T 2B LELT, SERICXT L
T%ﬁﬁﬁ%?%élﬂnmmm@K—M7mmﬁwmﬁﬁﬁmﬁ/7DA%
B DAV S OBRIRVEZ A~ T, WA L7256, AK T 113 005 1.3
EIRTF L7z, &6, CmOOH & DL TIE, 2,4,6-collidine IRANDE;E CmOH
DA ENW L, CmOH/PhCOMe Frit 9.2 705 2.0 ~ & 24k L 7=(Table 2-2,
entries 1 and 2), ZH 5 DFERIL, Fe(dpaQ BH DT I F7 =F L ENA T 1 k
YOEENRIR L THERR OO MEDAT B Y U AZRETE W & 2RIR
LTW3, WL, 7 R7=F VBNITEMNBER IS L7 e
N EBEIIZ OO FEED~T B U SV AERBEL TWVWDHEFR D, ZDERIC,
Fe""(dpaq)iZ, ~LKTFPERRLEESR IS A 535 "push-pull" =2 > 7 M-S & kA
VAR L TVDEEZLND 2,

Fe"(dpaq) & REEDE / 7 3 K7 =4 L Eohi & 45 5 Hkssksi ik Fe"(PaPys)
(PaPys: N,N-bis(2-pyridylmethyl)amine-N- ethyl-2-pyridine-2- carboxamido, Chart 2-2)
it e U CHWESEE, @ bkFE L2 HW v 7 g o O bERRY O
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AK HIHED 572 3, Z OBIRMEDBE WA MFET 5 72 912 Fel(dpaq) & D 5
¢ CmOOH Z e kI & LTy 7 a~®H o ORI GEZIT > TR, v 7
Y O O A/K HiZ 1.1 TH Y, CmOH/PhCOMe DA RLELIE 1.8
Td > 7=(Table 2-2, entry 3), X FERRE L TT I FT7 =4 BN &2 7272V FRfE
5 JBE D R FFRANL A & AT D BEEEEA TH D Fe"N4Py) & VT 7 m~ 4o
DOKEICSEITO & AKEITH L £, 7 A8 Rt RaefiRik
Bl L THWESGAIZIET ' b7 = 7 U EERY) & 72 > 7=(Table 2-2, entry 4),
Z DFERIL, Fe''(N4Py) 2 O-O A DFRE U v 2 et T 5 LT 5 8E & —8t
%,

Table 2-2. Oxidation of cyclohexane with CmOOH catalyzed by iron complexes.™

Entry Catalyst Alcohol™ Ketone!™ A/K' CmOH/PhCOMe
1 Fe''(dpag) 10 1.0 10 17.8:1 (9.2:1)C
2 Fe"(dpagq)¥ 10 6.2 1.6 1.7:1 2.0: D)
3 Fe''(PaPy;) 4.8 43 1.1 1.8:1 (1.6:1)
4 Fe'(N4Py) 3.9 3.5 1.1 1:81.3 (1:99)

[a] Catalyst’CmOOH/cyclohexane = 1:20:1000 in CH;CN at RT. CmOOH was added over a 30-min
period using a syringe pump. [b] Turnover number (mol of product/mol of iron). [c] A =
cyclohexanol, K = cyclohexanone. [d] Catalyst/2,4,6-collidine/CmOOH/cyclohexane = 1:1:20:1000.
[e] Values in parentheses are the ratio of CmOH:PhCOMe obtained after the reaction of an iron
complex with equimolar amounts of CmOOH for 35 min without cyclohexane
(Catalyst/CmOOH/cyclohexane = 1:1:none). In the absence of iron complexes, 0.9% of CmOH and
4% of PhCOMe were produced under the current conditions.

VI EDOFER XV, Fe(dpaq)=° Fe'(PaPy;) D X Hildfi+CTdH D, £/ T I KT
=AU EET D S BN FIE O-OfBaD~T v U S ALRET DL ERD
MDD, FYERJERALF N4APy 1L O-O fiD~T 1 U U A2 LR, &6
(2, dpaq FENZF-13 PaPys Bl 1 K 0 HEIRIZ O-0 i & D~T 1 U o X &ALtk
T5ZEARENTZ, £, FeFe LR TTEN T Fe'(dpaq)’ Fe''(PaPys)ic
E)0.10 V AR (Figure 2-3), = OfEFIE dpaq BAfL 1723 PaPys B/ & 0 & B 4T
REFHGETHDL L ER LTS, BENBEEEHE O, Fe'(dpag)d
HOMO (Highest Occupied Molecular Orbital)fliE TH D7 I K7 =4 D nflig D
T VX BN Fe'(PaPy:)IZ Lt~ 145 LT3 Y dpaq B T-4% PaPys Bz 1 &
D HENTZELGIRTH D 2 &R &7z (Figure 2-4),
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-236 mV
4 pA
-300 mV 216 mV
600 500 -400 -300 -200 -100 0 100 500 400 800 200 100 0
mV vs Fe/Fc” mV vs Fc/Fc’

Figure 2-3. Cyclic voltamograms of Fe''(dpaq) (left) and Fe'(PaPys) (right) in

deaerated CH3CN containing 0.1 M n-BusNClO4 at 25°C; working electrode GC,

counter electrode Pt, reference electrode Ag/0.01 M AgNOj3 in CH3CN, scan rate 100 V
-1
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Figure 2-4. KS orbital diagram of [Fe(PaPy;)(OOH)]" and [Fe(dpaq)(OOH)]".
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3.2. CSI-MS % F\W =B LiE R O HEiE
Chart 2-4 | /R filiEtr 4 7 VO BEBELRFIATH L83 it Re~vA4% Y
fiL, k54 Y EOHEEE CSI-MS 2 HW\WTiT-o 7=,

HsC = Fe
9 / S "Ntl‘N‘\ _H+

N o N
O—H
NI D /
M D)
N NSNS
(o] y s N I\N
[\
o'N
?H +MeCN .
c +H
7~ \\ H
_O—H
o
NG v
\ l\

H ‘
! I N
P _ Nﬂﬁ@ O\
\ T N e
R
1
0 N

0-0 heterolysis

Chart 2-4. Proposed reaction mechanism for the catalytic cycle of Fe(dpaq) with H,O,
in CH3CN

Fe'(dpaq) & 50 4 E DAL /KFE A —-40°C, CH3CN W ChUG SE 72D
CSI-MS A7 kL% Figure 2-5 1273, B &FEMI 471.1 (Z[Fe"(dpaq)(OOH)]"
(calculated m/z=471.1) & ZEZ 55 E— 27 MBI S L, PO ICEH L - bk
FHP0)E NS L 4751 I — 27 RN 7 b LIz, 2 OfERIE Fe(dpaq) 7y
CH;CN 1, g {b/ksE & OBOS T KB AMME L IERT 2 2 & 2R LT
Do & BIZHBRENZ L1, SREEDMEVDS, {[Fe'(0)(dpaq)](ClO4)} " (calculated m/z
=553. ) DAL N2 — 0 & —8F HE EEM L 553.0 I8 — 7 8Ll S Tz,
ZOE—271FH,B0, A L 2massunit 7 F LT 9,
{[Fe"(0)(dpaq)J(ClO,)} " TH D L ZEZ b5, £1=, H'0, # =354 553.1
(2 {[Fe"(*°0)(dpaq)](C10,)} ITAH Y - % &°— 27 3 33%JRAE L TV % (Figure 2-5, ¢
lower), Z UL, Hy'%0, OFHBMOBKIZH L7 H'°0 12k » T, 4%V EOmHE
R F ARG EIT LT T2d T D L& 2 T 5 3233738,
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a)  [Fe(ll(dpaq)(CH;CN)I>* {[Fe(Il1)(dpaq))(ClO4)}" 1+ H,0,
2395 537.0

[Fe(ll)(dpaq)]* {[Fe(ll)(dppa)(OOH)]"

[Fe(lll)(dpaq)[?* 3482 4381 "] {[Fe(V)(0)(dpaq)](ClO4)}*
219.0 {H-dpag + H"}* } 553.0
1l A Ll | . i . ]
200 300 400 500 600 700
miz
b) 1+ H0, c) 1+ H0,
1+ H21802 1+ H21802
468 469 470 471 472 473 474 475 476 477 478 479 550 552 554 556 558 560 562
m/z m/z

Figure 2-5. CSI-MS spectra of the reaction mixture of Fe''(dpaq) and H,O5 or H,'*0O,
(50 equiv., 98% '*0) in CH;CN at 273 K. (a) Full CSI-MS spectrum. (b) The isotope
patterns assignable to [Fe™(dpaq)(OOH)]" (upper) and [Fe'"(dpaq)('**O'*OH)]" (lower).
The red isotope pattern shown in the lower panel consists of the labelled
[Fe"(dpaq)(**0"* OH)]" (m/z 475, 97 %) and the unlabelled [Fe"(dpaq)(OOH)]" (m/z
471, 3 %). (c) The isotope patterns assignable to {[Fe"(0)(dpaq)]ClO4}" (upper) and
{[Fe"(**0)(dpaq)]ClO4}". The red isotope pattern shown in the lower panel consists of
the labelled {[F ev(l80)(dpaq)](C104)}>+ (m/z 555, 63 %) and the unlabelled
{[Fe¥(0)(dpaq)](Cl04)} " (m/z 553, 37 %),
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3.3. BIRBY KA S DRAE

THE A AT RO 2/ C-HESGE 4O 3K C-HEEZALTED,
Z OFEAIREET % L% —(BDE)ZZ 4 100.2, 96.2kcalmol ' TH D ¥, Zd
BDE @ 2 Z B by MEFR 23 oy 1 D 2 & TRALROS OBIRMENE U 5, @bk
AL LTHY, TE~ U Z o OKBILRISEIT - 125658, 3o C-H
fE e & 2 #k & HK) 19 fFIRIRAITKRERIL T2 2 & 3B B & 72 5 7= (Table 2-3,
Entry 1), Z O&RM:1E, Fe''(M*MPytacn) (M“MPytacn: 1-(2-pyridylmethyl)-4,7-
dimethyl-1,4,7- triazacyclononane, Chart 2-2) 1 ¥ &K1 2% Fe'(N4Py)=° Fe'l(mep)
(mep: N,N’-dimethyl-N,N’-bis(2-pyridylmethyl)-ethane-1,2-diamine, Chart 2-2) X ¥

bR,

Table 2-3. Oxidation of adamantane with H,O, catalyzed by iron complexes.

iron cat. OH OH o
H,0,
@ MeCN, r.t. - * g * g
Entry  Catalyst Products TN 3920l Ref,
1 Fe''{(dpaq)® 1-adamantanol 144 188  this work
2-adamantanol 1.1
2-adamantanone 1.2
2 Fe'(N4Py)™ 1-adamantanol 83 3.1 [35]
2-adamantanol 4.9
2-adamantanone 3.1
3 Fe'(mep) 1-adamantanol 3.0 15 [16]
2-adamantanol 0.3
2-adamantanone 0.3
4 [Fe"(M*MPytacn)(CF;80;),]Y  1-adamantanol 1.7 30 [19]
2-adamantanol 0.13
2-adamantanone 0.04

[a] Catalyst/H,O,/substrate = 1:20:500 in CH;CN at RT. [b] Catalyst/H,O,/substrate = 1:100:1000 in
CH;CN at RT. [c] Catalyst/H,O,/substrate = 1:100:1000 in CH;CN at RT. [d]
Catalyst/H,0,/H,O/substrate = 1:10:1000:1000 in CH3CN at RT. [¢] (mol of product)/(mol of H,O,)
[f] 3°/2° =3 x (1-adamantanol)/(2-adamantanol + 2-adamantanone).
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3k C-H #h & DILARZ frfs LT F KBS T 200 %, EELE LT
cis-4-methylcyclohexyl-1-pivalate (S1)% VTR L 72, 4 i£ D C-H #& & D/KERL
IS &> TERT 2I6EWD 5 5 trans RDE|E % RC(RC: retention of
configuration)i® IR & L7-, T DOFEHE, Fe'(dpaq)a W= H4E, FE S1 D 447
D RC FERMEIT 94% T d - 7=(Table 2-4, entry 1), —J7, Fe'(mep) & Fe'(S,S-PDP)
(S,S-PDP: 2-[{(S)-2[((S)-1-pyridin-2-ylmethyl)pyrrolidin-2-yl]pyrrolidin-1-yl} -
methyl]pyridine, Chart 2-2)Z F\ 72354, BERE D WRINC X - T RC JEHRPEN S 4
56%, 60%725 92%, 90%~& EF-$ 5 Z L3 White HIZ L > THRESNTVD
15, Fe(dpaq) DA IR DU X - T RCEBEIRVEN L5F- L 727> 7= (Table
2-4, entry 2),

Table 2-4. Regioselective hydroxylation of cis-4-methylcyclohexyl-1-pivalate.

CHs Fe complex CHs Ol
Pivo\M\ H m PivO\M\ OH * PivO\M\ CHs
S1 trans-OH-S1 cis-OH-S1
Entry  Catalyst AcOH Yield [%]'  Conv. [%]¥ RC [%]' Ref.
1 Fe'(dpaq)™ none 38 40 94 this work
2 Fe'(dpaq) 0.5 equiv. 23 25 90 this work
3 Fe'(mep)™ none 7 12 56 [17]
4 Fe'(mep)™ 0.5 equiv. 26 41 92 [17]
5 Fe''(S,S-pdp)®  none 14 15 60 [17]
6 Fe''(S,S-pdp)® 0.5 equiv. 38 42 90 [17]

[a] Catalyst/H,O,/substrate = 1:100:120 in CH3CN at RT. The oxidant was added over a 30-min
period using a syringe pump. [b] Catalyst/H,O,/substrate = 1:20:24 in CH;CN at RT. [c] (mol of
trans-OH-S1)/(mol of S1) x 100. [d] Conversion efficiency of S1. [e] {trans-OH-S1/(trans-OH-S1 +
cis-OH-S1)} x 100.
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White 5%, Fe'(S,S-pdp)7’ 3,7-dimethyloctane 7514 (S2) DAL & J3E4R A /K R,
JOGEfES 2 2 L2 HELTNDE P, 2132203 CHEAZHA LTS
2%, 1ACICE A L7z EH#HL X (X =H, OAc, and BO)OZRIC L > T2 2D 3k C-
HifEA D BDEIZZENAE U D, F72, Costas HIT K o TIREE O K& 708k 2 1
BEIA Fe''(S,S,R-mepp) (S,S,R-mepp: N,N’-dimethyl-N,N’-bis[(R)-[4,5]-pineno-2-
pyridylmethyl]-[(1S,2S)-1,2-cyclo-hexanediamine], Chart 2-2)% % & Fe''(S,S-pdp)
LU BINRN EFTLZERHESNTHD Y, L LAans, JSIERE 5
S DOl E 2, 3 B AT DHMEDH 5 (Table 2-5, entries 4-9), — 7,
Fe'(dpaq) & FIV 72354 1 [MOFRLG T S2 % Bl ERIZKERIL L, & DAL E RN
P % Fe''(S,S-pdp)=° Fe''(S,S,R-mepp) & Lo 72, HFIZ X =Br DA,
Fe'"(dpaq)ld 3 AEICHE~ 7TALD 3 #% C-H f5 A % 15 58 IRAICIIL L 7=,

37



Table 2-5. Regioselective hydroxylation of 1-substituted-3,7-dimethyloctane.

X X X
HaC Fe complex HaC HaC
$2-X 7-OH-S2-X 3-OH-52-X
Entry  Catalyst X= Repetition E/le]ld 7-OH/3-OH Ref.
0

1 Fe''(dpaq)™ H once 39 3:2 this work
2 OAc once 53 9:1 this work
3 Br once 38 15:1 this work
4 Fe''(S,S-pdp) ™ H thrice 48 1:1 [17]

5 OAc thrice 43 5:1 [17]

6 Br thrice 39 9:1 [17]

7 Fe''(S,S,R-mepp)® H twice 35 1:1 [21]

8 OAc twice 49 5:1 [21]

9 Br twice 51 7:1 [21]

[a] Catalyst/H,O,/substrate = 1:100:120 in CH3CN at RT. The oxidant was added over a 30-min
period using a syringe pump. [b] 3 x (Catalyst/H,O,/substrate/AcOH = 1:24:20:10) in CH;CN at RT.
[c] 2 x (Catalyst/H,O,/substrate/AcOH = 1:120:100:50) in CH3CN at RT.

38



4. FER

7 X KT =F U ENIEEFE 5 FEEAR Fe'(dpaq) il bk FE A LAl E LT, R
TEMEZR C-H K5 A 2 BRI K IR L %, Fe'(dpaq)iZikd 2 TV ANLIZ 2 D
DOEBIEVERENE 2 AT D GERMEE LV bERL TS EE XD,

(1) &2 MEEARITHIOIZ 0.5 Y EDBERLAKTE & i LER 3 lifl 2 Ak L7
DHIZ, FHEEEBILKRFEERIGL, BLEHRECH D8k 5 A% Va2 AT
%5, —J7, Fe(dpaq)idek 3 Mgk T 5 7= oimm KT & DFUSIC L » THSe
MIZER3flie Re~uAdf VHEEAKR L, O-OfGaD~T a2 R8> Tk
54 ¥ A A9 % (Scheme 2-4),

(2) BIRBBBALEIGZAT 5 T2 DI2iE, KSR TH—OBILAINEER L 22 5
ZENEE LW, Fe(dpaq) DA, [Fe'(O)(dpaq) )™ MEAL IS RICH 1T 5 ME—
DOERIEMRETH D, L, T ANLIT 2 DO BEHIEME QBN 2 43 2 8585
ROLE, BEOSkS M4 V% ER L TLE ) (Scheme 2-4),
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Fe(ll) complex having two cis-oriented labile sites

heterolysis
I
L~Fe=solv. L _u_m-o/o :
Lotv. +H;0; Solv. ==H ;
-H,0 :
+H,0, m
(0.5eq.) m
L-Fe-OH ’
potential oxidants —= =" }° - -
solv. __.l_u_muo ...l_u_muo
/I«OI -
R-OH  R—-H
Fedlldpag L-Féio heterolysis .
\ step y
*H20, O~H ! L-Fé-0 ;
-H* H \ :
+H* H H OII .
-H>0 ...II\J ;

111
L-Fe—solv.
"

R=0OH R=H

Scheme 2-4.
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5. ER
5.1. —#%

[Ee"'(PaPy3)(CH;0H)](ClO4), 13 SCHRFEH D i TARL L7 %% FT-IR A~
T B8 IRAffinity-1 spectrometer (Z MIRacle 10 single reflection % 275 L
ATR{EIZ X W |IE L7z, UV-visible A7 R LHITEIZIL Agilent £1:54 8543
UV-visible spectrometer Z fV 7=, "H-NMR A2 K VRIEIZIE B AE 745
JMN-A 500 z fv 72,  ESI-MS & (21X JEOL £ JMS-T100CS spectrometer %
W7, JTFESHTIE Perkin-Elmer % Elemental Analyzer (2400 Series 1) % f >
7,

52. Bk
5.2.1. 2-[Bis(pyridin-2-ylmethyl)|]amino-/NV-quinolin-8-yl-acetamide (H-dpaq)?®
AR
— o)
HoN 1) bromoacetyl bromide, Na,CO3z, MeCN <\jl?_\N/_H{N
Ny ) 2) N,N-dipicolyamine, Na,COs, MeCN 7 N )

1: H-dpaq

8-aminoquinoline (2.00 g, 13.9 mmol) & sodium carbonate (2.06 g, 19.4 mmol) %
CH;CN (40 mL) (23 LS T 0°C C bromoacetyl bromide (3.36 g 16.6 mmol) %
20 30T T o < 0 LINA T2, 2 B[R, Celite &2 W CRURIRIE Z Sitd L 7214
(ZIE T AR & i LEZER RS 5 L, kBRI G ONT, T O
{K % acetonitorile (40 mL)IZ¥&f# L, sodium carbonate (2.06 g, 19.4 mol) % Il 2. 7= %%
ST 0°C T N,N-dipicolylamine (3.31 g, 16.6 mmol)Z N 2 7=, —WpdE#k L 7=
(Z Celite Z W TRUSERHK & Aia L, JBUE T Ak 2 i L AT 5 L e 0
HRME NS LN, ZOWRMEE T L7 v~ 87T 7 4 — (alumina,
hexane/ethyl acetate (1/1) as eluent)Z i\ CHEIT 2 &L FADERIE ST,
IV HE 4.59 g (86%). '"H NMR (500 MHz, CDCl5): 83.53 (s, -CH,CO-, 2H), 4.01 (s,
-CH,Py, 4H), 7.14 (dd, J=4.9 Hz, J= 7.2 Hz, Py5, 2H), 7.55-7.50 (m, Qu3, QuS5, Qu7,
3H), 7.64 (ddd, J = 1.5 Hz, J = 7.5 Hz, Py4, 2H), 7.97 (d, J = 8.0 Hz, Py3, 2H), 8.19 (dd,
J=12Hz, J=8.6 Hz, Qu4, 1H), 8.51 (d, /= 5.1 Hz, Py6, 2H), 8.76 (dd, /= 2.6 Hz, J
= 6.0 Hz, Qué6, 1H), 8.93 (dd, /= 1.4 Hz, J=4.3 Hz, Qu2, 1H),11.6 (s, -NHQu, 1H).
BC NMR (125.8 MHz, CDCl3): 859.6 (s, -CH, CO-), 61.3 (s, -CH,Py), 116.8 (s, Qu6),
121.8 (s, Qu3), 121.9 (s, QuS or Qu7), 122.6 (s, Py5), 123.6 (s, Py3), 127.7 (s, QuS5 or
7), 128.3 (s, Qul0), 134.7 (s, Qu8), 136.6 (s, Qu4), 136.8 (s, Py4), 139.1 (s, Qu9), 148.3
(s, Qu2), 149.4 (s, Py6), 158.5 (s, Py2),169.8 (s, C=0). Anal. Calcd for C,3H,N50: C,
72.04; H, 5.52; N, 18.26. Found: C, 72.25; H, 5.45; N, 18.36.

5.2.2. [Fe(dpaq)(H,0)](Cl04),H,0 DAL

Fe'"'(C104)3-6H,0 (110.0 mg, 0.31 mmol)%Z CH;O0H (1 mL) (ZIAfE L, BllD/SA
7 W H-dpaq (100.0 mg, 0.26 mmol)% CH;OH (1 mL)IZIAfR L=, Z OENLF %
e CH;OH {EIRICERA A 2 &t CHOH I % 5 3T T o< 0 &Nz 7=
12, triethylamine (0.036 mL, 0.26 mmol) % Il 2. % & IARITik o~ 2 L=,
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— BRI L= O B ROSRIR Z AT 5 LRz B o, IE0.136 g
(78%). FT-IR (KBr) 1618.2 (C=0), 1106 and 623 cm ™' (ClO4"); Anal. Calcd for
[Fe(dpaq)(H20)](ClO4)2'H,0 (Ca3Ha4CLFeNsOy): C, 41.03; H, 3.59; N, 10.40. Found:
C, 41.39; H, 3.54; N, 10.57. UV-vis (CH;CN): 832 nm (2082 M ' cm™), 368 nm (5371
M em™) (Fig. 2-8). EPR (CH5CN at 77 K): g = 2.46, 2.27, and 1.84 (Fig. 2-7).
ESI-MS, positive mode: m/z 537.02 {[Fe"(dpaq)]C10,} " (Fig. 2-6).

S 538 533 540 542
miz

100 200 300 400 500 600 700 800 900 1000

mlz
Figure 2-6. ESI-MS spectrum of Fe''(dpaq) in CH;CN, {[Fe"(dpaq)](ClO4)}" (m/z
537). orifice 1: 1V, orifice 2: 1V, ring lens: 5 V, needle: 700 V.

1000 2000 3000 4000 5000

Magnetic Field (Gauss)
Figure 2-7. X-band EPR spectrum of Fe'"(dpaq) recorded in CH;CN at 77 K.
Spectroscopic settings: frequency = 9.10 GHz, microwave power = 4.99 mW,
modulation frequency = 9.1 GHz.

42



[&)]

o

(=]

(=]
T

4000

3000

2000

absorption coefficient (g)
=)
(=]
o

600 800 1000
Wavelength (nm)
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5.3. KEBB{LROS

53.1. SKBEEZHNTT VI DKRBILRIE (S 7a~kyy, T/ 2Y)

PREERAREED CH;CN K (1 mM, 1 mL, 1 pmol)iZHE (0.1 mmol) & I X
nitrobenzene 7 CH3;CN I&#% (50 pmol, 0.1 mL) Z NEBIEAE L L TNz 72, MGNAIR
(2R kK 3R D CH;CN #R(20 pmol, 1 mL) & =i C, HE T2 WA T L
BTV VR T B2 AT 30 00T TR T L, N0 SUSE IR EE 138k
PEURARMEEAY 0.48 mM, JEEE(L/KSED 9.5 mM, FEA 048 M Th o7z, it
IKRFE DN THET 1% 5 3 BISOSEIR R LA A 7 v~ N7 T 7 4 —IZ TR
R & € LT, GC I 21 GL Science InertCap capillary column (60 m x 0.25
mm) % %75 L 72 Shimadzu GC-2014 gas chromatography % N7z, SUSZER) D
[FEIIPRFFRFH O LI K VAT o 72, EpiiE, EvExtmfgEtbo 7 e > ks
OB A TER LN ED L Ol LERE Lz, RO S CTlRikAl &2
m-CPBA, cumene peroxide, fert-butyl peroxide and methyl 2-iodosylbenzoate (IBX
ester) & L S HEREZITH T2,

Table 2-6. Oxidation of cyclohexane with H,O; catalyzed by iron complexes.

Entry  Catalyst oﬁ\rl Alcohol™  Ketone!? A/K'®  Eff™  KIE®  Ref.
2

1 Fe'"(dpaq)™ Air 143 1.3 113 78% 3.8 this
work

2 Fe'"(dpaq)™ N, 13.7 1.2 114 75% 39 this
work

3 Fe'"(PaPy;)™ Air 9.4 8.9 1.1 89%  na. this
work

4 Fe"'(PaPy;)™ Air 9 9 1 12%  na. [34]

5 Fe"(N4Py)'“ Air 149 15.6 0.96 31%  na. [35]

6 Fe'(N4Py)"! N, 18.5 12.9 1.4 31% 1.5 [35]

y
7 Fe"(mep) ¥ Air 56 0.7 8 32% 32 [16]
8 [Fe"(MMPytacn)( Air 6.0 0.5 12 65% 4.3 [19]

CF;80,),]"

[a] Catalyst/H,O,/substrate = 1:20:1000 in CH3CN at RT. H,O, was derived over 30 min by using a
syringe pump. [b] Catalyst/H,O,/substrate = 1:150:200 in CH;CN at RT. [c] Catalyst/H,O,/substrate
=1:100:1000 in CH3CN at RT. [d] Catalyst/H,O,/substrate = 1:10:1000 in CH;CN at RT. [e]
Catalyst/H,0,/H,O/substrate = 1:10:1000:1000 in CH;CN at RT. [f] Turnover number (mol of
product/mol of iron). [g] A = cyclohexanol, K = cyclohexanone. [h] Eff. = Efficiency (mol of
alcohol + mol of ketone)/(mole of H,O,) x 100. [i] Intermolecular kinetic isotope effect of
cyclohexanol formation.
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5.3.2. Fe(dpaq)% AV Tz 7 a~F9 o D KERLEUG 2 AR DRERF LRI E
EREEIAR AL D CH;CN #8#E (1ImM, 1 mL, 1 umol)iZ cyclohexane % (0.1 mmol) /i
Z_ nitrobenzene @ CH3CN ¥&#Z(50 pmol, 0.1 mL) % PNERAEAE & LTIl X 7=, UG
R R /K D CH;CN IEIR(20 pmol, | mL)Z4fFR FE bicv ) v OR 7%
FWTEIR T 30 20T T T U7c, @fb/kSBE O TGS 5 0B &I, X
BRI LA A7 a~ T 7 4 = CRNERY = ERE LT,

5.3.3. HERBIRMAEZIR

EREERARIEE D CH;CN &% (1mM, 1 mL, 1 umol)iZ cyclohexane (0.1 mmol) &
cyclohexane-dy; (0.3 mmol)Z N 2 72, SISIEIR IZiEEE (LK O CH3CN k(20
umol, | mL)Z BT, IR F & by v IR T2 AW TEIR T30 50T T
T Uiz, ER /KR O TR 700 5 01%IC, RINEIRZ L GC-MS (2T
BOSAERMW) % € LTz, GC-MS 1%, Shimadzu GC-MS-QP5000 gas chromatography
X &7 U —74 7 A3 Shimadzu CBP1 capillary column (ShimazuGLC, 25 m x 0.32
mm)Z Wz, ROSERI) O RIE I FORFFIRF R O LB K 0 1T o 72, Banid, £v
textimifgtb o 7' m y MR DR ER A WD TNEEEEOBEA & & D Iz &
EE L7z, @IRIEIE, HKSRE &IEEREKFET Va2 —1 D GC-MS (BT D%t
FREE L VIR Lz, BOSIE 3 EREATL, 26 DRISDYEE & L >7z,

53.4. AL AV E FurdRy FEDORIG

EREE R fREE D CH;CN A (1mM, 2 mL, 2 pmol) (2 1 ¥4 & cumene
hydroperoxide (CmOOH, 70% in CH;CN) % Il 2. =ik, 5 F TR L7,
(Fe"(N4Py) & D) Tld CmOOH % FRANT 5 B 0.5 S EOBEL/KFEZ ML,
K CEE 3 AMFEZ AR L TN D), ININBHARD B 35 731 HPLC Z JHVN TROGAERL
YIDIRE %17 > 72, HPLC (% Shimadzu LC-10AT high-performance liquid
chromatography % V>, WifH 77 Z A 0% Wako Sil-II 5C18 (4.6 x 250 mm),
photodiode array detector /% Shimadzu SPD-M10AV % v 7=, B#EIFHIZ
H,O/CH;0H (1:1), #i&iX 1.0 mL/min TfTV>, 210 nm K& 08 240 nm (& CTAERKY) %
it U7z, acetophenone (RT: 6.5 min), cumyl alcohol |5 % £REFIRF[E] 6.5 57, 8.5
B S Tz, BT, ETEAELL O 7 r y R BAERR LT EAR A
HNTERE LT,

5.3.5. Fe(dpaq)Z AV \7=EHE S1 OBLI)E (cis-4-methylcyclohexyl-1-pivalate,
S1)

PREEARMRAED CH3CN 1% (1 mM, 5 mL, 5 umol)IZHE & LT
cis-4-methylcyclohexyl-1-pivalate (0.5 mmol) & Il 2 72, FOSTERIZEER LK SE D
CH;CN &% (0.6 mmol, 0.2 mL)Z B T, fF F & bz U R T2 T
IR T 30 00T T F L7z, 1 N O SOUGTATR IR FE 1 X8RS AR A 0.96 mM,
WEALKFE L 0.12 M A 096 M Th o 72, BERLAKFE O P& TH# 5 0tk
IZT7 V2 F 3 3 — b AT Aelution with 2 mL of CHyCL)IZ K V) SRS 2 Hi v
PrNTZDBIZ, HAZ v~ 87T 74— TCRINMERD 2 ER LTc, RUSER
W) O [EE TR FFIRE ] O HEHZIZ K 0 1T 5 72,
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5.3.6. Fe(dpaq)% VW 7-E'E S2 DL )& (1-substituted-3,7-dimethyloctane,
S2-X)

PREEMRAREE D CH3CN ATZ(1 mM, 5 mL, 5 pmol)IZJEE & LT
1-substituted-3,7-dimethyloctane (0.5 mmol) & I 2. 7=, SISTAIRIZ BB KE D
CH;CN ¥&#% (0.6 mmol, 0.2 mL)ZHE T, ZF F & bicv U R 7 a2 T
SR T30 0 T T Lz, T RO ST B 1 X8R5 R ALY 0.96 mM,
MWEEREAKFEIL 012 M HEN 096 M Th o7z, ERRIL/KFEON T T4 5 0k
IZ7 V2 F v a— b H T A(elution with 2 mL of CHCI)IZ & 0 SkEE Al 2 B v
RN Bz, TAZa~ NI 74— CRISERM E E&E LT, RUGER
W OIRIEIFRFFRF DO LI L 0 17572,

5.4. B SRS ARAT

Fe(dpaq)?® H,O/ CH3OH (1 : 1)D¥ K 2 H AR M 2 -V CHLURS 21572, BLAE
e fEHT I graphite-monochromated Mo K, radiation (A = 0.71075 A) 2345 S 1
7= RIGAKU SCX-Mini CCD diffractometer % f\ 7=, [B1#77— 4 X Crystal Clear
(RIGAKU)Z VYT 20 1 55.0°% W C7 — & il L=, 4275 (SIR 2002) (2
K OMEERIE LTc, KBELSNOT X TOEYTT — & 2 RGP L CTRELL
oo 728, HL12 USOKFEH T riding model 2 HWTHEAL L7z,
Fe'(dpaq)(H,0) Dk it 7 — # % Table 2-7, 2-8 {27177,

Table 2-7. Summary of the X-ray Crystallographic Data of Complex Fe'"'(dpaq)(H,0).

Compound [FeIH(dpaq)(HZO)](C104)2-HZO
(1)

Formula C23 H22 CI2 Fe N5 O11

formula weight 671.21

crystal system orthorhombic

space group P212121

a, A 13.3716(6)

b, A 14.4358(6)

c, A 14.4520(6)

a, deg 90.00

p, deg 90.00

y, deg 90.00

v, A’ 2789.7(2)

VA 4

F000) 1400

Dearea, g/em™ 1.615
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T,K 293(2)

crystal size, mm 0.20 0.20 0.20
u(MoKa), cm™ 0.71075

no. of reflns measd 29130

no. of reflns obsd 6408 >2sigma(l)
no. of variables 387

R* 0.0520

R’ 0.1313

GOF 0.931

R=X||Fo| = |Fe|| / Z |Fo|. "Ry =[ Zw ([Fo| — |Fe))* / £ w F,2]"?

Table 2-8. Selected bond lengths (A) and angles (deg) for Fe''(dpaq)(H,0).

Fe(1)-N(1) 1.976(3)
Fe(1)-N(2) 1.975(3)
Fe(1)-N(3) 1.987(3)
Fe(1)-N(4) 1.857(3)
Fe(1)-N(5) 1.980(3)
Fe(1)-0(1) 1.963(3)
N(1)-Fe(1)-N(2) 96.61(14)
N(1)-Fe(1)-N(3) 97.48(14)
N(1)-Fe(1)-N(4) 83.41(14)
N(1)-Fe(1)-0(1) 94.42(15)
N(2)-Fe(1)-N(4) 90.74(14)
N(2)-Fe(1)-N(5) 83.54(13)
N(2)-Fe(1)-0(1) 87.51(15)
N(3)-Fe(1)-N(4) 95.77(14)
N(3)-Fe(1)-N(5) 83.36(13)
N(3)-Fe(1)-O(1) 86.49(15)
N(4)-Fe(1)-N(5) 87.20(14
N(5)-Fe(1)-0(1) 94.96(15)

5.5. B E VLR R

T FEPLBISERR R HIE ORCA 2.8 & AW THT o 72 M2 e i i3 i BB
& LT BP %, FEBEIC TZVRp) A Lo, = L X —3H Ik @hBask s L
T B3LYP # AV, N F % COSMO 5% HVWC(CH;CNe = 36.6) & 5t H 217>
72 [Fe(dpaq)(OOH)]*", [Fe(PaPy3)(OOH)]*" & & ITIK A B L ikfiE(s = 1/2) TRl H &
1TV, mZEE(AEIE % Figure 2-9 #& 5 FEHfE % Table 2-9 & Table 2-10 12777,
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[Fe(PaPy3)(OOH)]* [Fe(dpaq)(OOH)]*
Figure 2-9. Geometry optimized structures of [Fe(PaPy3)(OOH)]" and
[Fe(dpaq)(OOH)]".

Table 2-9. Selected bond lengths (A) for geometry optimized [Fe(PaPy3;)(OOH)]" and
[Fe(dpaq)(OOH)]".

[Fe(PaPy;)(OOH)] " [Fe(dpaq)(OOH)]"

Fe(1)-N(1) 1.9748 1.9572
Fe(1)-N(2) 2.0118 1.9708
Fe(1)-N(3) 1.9775 1.9996
Fe(1)-N(4) 1.9151 1.9777
Fe(1)-N(5) 2.0072 2.0107
Fe(1)-0(1) 1.8166 1.8046
0(1)-0(2) 1.4994 1.4937
N(1)-Fe(1)-N(2) 94.83 95.6

N(1)-Fe(1)-N(3) 99.27 97.44
N(1)-Fe(1)-N(4) 81.2 81.84
N(1)-Fe(1)-N(5) 165.97 166.77
N(1)-Fe(1)-0(1) 91.81 93.32
N(2)-Fe(1)-N(3) 165.88 166.66
N(2)-Fe(1)-N(4) 93.12 89.5

N(2)-Fe(1)-N(5) 82.2 83.36
N(2)-Fe(1)-O(1) 86.97 86.05

N(3)-Fe(1)-N(4) 88.43 89.58
N(3)-Fe(1)-N(5) 83.95 83.31

N(3)-Fe(1)-0(1) 93.2 95.96
N(4)-Fe(1)-N(5) 85.26 84.96
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N(4)-Fe(1)-O(1)
N(5)-Fe(1)-O(1)
Fe(1)-0(1)-O(2)

172.99
101.68
117.36

173.08
99.76
118.55

Table 2-10. Cartesian coordinates for geometry optimized [Fe(PaPy3)(OOH)]" and

[Fe(dpag)(OOH)]".
[Fe(PaPy3)(OOH)] * [Fe(dpaq)(OOH)]
X y z X y z
Fe -0.018671  0.182359 -0.261902 Fe 0.552059 -0.042038  -0.390231
N  -0.028391 -1.77744  -0.504545 0 1.445357 0.166101  -1.944395
C -0.090913 -4.569974 -0.522173 N -0.524903 -0.064284  1.243831
C -0.13584 -2.451647 -1.669096 N -1.185611 0.425362  -1.194065
C 0.045625 -2.481843  0.661619 N 1.093149 1.840301  0.012953
C 0.020302 -3.873476  0.682187 N 0.372827 -2.007465 -0.517845
C -0.169449 -3.844234 -1.713756 N 2.086734 -0.496823  0.826667
H -0.189247 -1.839978 -2.569576 C -1.870942 0.23965  1.080592
H 0.091083  -4.381947  1.643712 C 0.08913 -0.346194 2.41415
H -0.253087 -4.344541 -2.67802 C -2.21428 0.502828  -0.279947
H -0.114209 -5.659919 -0.532876 C -1.441813 0.668316 -2.483161
N 1.934061  0.494243  -0.266647 C 2.342398 1.913495  0.546222
C 4.62651 1.197126  -0.136007 C 0.379449 2.973078 -0.141085
C 2.89509 -0.433812 -0.456325 C 1.436131 -2.687882  -0.011043
C 2.294491 1.778646  -0.013419 C -0.690277 -2.70205 -0.971454
C 3.634666  2.155815  0.067011 C 3.079761 0.604366 0.63053
C 4.248927  -0.11939 -0.407212 C 2.601579 -1.82792  0.385606
H 2.558044 -1.449906 -0.652693 C 1.59583 -0.54718  2.255369
H 3.889542 3.19302  0.284593 C -3.545614 0.831348  -0.667003
H 4987965 -0.902261 -0.572444 C -2.879319 0.313818  2.044659
H 5.679638  1.473441 -0.079569 C 2.896991 3.128431 0.94217
N -2.021397 0.352167 -0.173689 C 1.446199 -4.078027  0.064702
C -4.732673 0991171 -0.135954 C -2.732852 0.99932  -2.940524
C -2953178 -0.620076 -0.154147 C 0.880839 4.220465  0.220226
C  -2.419576  1.652469 -0.157629 C -0.735794 -4.09306  -0.942302
C -3.768567  2.000231 -0.133377 C 2.159516 4301238  0.772419
C -4316886 -0.340623 -0.142547 C 0.346759 -4.794499  -0.411291
H -2.589929 -1.646255 -0.151333 C -4.199864 0.6387  1.658981
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T oo @D oz OZIzz o@Dz 0 ZO0o0 o @ T

-4.053519
-5.032518
-5.793322
0.184464
0.361606
0.122563
0.391884
1.479505
0.003447
-0.305167
0.037573
-1.384996
-0.102127
-1.307358
-1.6021
-1.047375
1.164827
1.390166
1.02684
-0.170265
0.58601
0.238763

3.051963
-1.161742
1.242953
-1.641234
-2.138716
-0.341005
0.731963
0.895138
0.502384
1.966051
2.899048
1.87355
2.056706
2.668307
3.601769
2.900251
2.763962
3.555505
3.236492
0.462341
1.618215
1.586773

-0.107685
-0.134449
-0.120862
1.899933
3.036143
1.574832
2.517682
2.620088
3.521689
1.955077
2.42404
2.123297
0.451401
-0.185781
0.317427
-1.228484
0.099746
0.828602
-0.882705
-2.050354
-2.633529
-3.549691

T O @D T N T D XD TC @D T XD T I @I OO0

-3.780645
-4.541928
-0.42277
3.226618
3.594096
-0.616622
-1.520082
-0.592392
2.104281
1.874736
3.21683
3.832288
-2.640778
3.895312
2.310097
-2.880906
-1.615984
0.267122
2.575686
0.335164
-4.786838
-4.968143
-5.567086
2.148668
2.623232

1.07966
0.893285
-0.424912
-1.66856
0.41884
2.868784
-2.120498
0.598648
0.233647
-1.509759
-2.297391
0.612687
0.119457
3.148417
-4.587841
1.187663
-4.607633
5.108019
5.262415
-5.883495
1.334119
0.68864
1.142786
-1.015636
-0.566049

-2.044179
0.342095
3.54635
-0.504609
-0.323168
-0.567461
-1.368555
-3.162099
2.837874
2.70464
1.165964
1.43228
3.087089
1.379133
0.490977
-4.0033
-1.325592
0.071671
1.074744
-0.362274
-2.381515
2.43248
0.065273
-2.527418
-3.258559
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TIE . CHEAEEILEITO S VYEOEFRED
HE : BN F OB FHEMEIRIREICE X 2R

1. EF

T X RT =F EALO T N T1 KB ESOG DI XE 9 2 23R 2 5l
572010, 7§ H-dpaq” D 7 U U BRD 5 (TS EHIL A A L7-8k 3 (hdh
& Fe'"(dpaq®) (dpaq®, R = OMe, H, Cl and NO,)Z &k L7z, EH#HIEOBE K5
DI T DITHEV, BV SO DR & At [a] #5557 (turnover number: TON)23 [A]_E
L7oo BRAEEOS OIBIRPEIT =R F AU IS TIIE I OB 4t 58I 5
IZREV, ROSOZBIRYER [ E LT, —7, C-H #EE OKEBALK IS CITE#RILD
BARGIPEDNHINT B IREV, BIRVEN [ LT 52 EBHBNE o7, LIk
DFERL Y, 7 RT =4 BN HEEEIE~ L 885K Fe''(dpaq®) CIIme(LiG MEfE
DIEITCENM LV & AT VY IEOEILMEEIZ LY, Tvh KBS DER
PEPSIE SN TS EEZ 5,

"Electronic Tuning of Iron-Oxo Mediated C—H Activation: Effect of Electron Donating Ligand on
Selectivity", Yutaka Hitomi, Kengo Arakawa, and Masahito Kodera, Chem. Eur. J., 2013, 19 (43),
14697-14701.
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2. S

TV D C-HAS A A BRI T 2 FEOBRRB XA b EEER T
—wloTEY Y, VA I A x UV T Loz DR
IRIALFNDS T V1 HEHD C-H A& DIALFUS 2 AT S DAl L LTR%E S
i, I, SREERANEE Ll (b KT 2 O TRIEM: C-H & 2 kT 5 F
ENVEH 2D, AN 2T g P2 BRI bk 25K 4 R
T2 BT DA% IV GEIRAY 2 C-H A OKBLEIS A ST g B,
FTo, T HKRBCS & EATT D BEEIAR DO SRR I B 55 D Wi

B RGIMEOBERILZEANT D L, SOEHIRESKBILKISIT ﬁﬁ"é)ﬁﬁﬁ
MBS D Z LB ShTng 25,

BEC® /) 72 RT7 =4 VB G AT EEE S 3 g5k Fe(dpaq™) (dpaq™:
2-[bis(pyridin-2-ylmethyl)]amino-N-quinolin-8-yl-acetamido) % &% L, & D7 /v 71
IR ST 69~ 2 3R & G4 L 7255 5, Fe'"(dpaq™) 23l (k& % e {bAl &
L C C-H A OFIRAPKIBIL S Z TS E 5 2 & 2 L T 5 (Figure 3-1,
left: R = H)*, Fe'(dpaq")IZiEER({b/KSE & DG T, FBRALIEMERE S LTk 5 it
XYMEEAERT D2 L TERIKBIEKICZETSE TS EEZ I
(Figure 3-1, right),

AHFZETIE, Fe(dpaq™) & FEAIT, X0 @V aRIRME & B Lt 2 A9 5 ek
filfit A Hg U7, BARAOICIE, H-dpaq" BN FDOF /U U ERO 5SALICEHRL 2 E
A LT 881K 2 Ak L 7= (Fe"(dpaq®), R = OMe, H, Cl, and NO,, Figure 3-1),
Fe'(dpaq )/ X8k L OSLIAHEE 2 2{b T2 Z L R BHREO A EZEL ST D
ZEMTEDIYD, BAX VOB FIRBOEN T VT KL BOS DR
PRIC G- 2 %50 B A sE R T & %,

’C OH L-Fe'"'-Solv.

CHy  12*
i -771 T
N
N D
N""" v elll-
Srl L-Fe'=0 o-H
N
5

R -H,0 ~ H
R = OMe, H, CI, and NO, L- Fe“'-O

[Fe'"'(dpag™)(CH;CN)J**

Figure 3-1. Chemical structures of Fe''(dpaq®) and catalytic cycle for alkane

hydroxylation with Fe"'(dpaq®) using H,O, as the oxidant.



3. WREBE
3.1. BR{tB e EAL

BN 7S BN LT B DS Sk O LB LB KIE TR EZA L NCT 572
HIZ, CH;CN/H,0 (9:1) T b ST BN 2 W E L 7=, Figures 3-2 I3 L 9 12,
Fe''/Fe*’, Fe''/Fe’ L bic, B RoIMEOBEHILZEAT S Z & CbiETEN
IZIEICY 7 b L, Fe(dpaq“O) Tl b IEIC K& R ki e B AR Lz, YED
FEREX D, B FISEA L ERILIIERPLOE FIRBICREREEL 5 £,
BYHEMENERTEET I T =4 bk O~OB T ENTRL 225 &
EZ b5, —J, CH;CN (0.1 M H,0)H, HEOEML 126 7T 58k 4 ilid %
i 14 (Fe'V(0)(N4Py), Fe'(0O)(Bn-tpen), Fe"V(0)MZtacn-Py,) (M*tacn-Py,: 1-di(2-
pyridyl)methyl-4,7-dimethyl-1,4,7-triazacyclononane)) @ Fe'(oxo)/Fe"(hydroxo) 73
Fc'/Fe HHET 0.83 705 1.23V IZBIHI STV D 2, ASRE L8R3 7 I R
T oA VEMEALTWDIZEND LT, FEICREREZRLTND Z &0
5, BNz Fe*'/Fe’*® v — 27 1% Fe'Y(aqua)/Fe"(aqua)iZxtind 5 £ & 2 60
a3

1.5 F
L 1.0}
+'L'-|
|-|-_ R =NO,
“;E 0.5 R=H R =CI
= R = OMe
Lu D B ./f—’./"

_05 1 1 i 1 L 1 i 1 L 1
-0.3 0 0.3 0.6 0.9

Opara

Figure 3-2. Hammett plot for the redox potentials of Fe''(dpaq®) (R = OMe: red, R =
H: black, R = CI: green, and R = NO,, blue). Filled circles and squares indicate
Fe’*/Fe*" and Fe*'/Fe’* couples, respectively. The values are averages of oxidation and

reduction peak potentials determined by the differential pulse voltammetry (see: Figure
3-10).

55



3.2. RINARY h v

CH;CN 91, Fe'(dpagq®) DA AT 2~ kL ZIE U7 #5 5%, Figure 3-3
2789 & 9 1T 600-1000 nm (T Tamigo—Tore (TR S AU 2 R ICH 2SI S iz, Z
RS DR RWE I I (nax) & LB 5 &, BRTIEZEA L7z Fe'(dpag™©?)
T b R EACWRIGE 2B S, BUAL OB EEEMEDIERIZHE, A (TE
WRICYT7 MUz, £, WEEHGRHREOME LY, EREOEHEEMED
HRICHEWT S RT7 =4 0D n $5EO = VX —lBEAS R4 25 2 L 23HBH L
72DT, BN FICEA LERENT I K7 =4 VBN OBt 522 %
H-2TWb Z & DR S 7= (Figure 3-3, 3-11),

3
25x10
2.0x10°
— —_
o e
£ S 15}
o 20 s
_— z
[ 2 1.0}
o
=
_é‘ 15k ?0.5
> 3
- =
o ok . . . :
B 10 = 600 700 800 900 1000 1100
wn Wavelength (nm)
e
©
—
8 5F
g

2

300 400 500 600 00 800 900 1000 1100
Wavelength (nm)

Figure 3-3. Absorption spectra of Fe(dpaq®) in CH;CN (red: R = OMe, balck: R =
H, green: R = Cl, blue: R = NO;)
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3.3. C-H # A& OBIRMKBIL KIS

T o LT C-HAE A OKRBRLESIZ 351 2 SR M 2 3
Lice TS H AT 12D 38 C-HAEA & 4O C-H A2 BT LAY
THV, 28k C-HFEA & 3k C-HFEE DRSS iEEE= /L ¥ — (BDE)IX4 4 100.2,
96.2 kcalmol ' TH % ®, 7 A< 2757 14— (GC)&HAWTERMDRE %
IToTefER, 3 & CH #ia & 2 % CH S OmAbAERKRY O b (3°/2°) 1%
Fe'(dpaq™©?) T R D 29.2 Z5= L7~ (Table 3-1), Z DfEITHE STV D IHEA~L
PREE(R & LT 077 E 72, EHIEOEFSRGIPEDOH RICEE,
Fe''(dpaq™) D 4R M & fil i [E1#R % (TON) 1L & H I EH LR = OMe < H = Cl <
NO,) (Table 3-1), Fe"(dpaq" )3k b EVMEA R LT, B REIEZEA LS
BARNLT 4 U TIE, BT OBEIIPE M E L, &V TON 2/R87 2 & BRHEis
ER TS 2, FRRIC Fe(dpaq" %) & B 13K 5 11D B IEOE A K > TEAL
T OBAETERR E L2 EZZ N5, —J7, SR & ROSTHEIZREDRERIC
519, Fe(dpag®) D H T Fe™(dpaq ) » ik b @V IERIR AR L= 2 &0
Fe"'(dpagq" ) M KBRS 6t L TR b IRWRISEZ A4 5 2 & 2R L“Cb \
%o LU, BARBTRIIETH D= o a8 A Lz Fe(dpag™ )i, a1k
Lmﬁé{ﬂb:%%zé EERTANA X VAR LZENNSEDLEZEZIONDLT-DIT

DOFERIILIEITCENOATIHAT 5 Z LIZREHETH 5,
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Table 3-1. Oxidation of adamantane catalyzed by iron complexes using H,O,."!

Fe''(dpaq®), H,0, g
MeCN, 25°C

1-ol 1,3-diol 2-ol 2-one

product yield (%)™

1-o0l 1,3-diol 2-ol 2-one

Fe'(dpaq®™©) 45.140.8 10.140.2 5.440.3 2.2+0.1 75.11.7 21.8+0.7
Fe'(dpaq™)  423+1.1 12.541.5 4.0+0.1 2.140.1 75.7+44 26.7+0.8
Fe(dpaq"")  42.6+3.0 17.241.6 43404 2.2+02 86.0+7.0 27.3+1.0
Fe(dpaq"©?) 47.3+2.4 252+1.6 44404 3.0+0.3 108.146.6 29.2+0.7
Fe'(tpa) 36.942.4 11.0£0.6 2.0+0.6 5.4+0.2 71.843.2 19.5+0.6
Fe''(S,S-pdp)  50.4+0.9 83+1.2 3.1+0.3 4.3+0.1 78.743.5 23.9+0.2

[a] Catalyst/H,O,/substrate = 1/120/100. H,O, was introduced by a syringe pump over 30 min. All
reactions were triplicated. [b] Based on substrate. [c] TON = ([l-adamantanol] + 2 x
[1,3-adamantandiol] + [2-adamantanol] + 2 x [2-adamantanone])/[Fe catalyst]. [d] 3°/2° = 3 x
([1-adamantanol] + [1,3-adamantandiol])/([2-adamantanol] + [2-adamantanone]).

catalyst TON!! 30/20Md

& 2+ 2+ 2+
’d
o CH, |
- : S
NCl N N [_\
= L>Fe AN 7T N | NCCHs
N I\N\ pF e \
-U= ’4
a8\ HsC ,!l | | NCCHs
v \
I \
Z
R R=OMe, H, Cl, and NO,
Fe''(dpaq”®) Fe'l(tpa) Fe''(S,S-pdp)

Chart 3-1. Chemical structures of iron complexes.
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3.4. BEEFH TR X ARG

Fe'(dpaq®) 23l d~ 2 = AR 3 SV DR M 2 314l 5 7= 01, BB & LT
(2E)-3,7-dimethyl-2,6-octadien-1-yl 4-methoxybenzoate (S1)% HV 7275 1 NHLF Y
TARF MRS ZAT o T2, EE ST FRIC2 OOT A 2FLTEREY, &
#akk & L CTE A L7 4-methoxybenzoate |2 & > T2 DEFHEENMET T 5729,
200X 6 MDD T VA AT AR TR F USROS EZ 2 <V, 'THNMR & HW A
FMIRMT 24T o T fil B, BB G 238 A U 72 Fe(dpaq®™®) Tl R M i b 15
720, EHILOETRKIGIMEDHRIZHY, ZOBREIMET I 5 2 & A3
L 7= (Table 3-2),

LI Eo#ER I v, Fe'(dpag™©?)id Fe™(dpag®) o B T4y B4 = R % ALK
S TR BAIRVERIRMEZ R L7228, 7L v DKV e Tl b i VO R M
BT ENbNS,

Table 3-2. Oxidation of (2E)-3,7-dimethyl-2,6-octadien-1-yl 4-methoxybenzoate
catalysed by Fe'"(dpaq®)with H,0,."!

@]
A Fe!(dpagR), H,0, h .
1 %  mecn,25c 0 o] O )
Ar = 4-methoxybenzoyl 06 02
- R product yield (%)™ efficiency
Fe (dpaq) 06/02 oIl
06 02 (%)
R =0OMe 46.9£1.3 14.8+0.9 3.17+0.12 61.7+2.2
R=H 51.3+0.8 19.1£1.0 2.69+0.13 70.4+1.8
R=Cl 51.9+0.8 21.5+1.1 2.41+0.11 73.4+1.9
R =NO, 65.3£0.6 29.6+0.5 2.2140.03 94.9+1.1

[a] Catalyst/H,O,/substrate = 1:100:500 in CH;CN at RT. All reactions were triplicated. [b]
Based on H,0,. [c] 100 x (mol of products)/ (mol of H,0,).
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Figure 3-4 (ZE(LIE LA & BRL RS OFIRM: & OB 2~ L2, =¥ A1k
BRGSO FERYE T AR e AL 6 LADMBE 2753728, 70 O KRR
SR TTIRIRPEIC R LIEOFERE 2R3 2 & oD, C-H iEMA L & BRI 1IN
A6 % 3 O R BIBEAR I T BARE FE~ 2 8% 4 i A > 85K Fe'V(0)(TMC)(X) (TMC:
1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane, X = NCCH3, CF;COQ, or N3’)
THBHShTng ¥

ZDORRIREWVT, TR F ACBUS DR RIS ThH Y, KERE UG 7Y H-atom
abstraction Tl 5 &\ 9 KSHEDEWICEK T 5 B2 b b,

R = OMe R=H R=Cl R=NO,
32 5 —_— 5 3.4
5 w0 ¢ 1% s
g | o L PR
o 28F : 9
5 ¢ {28 %
S 2} 8
7Y f =
£ ? o | '34%
O
o 2p } 8 {223
1 73]
0 = L a
20 , I " [ N i L , L N | 20

0.7 0.8 09 1.0 1.1 1.2 1.3 14
Redox potential (V vs. F¢'/Fc)

Figure 3-4. Plot of the selectivity of alkane hydroxylation (red) and alkene epoxidation
(blue) catalyzed by Fe™
shows the selectivity for the hydroxylation of adamantane (3°/2°), and the right vertical

(dpaq®) against their redox potentials. The left vertical axis

axis shows the selectivity for the epoxidation of (2E)-3,7-dimethyl-2,6-octadien-1-yl

4-methoxybenzoate. Both are plotted on a logarithmic scale.
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3.5, #ERE RO HEHE

| BDE(C-H) |

“)yw
“Re R
20508 | "

energy

H-atom abstraction step

Rebound step

reaction coordinate

Figure 3-5. Proposed energy diagram of alkane hydroxylation by Fe(V)oxo species.

H-atom abstraction DJEME(L = % /L ¥ —(AG)Z Figure 3-5 DL 512725 L& %
55, Fe(dpaq )2y C—H FEA O KELES The b BV BRIEZ R Lz 2 &
2B, dpaq BUNZFIEA LB RGIMEOBEHILL, KIERFIIEHE SO
AG'%E FRS¥5HELEZBND, AGIE H-atom abstraction D EEE) /1 (AG) & FHBE
Ho ZDO ANG IFFEETHLT X~ XD C-H fBHOME = R ¥ —
(BDEc_p) & AT D8k 4 flit ReXx YO O-H fEH DA REE= r /L X —
(BDEo-p)DZEIZ L VLI TFOX 1 TEIFTZ ENTE D,

AG = BDE._,; — BDE,_j X1

gk 4 it Fr¥% YD BDEgy AT 51T E, ARHROZR/LF =080
L, AG ST 5 72D RVEN ) B35 L &2 55, Fe'(dpag®)IZiE A L
T EHRFEOE T RGMEDOHEKRITLVEIRMEN EH L2 &nn, EFREIED
BANITEE 4 flie Fe X% YFEO BDEgy 2D SE 5 B 2 Hiv5d, BDEgy 138k
SAMAF VFEORAVIEITTEN(E) gk 4 it o Y EOBIEE(pK,) L VX2 T
FEND (CIIAFBRT OB HNEEIC L 2 EKTHD) (Figure 3-6)%

BDE,_y, = 23.06E° + 1.37pK, + C 2
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R1

BDE(O—H) = 23.06E°+1.37pK_+C

_R? RT R'
H” gs (0-H) S &
BDE{O-H) H 3 H
0 o/ R \T/ \R3
N | N H-atom abstraction | IV, rebound I
W:%E;ﬂ E/F\f ’ tj%if
N | N 'l N
N N
Fe(V)oxo Fe(IV)OH Fe(III)

Tt T T I
: l
E p(peﬂlpen)\ A (Fe{I'V)OH/Fe{IV}oxo) :
| :
1
i folxm |
1 N :
! Fe(I'V)oxo i
I I
! !
I

Figure 3-6. Rebound mechanism for alkane hydroxylation. The equation for the O—H
bond strength is given in terms of the one-electron reduction potential of the Fe(V)oxo
species and the pK, of Fe(IV)OH species.

B RGIENEVERELEAN LGS, A3V EOBTEEMITL, &

BHEENMETT2EEB20N5, 2070, K2 L0 ETRSIHKOE AL BDE)y
ZIRT LERMEEY AT B 20605, £, BFRoIZOHEANTEE(LIE
JtENL % EH S, BDEgy % LA SE D 7DICERIRENE T T 5 B2 615,
Fe""'(dpaq®) % F VN 72 K BRAL SO TlE, B DT AR5 1 OB R LE BRI 23
M LT 2R N S ONT-72D, BDEqy 38k 54 VEOB{LETCEM LY b
eV BOHBEMEEITKFE L TWD EE X5, Fe'(dpag® 2 W=7 v o=
R ALBETIE, BRI ZEA L7z Fe'(dpaq" )3 ik bigE T S o1
FRALIEMERE & 22 572, Fe'(dpag"OH)cB W Tl b @V a2 R~1, Z DFkIC
H-atom abstraction 734 % YV EOMIEMIZ AL SN TWAHBLIGUE, @A X Vi
EIEVERL L D REROB LIS > %Qﬁﬁﬁﬁﬁi P OBLEOSTHME ST
%
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3.6. EHEFRAIFIALEAZNR

BOAL OB A L7 B RO R, 7 unkh by runttod, & H
U TR R ) TRV AR %80 B (kinetic isotope effect: KIE)IZxf L C H I S iz, A
s a~ N7 T 7 EEDHT(GCMSIZ X 2 A fiENT 75 KIE 5 H L7265 R, &
HIEOBE ARG IPEDOHRIZEV KIE OfEIE 5 L72(R=0Me (2.7) <H (3.8) < Cl
(4.0) <NO; (4.3) , Figure 3-7),

fitted slope

4F R=NO, 43%0.1
L R=Cl 4.0+ 0.1
3} R=H: 3.8 £0.1
R = OMe:

[C'CEH 11 OH]'}[E'CED1 1 OH]

0 0.2 0.4 0.6 0.8 1.0
[c-CgH12)/[c-CgD12]

Figure 3-7. Oxidation of cyclohexane with H,O, catalyzed by Fe''(dpaq®) under air.
Plot of the product ratio of cyclohexanol and cyclohexanol-d;; versus the molar ratios of

cyclohexane and cyclohexane-d;,. All reactions were repeated five times.
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KIE /& b R RINR 22 WGE, B IRAE(TS) BT HRIREE & 72 5 FUS TRk
DAz = L, TS DSAIR £ 721E, ERGRMNICBEEI T2 & KIE OEXE T % .
JNZC, Figure 3-8 (27”9 K D12, TS O IAIFRM I B AR~ & BEhT
% &, Hammond DR EIZ RS & AGME T T 5, 7t » T, A% D TS 1Z Figure 3-8b
(R & O IR T (carly TSI B 0, [ERIEOE T-RFIMEA FH-$ 2124
W, AR EIANBEI L TV, Thbh, $i4fit Rax VD BDEgy 2ME T
TRHIELE, TSHMETERRIST I LEEXOND, T, ERFIEOE K
BIPED EFIZHEV KIE 28 R U7, EfEOB RO E & Hic
BDEo y ME F L, BIRMER L2 &0 ) B R & Lo —%& 77,

a) endergonic reaction b) exergonic reaction

4+ KIE decreases KIE decreases 4 KIE decreases KIE decreases

-+ i > -

R = NO,
\
N | ~¢
N H "N
o
H—pg—t
N
| early TS; late TS , :early TS : late TS | R=OMe
thermoneutral thermoneutral
Reaction coordinate ] Reaction coordinate !

Figure 3-8. Two possible energy diagrams of H-atom abstraction by Fe(V)oxo species.
The KIE values that increased on going from R = OMe to R = NO; indicate the H-atom

abstraction step is exergonic (b), but not endergonic (a).
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37.135-7 ¥~ 2 MU A—LDER

1,3,5-7 ¥~ & MU A—)ViFERIGEE, 74 PLYRAMIELTHERE
EDOTNWDHILEMTH D, ZOGE, 2 C-HFEALY b 3k C-HEGEER
REPKEILT D MENDH D, Z D=, Fe(dpaq) & AL AT BE 72 1341
PEE LN EZ A LTV Z L ZWBRT 272 DIZHEU RS TH D LB 2T,
AT 1,3,5-T X~ Z U MU A= ViR T D7D T X~ X Tk
LT3 YmolafftkFE L2 iz, £z GCIZ L VT L7k R, EFKkol
FAEA L7z Fe(dpaq" )2 WD & 135-T X~ & b U A —/Ls BEERIL
K (27%) THK L7z (Figure 3-9, Table 3-3), LL#RD7=DIZ, 4 FEENL %A
% WKk 2 sk T 5 Fe'(tpa) & Fe'(S,S-pdp) (tpa: tris(pyrdin-2-yl)amine,
S,S-pdp:  2-[{(9)-2[((S)-1-pyridin-2-ylmethyl)pyrrolidin-2-yl]pyrrolidin-1-yl} -methyl]
pyridine) ' & W CRISGME T CRISEFT > AR, b HPED 4 FERANL 1%
BT 28 2 MEEETITENEN 135-T X~ X MU A — L OIEEIT 12%L
15% Cdh -7, £7=, l-adamantanol (15%, 18%) & 1,3-adamantanediol (29%, 36%)
NS NZT=0, Felltpa) & Fe''(S.S-pdp)lZ S DM THRIEL TH Y, = b
EHA Fe(dpaq " H)E 2 b DIEA~LEE 2 MR ~B LIRS E & S %
Do

RHBLSNSCTVEEZ LD Fe(dpaq) kD 'Y v X F UL % EK
FAE LTZRER ,1,3,5-T F~ 2 Z 2 b U A —)LOILER L Fe'(dpaq™)-d,s T 28.5%,
Fe'"(dpaq™®?)-dy T 32.4%\ BN L 7=, JT4F, Costas & ZEEIR D EALLATIC LR
BEEZEANT DI L& T, KERILSIED TON 231 B9 25 Z & 28 LT
%7,
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Fe catalyst reh o o

0
3 equiv. HzOz R
MeCN, 25°C + + oHY HO OH

1-ol 2-one 1,3-diol 1,3,5-triol

40

R=OMe R=H R=Cl R=NO, R=H R=NO, Fel(tpa) Fe'(S,S-pdp)
Fe''(dpaq®) Felll(dpag®)-d,

Figure 3-9. Oxidation of adamantane catalyzed by iron complexes using 3 equivalents
of H202.

Table 3-3. Oxidation of adamantane catalyzed by iron complexes using 3 equivalents of

H,0,.
Fe catalyst H,0,
@ MeCN 25°C g
2-one 1,3-diol 1,3,5-triol
Product yield (%)™
catalyst

1-0l 2-o0l 2-one 1,3-diol 1,3,5-triol
Fe"(dpaq”™°) 1.93+0.8  0.29+0.1 327402  14.243.5 17.1£0.5
Fe'"(dpaq™) 201403  0.17£0.04  2.6840.7  16.4+£3.5 17.8+0.4
Fe"(dpaq”) 2.4240.6  0.16+0.1 252403  11.6£2.8 18.1+0.5

Fe'(dpaq™©?) 3.01£0.4  0.17+0.1 3.57+0.3  18.9+2.4 27.2+1.3
Fe'"(dpaq™)-d, 1.06£0.2  0.14+0.01  2.36:0.2  7.48+0.3 28.5+0.7
Fe"(dpaq"®®)-d, 1.48+0.1  0.10+0.6 3.16£1.7  12.1£0.5 32.4+1.2
Fe'(tpa) 14.8+0.6  0.15+0.2 5.64+0.8  28.7+1.6 11.6+1.3
Fe'(S,S-pdp) 17.7£12  0.45+0.1 104402  36.2+1.4 15.2+1.9

[a] Catalyst/H,O,/substrate = 5/300/100. H,O, was introduced by a syringe pump over 5 hours. All
reactions were triplicated. [b] Based on substrate.
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4. fEim

Beb B RRMEETH 2 Fell(dpag™ ) & FlV 7258, i b IBIUMICIBRE(L
KRIC LB C-H & DRBLUEAERT L=, 2 O R4%, AR O Heatom
abstraction DALY, &k 5 4liA4 % Y HORRGIZECEMN LV & A F V) SO M
L3y hE— A SNTNG D EARIE LTS, = OB, A% o sk
BEORFHES L 720 5 5,

%_H Fe(dpaq®), H,0, +0H
T

S

electivity

A —
>=< Fe(dpaq®), H,0, >&<

Chart 3-2.
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O2N OMe H,, Pd-C HoN OMe

N\ / EtOH N\ /
2a 3a
O2N Cl SnCly*2H,0 HoN Cl
_—
N N/ EtOH N N/
2c 3c

— O
. o
HoN R 1) bromoacetyl bromide, Na,CO3, MeCN N N HN R
72\

N\ / 2) N,N-dipicolyamine, Na,CO3, MeCN
3a: R = OMe La: H-dpaq®® (R = OMe)
3c:R=Cl Lc: H-dpaq® (R = CI)
— o} — o}
G O~
N —N HN 1) KNOj, conc. H,SO, N N HN NO,
7 N 2) NH; aq. / N
N Ny )NHz aq N Ny
Lb: H-dpag" Ld: H-dpaqN©?

Scheme 3-1. Synthetic scheme of the H-dpaq® ligands.

1a: H-dpag®Me (R = OMe)
1b: H-dpaq™ (R = H)
1c: H-dpag® (R = Cl)
1d: H-dpag“®? (R = NO,)

Chart 3-3. Chemical structures of H-dpaq® ligands.

5.1. —#f%

FC.+H-dpaq (1b)IX SCHRFLH O B TAR L 722, [Fe'(S,S-pdp)] (SbFe),"” 1
Sigma-Aldrich#t8 D> & D2 L7z,  [Fe"(tpa)(CH;CN),](ClO4), 13 CHRFE#H D
FETERLE®, FTLIR 222 h/LiIMIRacle 10 single reflection % 2£75 L 7= &
At BUR A ffinity-1 spectrometer 2 FV Y CATREEIZ X Y HI7E L 7=, UV-visible A X~
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N LIE 13 Agilent £ 528543 UV-visible spectrometerz iV 7=,  "H-NMR A-XZ h
JVIRIE X A A 7 +EHUIMN-ECA 500% v 7z, ESI-MSHIE (ZJEOL Y
JMS-T100CS spectrometera iV 72, ST 73 #T 13 Perkin-Elmerft#Elemental
Analyzer (2400 Series 1) & HV 72,

5.2. BEAL FARR
5.2.1. 5-Methoxy-8-aminoquinoline(3a)D &A%

O,N OMe H,, Pd-C HoN OMe

N\ / EtOH N\ /

2a 3a

5-Methoxy-8-nitroquinoline* (0.40 g, 2.3 mmol)Z EtOH (50 mL)IZIAfE L, 10%
Pd-C (40 mg) & N 72, SOSTAHR & K38 T ORpfIf#R L 721212, Az X Y Pd-C
AEYBRE, E T ARERM L, HEEGEEIT O L BEOIRMERE L
720 UNE£0.33 g(83%)., 'HNMR (500 MHz, CDCls, 8): 3.94 (s, 3H), 4.63 (s, 2H),
6.73(d,J = 8.0 Hz, 1H), 6.87 (d,J = 8.0 Hz, 1H), 7.38 (dd,J = 4.1, 8.6 Hz, 1H),
8.51 (dd,J = 1.7, 8.6 Hz, 1H), 8.80 (dd,J = 1.7, 4.1 Hz, 1H). >C NMR (125.8
MHz, CDCl;, 8): 56.1 (-OMe), 105.6 (Qu6), 109.9 (Qu7), 120.6 (Qu3), 121.4 (Qul0),
131.0 (Qu4), 137.6 (Qu5), 139.4 (Qu9), 147.3 (Qu8), 148.3 (Qu2). FT-IR (ATR); 3441
cm ' (amino -NH,), 1614 cm ™' (amino -NH,).

5.2.2. 5-chloro-8-aminoquinoline (4¢)D &%

O,N cl SNCly2H,0 H,N cl

N\ / EtOH N\ /

2c 3c

5-chloro-8-nitroquinoline *° (2¢, 2.0 g, 9.8 mmol) & SnCl,-2H,0 (11 g, 49 mmol) |
EtOH (40 mL)Z iz, @EEFE L7z, SKF#E, SISIEIRIZAfniREE/KFET R Y
0 LIKERHR % N 2 VSR TIC L2 t2ICCHCL 2 W CH L7, e %
BEKTHE L, W MU U A TR LTRICHITE FAREZ RN L, H25i
24T ) L BEOIRWE NS Sz, L& 1.1g (67%), 'HNMR (500 MHz,
CDCls, 8): 5.02 (s, -NH,, 2H), 6.83 (d, J = 8.6 Hz, Qu7, 1H), 7.39 (d, J = 8.6 Hz, Qus,
1H), 7.48 (dd, J = 8.6, 4.3 Hz, Qu3, 1H), 8.47 (dd, J= 8.6, 1.4 Hz, Qu4, 1H), 8.79 (dd, J
=43, 1.4 Hz, Qu2, 1H). >C NMR (125.8 MHz, CDCl;, §), 109.7 (Qu7), 118.3 (Qu5),
122.3 (Qu3), 126.7 (Qu9), 127.4 (Qu6), 133.1 (Qu4), 139.0 (Qul0), 143.5 (Qu8), 148.0
(Qu2). FT-IR (ATR): 3441 cm ™' (amino -NH>), 1614 cm ™' (amino -NH>).
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5.2.3. 2-[Bis(pyridin-2-ylmethyl)|]amino-/N-5-methoxyquinolin-8-yl-acetamide
(H-dpaq®™, La) DAk

— o
HoN OMe 1) bromoacetyl bromide, Na,CO3, MeCN <\jN>_\N/_H<N OMe
N /i 2) N,N-dipicolyamine, Na,COs, MeCN /_\N N?\ /;
3a 1a: H-dpaq®Me

5-methoxy-8-aminoquinoline (3a, 0.33 g, 1.9 mmol) & Na,CO; (0.29 g, 2.7 mmol) %
dry CH;CN (5 mL) (Z¥fi# LB T 0°C T bromoacetyl bromide (0.2 mL 2.3 mmol)
20 3T T o< W EINA Tz, 2 K% Celite Z H W CTRUGE IR &2 A1 LTz
D HITHIE T Ak Z e LIRS 5 &, kEOERAIEF bz, 2Ok
A A % dry CH3CN (5 mL)IZ¥&fiE L, Na,CO; (0.25 g, 1.9 mol)Z I z 7= < T
0°C T N,N-dipicolylamine (0.36 mL, 2.0 mmol) Z N 2.7, —BuHE#: L721% 12 Celite
W TSR Z A L, BIE T Ak 2 i L2 5 L8 EaORY
ENEoiic, ZOWRWEEZ 7 L7 v~ 87T 7 4 — (alumina,
hexane/AcOEt/Et;N (50/50/1) to ethyl acetate as eluent)z N CREHIG- 2 & G
DOMIRE NGB, Z ORI E % hexane Z H W THFET 5 & AAOREIK
NS, IR 0.62 g(78%), 'HNMR (500 MHz, CDCls, 8): 3.51(s, -CH,CO-,
2H), 3.99 (s, -OCHj3, 3H), 4.00 (s, -CH,Py, 4H), 6.84 (d,J = 8.0 Hz, 1H, Qu6), 7.15
(ddd,J = 7.5,4.6, 1.2 Hz, 2H, Py5), 7.51 (dd, J =8.6, 4.0 Hz, 1H, Qu3), 7.66 (ddd, J
= 7.7,7.5,1.7Hz, 2H, Py4), 7.99 (dd, J = 7.5, 1.2 Hz, 2H, Py3), 8.52 (dd, J = 4.3,
1.7 Hz, 2H), 8.61 (dd,J = 8.6, 1.7 Hz, 1H, Qu4), 8.69 (d,J = 8.6 Hz, 1H, Qu7),
8.95(dd,J = 4.0, 1.7 Hz, 1H), 11.4 (s, IH). C NMR (125.8 MHz, CDCl;, 8): 55.8
(OMe), 59.2 (COCHy), 61.1 (CH,Py), 104.4 (Qu6), 116.7 (Qu7), 120.5 (Quo), 122.3
(Qu3), 123.3 (Py5), 127.8 (Py3), 131.2 (Qu4), 136.6 (Py4), 136.6 (Py4), 139.5 (Qu9),
149.1 (Py6), 150.4 (Qu10), 158.3 (Py2), 169.0 (C=0). FT-IR (ATR): 3300 cm '
(amide N-H), 1663 cm ' (amide C=0). Anal. Calcd for Co4H,3N;50,: C, 69.72; H, 5.61;
N, 16.94. Found: C, 69.50; H, 5.48; N, 16.69.

5.2.4. 2-[Bis(pyridin-2-ylmethyl)|amino-/N-5-chloroquinolin-8-yl-acetamide
(H-dpaq“, Lo)DA Rk

— o}
. WV
HaN Cl 1) bromoacetyl bromide, Na,CO3, MeCN N N HN (o]

N\ / 2) N,N-dipicolyamine, Na,CO3, MeCN /_\N N\ p
3c 1c: H-dpaq®

5-chloro-8-aminoquinoline (3¢, 1.1 g, 6.0 mmol) & NayCOs (0.85 g, 8.1 mmol) % dry
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CH;CN (40 mL)IZ¥&f# LB T 0°C C bromoacetyl bromide (0.62 mL 7.1 mmol) %
20 3T TP o< D LA T, 2 KFH Celite 2 W TRINEIR Z Al L72DH
ZIE T AR 2 i LEZEREIR T 2 &, KB OBEEIG 6N, Z OkEAE
K% dry CH3;CN (40 mL)IZAf# L, NayCOs (0.99 g, 9.3 mol) & Iz 7= 4 I8 T
0°C C N,N-dipicolylamine (0.36 mL, 2.0 mmol) % JN .7z, —WEIEEE L 72 D 51T Celite
W TSR 2 A L, JBE T Ak Z i LEZEREE T 5 LB O HRY
Engonlc, ZoWmRwEx2 07 57 a~ 777 14— (alumina,
hexane/AcOEt (1/1) to ethyl acetate as eluent)Z N THERLIT 5 & A D EEI 1
BT, I 1.0 g (38%). 'HNMR(500 MHz, CDCls, 8): 3.54 (s, -CH,CO-, 2H), 4.02
(s, -CH,Py, 4H), 7.15 (dd, J=4.9, 6.6 Hz, Py5, 2H), 7.59 (d, J = 8.0 Hz, Qu6, 1H), 7.63
(dd, J= 6.6 Hz, 7.5 Hz, Py4, 2H), 7.64 (dd, J= 4.3, 8.6 Hz, Qu3, 1H), 7.90 (d, J= 7.5
Hz, Py3, 2H), 8.52 (d, J = 4.9 Hz, Py6, 2H), 8.61 (dd, J= 1.5, 8.6 Hz, Qu4, 1H), 8.71 (d,
J=28.0 Hz, Qu7, 1H), 8.98 (dd, J=4.3, 1.5 Hz, Qu2, 1H), 11.6 (s, -NHQu, 1H). *C
NMR (125.8 MHz, CDCls), 59.5 (CH,CO), 61.3 (CH,Py), 111.7 (Qu6), 122.5 (Qu3),
122.6 (Py5), 123.5 (Py3), 124.6 (Qu9), 126.3 (Qul0), 127.5 (Qu7), 133.6 (Qu4), 133.9
(Qu8), 136.7 (Py4), 139.6 (QuS), 148.7 (Qu2), 149.4 (Py6), 158.3 (Py2), 169.9 (C=0).
FT-IR (ATR): 3252 cm™' (amide N-H), 1672 cm ™' (amide C=0). Anal. Calcd for
C3H0N505Cl: C, 66.10; H, 4.82; N, 16.76. Found: C, 65.82; H, 4.74; N, 16.84.

5.2.5. 2-[Bis(pyridin-2-ylmethyl)|]amino-/N-5-nitroquinolin-8-yl-acetamide
(H-dpaq"°*, L) DA

— (0] — (0]
WmVan WmVan
N N HN 1) KNO3, conc. HySO4 N N HN NO,

7 N 7 N
_N N\ / 2) NH3 aq. _N N\ /

Lb: H-dpag" Ld: H-dpagN©?

2-[bis(pyridin-2-ylmethyl)]Jamino-N-quinolin-8-yl-acetamide®® (1b, 1.5 g, 3.9 mmol)
% PERRER(75 mL)IZIRME L 0 °C T KNO; (0.47 g, 4.7 mmol)p - < ¥ Lz 72,0 °C
T2 MR L2881, BUSIRIGEBH LT =7 KRRz 5 L [EiK
AT Lz, 2 OREIRE A X 0 IE L EEiET 25 & B aDFERE ST,
INE: 1.4 g(82%), 'HNMR (500MHz, CDCls, 8): 3.61 (s, -CH>CO-, 2H), 4.04 (s,
-CH,Py, 4H), 7.16 (dd, J = 4.7, J= 7.5 Hz, Py5, 2H), 7.64 (dd, J = 7.5, 7.5 Hz, Py4, 2H),
7.79 (dd, J = 4.3, 8.9 Hz, Qu3, 1H), 7.82 (d, J = 7.5 Hz, Py3, 2H), 8.52 (d, J=4.7 Hz,
Py6, 2H), 8.54 (d, J=9.2, Qu7, 1H), 8.83 (d, J = 9.2 Hz, Qu6, 1H), 9.03 (dd, J= 1.4 Hz,
4.3 Hz, Qu2, 1H), 9.31 (dd, J = 1.4, 8.9 Hz, Qu4, 1H), 11.9 (s, -NHQu, 1H). *C NMR
(125.8 MHz, CDCl3, 8), 59.5 (CH,CO), 61.4 (CH,Py), 114.0 (Qu6), 122.2 (Qu10),
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122.7 (Py5), 123.6 (Py3), 124.8 (Qu3) 128.1 (Qu7), 133.5 (Qu4), 136.8 (Py4), 138.1
(Qu5), 138.9 (Qu9), 140.9 (Qu8), 149.0 (Qu2), 149.5 (Py6), 158.0 (Py2), 170.9 (C=0).
FT-IR (ATR) ; 3298 cm ™' (amide N-H), 1688 cm ™' (amide C=0), 1506 cm ™" (nitro-NO,),
1293 cm™" (nitro-NO,). Anal. Caled for Co3Ha0NeOs: C, 60.75; H, 5.86; N, 21.25.

Found: C, 61.01; H, 6.12; N, 20.98.

5.2.6. H-dpaq" and H-dpaq"°* D &A1k

87% D forR=H 16% D forR=H 41% D forR=H
93% D for R=NO, 50% D for R =NO, 2% D for R=NO,

N Fopo /

7\ 2 7\

<:3_\N/_I$N R 1) acetic acid-d, Q_QNSB_I?N%R
N 7

gr— —_— gr—
NN Ny 2) Na,COj3 aq. \ N

R =H or NO, H-dpaqR-ds (R = H or NO,)

B\ H-dpaq” & H-dpaq™®* 0 B ASEALIL SRR O ST1EIC £ 0 1772 %, 'H
NMR A7 b & NT, ZoDE Y Db A F /AL BREALE A MEE L 7o
H, HRFERITE 28T%E 3% Th o7,

5.3. SEAR G
53.1. Fe"'(dpaq®) &R D kL

Fe'"(C104);-6H,0 (638 mg, 1.8 mmol)% CH;OH (5 mL) (Z¥&fE L7z, BlDSA T
SV BN F- H-dpag® (1a—d) (1.5 mmol)% CH;OH (7 mL)RIRIEME L 7=, Z OB
& Te CH;OH IR IS8k A A > 2 &t CH:OH I8 % 5 59T T - < v &z
721%1\Z, triethylamine (0.15 mL, 1.5 mmol)& I 2. % & Wik IEkkE~ L 2L LT=,
—WEE R, BERZE AEIC X D INE L, BT 5 & a0 BRI E Lz,

5.3.2. [Fe"(dpaq®™*)(CH;CN)|(ClO,);, DE K

Fe'(dpaq®o)E—fiBICE VAR L, #5513 CH3CN /toluene (1:1) Tifk-
TRYEEEIC X » T 7=, ILE 0.68 g (64%). Anal. Caled for : Co3Hy0NgO3: C, 60.75;
H, 5.86; N, 21.25. Found: C, 61.01; H, 6.12; N, 20.98. FT-IR (ATR) ; 1609 cm !
(amide C=0). UV-vis (CH;CN): 847 nm (1279 M ecm ™), 377 nm (3776 M cm™).
ESI-MS, positive mode: m/z 567.19 { [Fem(dpaqOMe)]ClOzl}t 254.64
{[Fe"(dpaq®™®)(CH;CN)]}**, 234.11 {[Fe"(dpaq®™)]}*".

5.3.3. [Fe"(dpaq™)(CH3CN)|(Cl04), DA AR
Fe'(dpaq )l T —MIEICHEWVA AL L, F72 45 51X CH;CN /ACOEt (1:1) CTIR-IR L
HOEIZ X > T2, UE0.80 g (78%). Anal. Caled for FeC,sHp;3NgOoCly: C, 44.27;
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H, 3.42; N, 12.39. Found: C, 44.35; H, 3.24; N, 12.65. FT-IR (ATR) ; 1620 cm !
(amide C=0). UV-vis (CH;CN): 832 nm (1247 M cm '), 371 nm (2340 M ' cm ™).
ESI-MS, positive mode: m/z 537.16 {[Fe"(dpaq“")]C104}", 239.62
{[Fe"(dpaq“)(CH;CN)]}*".

53.4. [Fe"(dpaq®)(CH3CN)|(Cl04), DA Rk

Fe"'(dpaq™) T —fRIEICHEVERL L, FFEZ2 #5541 XCH3CN /AcOEt (1:1) THK-ik
JEEEIZ X » T 72, INE0.81g (76%). Anal. Caled for FeC,5sH2NOoCls: C, 42.13;
H,3.11; N, 11.79. Found: C, 42.32; H, 3.24; N, 11.53. FT-IR (ATR) ; 1641 cm
(amide C=0). UV-vis (CH;CN): 1022 nm (1610 M' cm™), 394 nm (3056 M cm ).
ESI-MS, positive mode: m/z 571.13 {[Fe"(dpaq“")]C104}", 256.60
{[Fe"(dpaq“)(CH:CN)]}*", 236.08 {[Fe'(dpaq)]}>".

5.3.5. [Fe(dpaq"?%)(CH3;CN)|(ClO,), DA

Fe"'(dpaq" )T —fEIEICHEVA R L, #FE/fE S5 12 CH;CN /AcOEt (1:1) Tifk-
WRIEEEIC L » TE BT, INLE0.83 g (78%). Anal. Caled for FeCysH,,N;0,,Cly:
C,41.52; H, 3.07; N, 13.56. Found: C, 41.57; H, 3.24; N, 13.69. FT-IR (ATR) ; 1654
cm ! (amide C=0), 1499 cm ' (nitro), 1298 cm ' (nitro -NO,). UV-vis (CH;CN): 762
nm (1379 M~ em™), 375 nm (7292 M ecm™). ESI-MS, positive mode: m/z 582.00
{[Fe"(dpaq"9})]C10,4} ", 261.84 {[Fe"(dpaq™*)(CH;CN)]}*", 241.30
{[Fe"(dpaq™“*)]}*".
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5.4. BRULFHE

Fe b s T BN O E TSy 2V ARV Z v A kU —(DPV) % VT 3 Bk
T1T - 7=(pulse amplitude of 0.05 V, pulse width of 0.05 s, sampling width of 0.02 s,
and pulse period of 0.1 s), TEFIEMITIA4, U ¥—ERIIAEY A P—, &
FREEM T Ag/Ag” (BAS #1854 RE-7) & H\\T1T - 7=, #kE&A1L CH;CN/H,0 (9:1)1
mM AR & L, ZFFEME L LT 0.1M tetra-n-butylammonium perchlororate %
WU, S| CHIEZEIT -7,

R = NO,
R = NO, 1314 mv
D —
66 mv IS"A
A 104 mv
R=Cl
R=ClI
26 mv 1050 mv/ ABmy

R=H

R=H
1025 mv
969 mv
-87 mV

-656 mV

R =OMe
R =OMe 20 pA 802mV

-90 mv

o] 500 1000 1500 0 500 1000 1500
mV vs. Fe/Fc' mV vs. Fe/Fc"

Figure 3-10. Differential pulse voltammograms of Fe"'(dpaq®) in CH;CN/H,O (9:1).
The arrows indicate scan direction.

55. BFRINA~T b v
BRI A7 hLORPEIE CHCN §1, Fe'(dpag®)? 0.25 mM, 0.02 mM ¥
R & 5T 25°C CTHIE L7z,

5.6. BR{LBUS
5.6.1. THE~ ¥ DKBILKE

PREBARARIEDCH;CNIRIE (1 mM, 1 mL, 1 pmol)iIZ B & L CT ¥~ X o %
(0.1 mmol)JJ X nitrobenzene ® CH;CNIAH#Z (20 umol, 0.1 mL) & NEEHE & L Chl x
7o BONAIRIZIEERAL K 38 DO CHCNEEHR (120 pmol, 0.5 mL) % 2 C, 45 F v
V2 OR T2 FWTIS03 T TR F LTc, T F 12O RS IR FE XA
fil i 730.63 mM, IEEE(LAKFEILTS mMIEE 13625 mMTh - 7=, mEELKE DT
THRTHRIONDBICKISBR AR L A7 a~ N 757 4 —IC TR ERY %
Em L7z, GCHIEIZIZGL Science InertCap capillary column (60 m x 0.25 mm) % %%
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7 L 72Shimadzu GC-2014 gas chromatography Z AV 7=, ZEpk#iL, €V Eextmig
o7 ay kbR ER A ER L NEIERED & O CE R LT,

5.6.2. (2E)-3,7-dimethyl-2,6-octadien-1-yl 4-methoxybenzoate DB FH) T 3 ¥ o

BRI

PREEIRARAEDOCH;CNIEIR (ImM, 1 mL, 1 pmol)\ZFE & LT
(2E)-3,7-dimethyl-2,6-octadien-1-yl 4-methoxybenzoate (500 umol)JJ1 2., nitrobenzene
DCH3CNEHE(20 pmol, 0.1 mL)Z WNHMEAE L L TINR 7o, POGHEIRIZ IR K SR
DCH;CNIAHZ(100 pmol, 0.5 mL)Z EIR T, H5KF, vV YR 72V TI150
ST TTE Uiz, 1 T2 O ROSTE R B X EREE (AR 230.54 mM, JERe{bk R
23109 mM JEES 1.09M Th o7z, wR{LKE DN T TR 100% IS
BT N H T LA AT AT B 7212, B8 L'H NMRA A Cgvl
R & e LTz,

5.6.3. HEERRIFRNAZIR

P& IR O CHCNYEK (1mM, 1 mL, 1 pmol)iZcyclohexane (0.1 mmol) &
cyclohexane-dy; (0.3 mmol) & 1 2 7=, NUSIEHRIZIEER LK FE D CH;CNIE#R (20
pumol, 1 mL)Z =R T, IR FL VU UR T ZHAWT300000 T F Lz, i\
Fefb /KSR O TR T B 553 #%1T, BUOSTE IR & 8- H L GC-MSIZ TRUS AR & &
# 72, GC-MSHIE(Z1%, Shimadzu CBP1 capillary column (ShimazuGLC, 25 m x
0.32 mm) % 275 L 7= Shimadzu GC-MS-QP5000 gas chromatography % V72, K
AR O RIEITIRFFRFR O HIZ X 01T o7, KIEI, HEAKSR & IFFARFT L
I — )L DOGC-MSIZ 1T 2 FHxt iR & % FH ) L 7=, cyclohexane & cyclohexane-d Dkt
Z1/1,1/2,1/3, 1/4, 1/5 L 2L S & TEBRZAT o 72, BHIEIZSEITY, FHAHE A 5
L7,

564. TH<UH U DKBILIZE D 13,5-THE~F v Y A —NVDERR
PREERRAE D CH;CNIRIK (125 mM, 4 mL, S pmol)IZFEE L L CT ¥~ X
%(0.1 mmol)/Jl % nitrobenzene ® CH3;CN #%ifZ(20 pmol, 0.1 mL)%Z NEERE & L C
MZ T BORSERIZ BRI /K3 D CH3CN ¥E#Z(300 umol, 0.5 mL)% 25 °C C, #f
AF, VU UURSTEFNT 300 430N T R Uiz, 1 RO RSk E
IZERBEARARIE Y 1.08 mM, EER(L/AKZEN 652 mM HE 21.7mM Tho7-, i
FE(LKRFE O T T 10 2B ICKNRIRERI L T A7 a~ N 7T 74— T
AR 7 B Uiz, EAREBEEREDO T 7y 8 OERLL 7-mERE HW
CNEENRE & el LBk 2 E & LT,
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5.7. % BEULBSECERF R

LB 51T ORCA 28 # W TiT - 72 1, EREICIE
BP(TZVQfp)iEEEH L=, =3/ ¥ —FH 1% BILYP & A\, BEEEh I
COSMO % IV 7=(CH5CN, € = 36.6), Fe(dpaq®) T4 TIK R B L REES = 1/2)
TRHR Z1T o T2, L ERE % Table 3-4 12, WLEYENL % Figure 3-11 12787,

Table 3-4. Cartesian coordinates for geometry optimized [Fe(dpaq®)(CH;CN)]".

[Felll(dpaqOMe)(CH3 (:N)]Jr [Felll(dpaqﬁ)(CHjs CN)]Jr

X y z X y z

1
o

-0.13172  0.033792  1.365843 0.401558 -0.00652 -0.24916
-0.13207  -1.94079 1.110746 -0.33465 -0.00035 1.465393
-0.00211  -4.63532 0.42245 -1.48914 0.001888 -0.81884

s
o

-0.14495  -2.31648  -0.19646 0.653996  1.96804 -0.23146

-0.05692  -2.88807 2.068377 0.632392  -1.98386  -0.2206
0.003999  -4.24369 1.76141 2.201266 -0.01335  0.64109
-0.07356  -3.65592  -0.56919 -1.72663 0.005106 1.545471
-0.04682 -2.5434  3.100398 0.52447 -0.00711 2.544908
0.061391  -4.97223  2.568866 -2.34355 0.006678 0.261158
-0.07329  -3.92135  -1.62613 -2.01854 0.003633 -2.04871
0.053957 -5.6896  0.151235 1.924957 2.346485 0.070991
-0.17825 2.011681 1.138647 -0.29163 2911487 -0.42024
-0.10298  4.717709  0.488101 1.898446  -2.37434 0.086822
-0.12454  2.946926 2.109472 -0.3231 -2.91801 -0.40583
-0.19688  2.405264  -0.16322 2.914656 1.222945 0.190025
-0.15263  3.750941 -0.51719 2.900423 -1.26116 0.199643
-0.09108 4.307687 1.821489 1.988843 -0.00566 2.133769
-0.10886  2.588234  3.136638 -3.75742 0.013331 0.116869
-0.1562  4.031003  -1.57034 -2.53854 0.010538  2.68274
-0.05006 5.025961 2.639079 2.270611 3.688782 0.199222
-0.06802 5.776601 0.231719 2.229065 -3.71953 0.224201
-2.25743  -0.00859  3.678443 -3.40747 0.009714 -2.27351
-1.27751  0.000873 4.151718
-0.21332 0.01934 3.336711
0.098854  0.005763  6.134639
1.043605 0.031615 3.901172
-1.15674 -0.0063  5.550379

1.240871 0.025107 5.305904

-0.00614 4.268919 -0.31812
-0.05272  -4.27785  -0.29495
1.293763 4.664853 -0.00175
1.242016  -4.68606 0.026966
-3.94342 0.017131 2.538015
-4.27853 0.014512 -1.20014

o o000z o T 00000z T T 0000z
O o o o0 a0 oo a0 o000 a0o0a0o00o00000a0oa0z 2z 2z Z

~J
N



2.134513  0.051487  2.985059
-2.06099  -0.02117  6.156927
0.210405 0.000592  7.218111
3.435706 0.06495  3.500804
4.284996 0.080366 2.823542
3.655928 0.058638  4.888229
4.683348 0.069384 5.246911
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Figure 3-11. KS orbital diagram of [Fe(dpaq®)(CH;CN)]".
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BEEIEN LG 4 A VR DA/ & Kt -
7 = UMENLIC X B C-H A TEME L RE

1. EF

Fe"(dpaq)(CH3CN) (dpagq: 2-[bis(pyridin-2-ylmethyl)]Jamino-N-quinolin-8-yl-
acetamido)® CH3CN/CH,Cl, (1:1)¥A#ZIZ—40°C T 0.5 24 5D IBX-ester (IBX-ester:
i-propyl 2-iodoxybenzoate)' % i &5 Z & Tk 4 fliA 3 V 884 Fe'v(0)(dpaq) %
AR UT-, £72, 25°C TEFEEZ ATV 7452 LT Fe'Y(0)(dpaq) & £
DI EMTE Iz, Z D Fe'™Y(0)(dpaq) D¥MHEIIARIMIUL A2 7 R JLRoMEA AT R
AL v, BESHT, TESIIT L > THHM L7, Fe"(0)(dpaq)iifit A izt
TR /LX—(BDE)7 81.0 7>5 96.5 kcal/mol D7 )V VAL CE =, FTz,
Fe"V(O)(Bn-TPEN) (Bn-TPEN: N-benzyl-N,N’,N -tris(2-pyridylmethyl)ethane-1,2-
diamine)=° Fe'"(0)(N4Py) (N4Py: N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)
methylamine) & Fei 4% &, Fe'V(0)(dpaq) DEE{LIE TLENLITHKI 90 725 70 mV &
THHITH 00D 5T, Fe'Y(0)(Bn-TPEN)X® Fe'V(0)(N4Py) & 7% D e bif i &
RLTc, TNODORERIZE, X VEO N T U AMUTEALL7ZT X R T =F 0
BN ER R 2 Z2 LT 20, A% Y RO M 2 m E S8 /KEBRIEX
JREAEEET D Z L AR LTV D,

“Enhancement of C—H Activation via An Anionic Ligation: Synthesis and Reactivity of A Nonheme
Oxoiron(IV) Complex with Monoamido Coordination”, Yutaka Hitomi, Kengo Arakawa and
Masahito Kodera, submitted.
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2. WE

BRZEE 4 A  FRITIEA DERK AR L EESR O o 7 VT, EERE
PEFRETH D Z LM bEREZEDTWDS 20, E7-, xR FiEs
W FFEIZ K o TIEN LERKAFERREEE SR O —FE CToH 5 Fe(Il)/a-ketoglutarate
-dependent taurine dioxygenase(Tau D)X Phenylalanine hydroxylase (PheH)I%, HfH]
R J IR D @A B 8k 4 A VTR R IR VERE & 72V KER L BOUG 2 1T
T 5 Z & DR S LTV H(Chart 4-1),

_OOC
O\ - HIS
+a-KG O/ \ASD +sbustrate
& HIS HZO
-2Hz0 ternary complex quaternary
R complex
H
OH2 oc
Hzo\F n-His EO\FéI,His
HZO/ \Asp Io) o/ \Asp J ’ |
H|s Hls I
binary complex quanterry complex
-product intermediate
+3H,0 -co u /
“oocC 1 1 1 1 1 1 |
O ” /\HIS _2 0 2
Asp Velocity (mm/s)
O HIS

intermediate J
Chart 4-1. Proposed catalytic cycle of phenylalanine hydroxygenases”.

BRI CEE R OB LIE R & SN D8k 4 A% VO C-H #ETE M bk
~DOIAEEZ LTI, BT MUEAWZE FAWTZIIZEN 5% <fThbhvTing 102,
B4 MMA X RIS T DT X v A ROZHEIT 2008 412 Nam 5128 -
TEIREALFTH D FeV(ONTMC)(X) (X = NCCHs, CF;CO0, or N3, TMC:
1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane) & F \ N 7= S its TlE 7 /v 4 U FH
DIKRBBALEOES & T v o DR % AU SO TN 712 K > TROSPED ¥ 70
5 EBRMESNTWD Y, AT, BRALTFRICT I RT7=F v 2 /T 58
BE8kEIATH 5 Fe'll(dpaq)Z FIWT, 44 VAT L, Do %2HH

~7z,
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3. REBE
3.1. [Fe" (dpaq)(CH3CN)|(C104)

[Fe"(dpaq)(CH3CN)](CIO,) 1Z CH;CN o, #f4 T, triethylamine O 77 1£ T
Fe(ClOy4),*6H,0 &7 X K7 =4V EH/BIUL - Th 5 H-dpaq S SHHZ LT
Bk L7=, Fe'(dpaq) it it & Figure 4-1 1277, REEOREREE 2 B 58k
3 Mg Fe"(dpaq)(CH3CN)J(ClOy) & tE#E L 7= & Z A, Fe''(dpaq) Tl Fe—Namido #&
B39 0.06 A Eoro 7=, Fe'l(dpaq)D&E 7L A2 kLI, Figure 4-2 12789 K

912 480 nm (Z Fe(Il)—quinoline @ MLCT band (MLCT: metal to ligand charge
transfer)| 2 J& S 41 2 WA R 27~ L 7=,

Lo

N6 N
N3N5 Qﬁe N2 N{;Jel\l/@
SR, | ¥ ST IS
N4 NI\
o Y4

Figure 4-1. Crystal structure of the cationic part of Fe'(dpaq) shown in 50%
ellipsoids. The hydrogen atoms were omitted for clarity. Selected bond lengths (A):
Fe-N1, 1.954(3); Fe-N2, 1.952(3); Fe-N3, 1.934(3); Fe-N4, 1.905(3); Fe-NS5,
1.974(3); Fe-N6, 1.918(3).

1.0
0.8
0.6
0.4
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0.2

300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 4-2. UV-vis spectrum of Fe"(dpaq) (1.25x10™ M) in CH;CN/CH,ClL, (1/1)
at 25°C.
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3.2. [Fe'Y(0)(dpaq)](C10y)
3.2.1.  [Fe"(0)(dpaq)|(Cl04) D AFR
HESUF, —40°C T Fe'l(dpaq)® CH,CN/CH,Cly (1: DIEIEIZH LT 0.5 &

-

IBX-ester (IBX-ester: isopropyl 2-iodoxybenzoate)Z Il 2. % &, 360, 417, 607 nm |
RIS 2R B 7N B AT VAL L= (Figure 4-3),

A) B)

1.0

® © 0.8

i e |

: 500",

2 2 04F

2 T g B 480 nm
0-2F 720 nm

. . N I e . . 1
300 400 500 600 700 800 900 1000 0 50 1000 1500
Wavelength (nm) Time (sec)

Figure 4-3. UV-vis spectral change of Fe"(dpaq) (1.25x10* M) upon addition of
0.5 equiv. of IBX-ester (A) and time courses of the absorption spectral change at
480 nm (red) and 720 nm (blue) (B) at —40°C in CH;CN/CH,Cl, (1 : 1)

Fe'V(0)(dpaq)iE 686 nm (713.5 M 'em ™) & 910 nm (113.6 M 'em™ )WL K %
IRT AT VA 5z, TD-DFT §H5IC K D8k 4 i VOB AT KD
FER L BAf7e—% &Rk LUT-(Figure 4-4), £7-, TD-DFT OfER LY, ZhH 2o
DO ILHE 1L, amidoy—ds & di—=de DIRE TH D EIRE S LT,
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i
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Wavelength (nm)

|
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Figure 4-4. UV-vis spectra of Fe'V(O)(dpaq) (1.25x10* M) at -40°C in
CH,CN/CH,CI; (1 : 1). Inset; enlarged view of the selected area of a.
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Fe'l(dpaq)® CH,CN/CH,Cl, (1 : ¥ A, 25°C THy FIRIESE L G S® 5 &,
[FARE DI AT~ VAL % 7~ L T=(Figure 4-5), BeSE & OGS THER L7285 0
ESI-MS 227 MLEJIE LR, BEEBEMMIL 454 (Z[Fe'(0)(dpaq)] & HEE T
X —r MBSz, £72, Fe'(dpaq)ickt LT "0, # M &S 7o b
®, ESI-MS A7 "V ZHIE L7FEE, 2 mass unit 7 b L7 & B 456
W=7 BBl Sz, £ 72, Fe™(0)(dpaq)DIAIEIZ R LT 100 4 & H,'*0 %
W45 LEEBAM 456 O — 7 BNEIHIS N2 &6, HEEMI 454 O
v — 7 [X[Fe"(0)(dpaq)] T 5 & % % &5 (Figure 4-6, 4-7),

a) b)

1.0 0.5

© 0.8 ° 0.4-'.

g 0.6 -(EU 0.3F '._.

o ..00..

_‘3 04 § 02_ ...'....-...:4.8.0.:1:]’:."

< < 720 nm
02 01— ...o-coto--oooonooocc--.oao-oo-ou

1 1 1 1 1 1 1 1
300 400 500 600 700 800 900 1000 00 500 1000 1500
Wavelength (nm) Time (sec)

Figure 4-5. UV-vis spectral change of Fe"(dpaq) (0.60x10™* M) upon reaction with
O, (A) and time courses of the absorption spectral change at 480 nm (red) and 720
nm (blue) (B) at 25°C in CH;CN/CH,Cl, (1 : 1).
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450 455 460 450 455 460
m/z m/z
b) d)
|, | ] 3
— T —— ———
450 455 460 450 455 460
m/z m/z

Figure 4-6. ESI-MS spectra of [Fe'V(dpaq)(O)]" prepared via the reaction of
[Fe''(dpaq)(MeCN)]" with (a) O, and (c) "*O, in MeCN/CH,Cl, (1:1) at 25 °C. The
simulated isotope patterns of [Fe' ' ('°O)(dpaq)]” and [Fe'(**O)(dpaq)]” are shown in

panels b and d, respectively.

a) b)
Jd [
445 450 455 460 465 445 450 455 460 465
m/z m/z

Figure 4-7. Isotope patterns of the ESI-MS peaks assignable to [Fe' (O)(dpaq)]’,
observed upon reaction of [Fe' ('°O)(dpaq)]” with 100 equiv. of H,'O in
CH3CN/CH,Cl, (1:1). The isotope pattern shown in panel a is assignable to a mixture of
four species; [Fe"(*°O)(dpaq)]’, [Fe"V(**O)(dpaq)]", [Fe"(dpaq)(‘®*OH)]", and
[Felll(dpaq)(lgOH)]+ (15.7: 27.8: 16.2: 40.3), whose simulated spectrum is shown in
panel b.
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ARk L7z FeV(0)(dpaq) DARAMEINL A =27 L &EHEIET D &, 805 cm! 1T
vFe=O)HI R E EZ oD —7 Nl Shiz, B0, ZHWTAERLEZ
Fe"V("*0)(dpaq)Z fHV 5 & 772 em™' (Av = 33 cm )T B — 7 ABLAI & 7= (Figure
4-8), Z DOFRIRIL AT RV OFEFRIT, FiFE7e Fe=0 IREIO RN 7 Mi(Av
=36 cm )& IS 5 L/NSRETHHH, TAUTIEEI S FISHEE RO
T— KNEENDLTDEEE 27, Table 4-1 I[ZEEMR O EE 4 i A4 % FEO LA, AT
BRI A LT N L ORERR IS & & IRE1y 6D w(Fe=0)%~9 7, Fe'V(0)(dpaq)
X7 2 K7 =4 b DEFHEIZL > T FeO AN 22D Z & T v(Fe=0)
IMER 7 P LT EBE LTV D,

€
S

—

[T
700 750 800 850 900 950 1000

Wavenumber (cm™)

Figure 4-8. Infrared spectra of Fe' (O)(dpaq) prepared by using '°0, (a) and '*0, (b),
and the differential spectrum (c).
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Table 4-1. Spectroscopic properties of synthetic mononuclear non-heme oxoiron(IV)

complexes.
Complexes Amax (Nm), € (M cm™) v(Fe=0) (cm ") Ref.
[Fe"V(O)(dpaq)]” 686 (713.5), 910 (114) 805 This work
S =1 Fe'YO complexes
[Fe"¥(O)YTMC)X)*™
X = NCCH; 824 (400) 839 [21-24]
—0,CCF; 836 (250) 854 [21,23,24]
-NCS 850 (200) 820 [21,24]
—N; 850 (130) 814 [21]
—CN 858 (250) 823 [21]
[Fe"V(O)(TMC-Py)]** 834 (260) 826 [15]
[Fe"V(0)(TMCSO,)]* 830 (170) 831 [13]
[Fe"V(O)(TBC)(NCCH;)]** 885 (360) 842 [16]
[Fe"V(0)(15-cyclam)]** 750 (500) 841 [14]
[Fe"V(0)(N4Py)]* 695 (400) 824 [18-20]
S =2 Fe'YO complexes
[Fe"V(O)(TMGstren)]** 400 (9800), 825 (260) 843 [25,26]
v ) 440 (3100), 550 (1900),
[Fe"(O)(Hsbuea)] 799 [12]
808 (280)
[Fe"V(O)(tpaPh)]” 400 (-), —900 (-) 850 [10]
[Fe™(O)(TMG,dien)(X)]*""
X = NCCHj 380 (8200), 805 (270) 807 [11]
N; 412 (9700), 827 (290) 833 [11]
Cl 385 (7800), 803 (290) 810 [11]
HC —\ SHa HiC, ,/—\ CHs HaC /—\ CHs <P;_\ /—Ph HiC —\ CHs
N N N N N N N N N V-
oo Lo Lo oo GO
HyC \— TH, _\ —/ cH, o ChHs ph—’ \_/> Hc \ _J o,
T™MC TMCPy TMCSO, TBcPh 15-cylclam
\ \N— t-Bu\ \ \N— Ph
7 z VAR o=(NH /N_\<N N
o | « | g NH g "
N N N
N a3 e \ Ng A~ N N/Uph
ZN Nz \N_</N \—\N_ — HN—/_ o \N_</N T
/7 N— N o= A /7 N— ot
/ NH HN—t-Bu /
t-Bu
N4Py TMGgstren Hgbue TMGodien tpaPh

Chart 4-2. Chemical structures of the supporting ligands.
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3.2.2.  [Fe'(0)(dpaq)](Cl04) D X & IRKB

BAMAF VFIXdIUEIC4 SOEFE2ALTEY, dBLUEDSHDOIRIED L
STS=1¢8S=2DAEREL L DLEREND D, I~z X DI~ L
BRAKAMERR LR IS O BN S =2 OIRIEE L 53, £ < OIE\mxHEEx A
THETIAEERTS=1 DIRIER & 5 2 ENFMBIL TN S 10161826 EelV(O)(dpaq)
DA R EH LN E T S729IC Evans % VT Fe'v(0)(dpaq) DIRIR IR HE
TOWALZR ()R DTo, ZOFER, WEF OFNMELF perld 2.46 BM. Th
p 20 FeV(O)dpag)ix S =1 THDZ LR ST, £7-, Fe'(dpaq) &
Fe"'(dpaq)® 'H NMR A2 kLI Figure 4-9 TEHI S N7z v — 27 NI S
RinoTeZ ED, BRPICE 2, $R3IMFEIIFELRNEEZEZHNLD,

a)
I T T T T T T 1 T T T T
100 80 60 40 20 0 -20 -40
8 (ppm)
b)
Aveo = 18.9 Hz Avrms = 18.9 Hz
4
Uoff = 2.46 B.M. !
4_____,JL\______—
1 1 1 1 / I 1 1 ] I 1 1
2.1 2.0 1.9 18 03 02 01 0 -01 -02 -03

5 (ppm)

& (ppm)

Figure 4-9. (a) 'H NMR spectrum of the Fe(IV) complex generated by
[Fe''(dpaq)(MeCN)](CIOy) (4.6x10° M) with 0.5 equiv of IBX-ester in CDsCN at
500 M Hz and 298 K. (b) 'H NMR spectra of the Fe(IV) complex (4.6x10° M)
measured by the modified '"H NMR method of Evans in CD;CN at 298 K.

91



L . JULJL___
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5 (ppm)

Figure 4-10 "H NMR spectrum of [Fe''(dpaq)(MeCN)]" (4.6x10~° M) in CDsCN at 500
M Hz and 298 K.

160 I 8IO I 6|0 I 4IO l 2l0 I (I) I -2|0 I -":0
8 (ppm)
Figure 4-11 '"H NMR spectrum of [Fe"'(dpaq)(MeCN)]*" (4.6x10° M) in CDsCN at

500 M Hz and 298 K.
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3.3. [Fe"V(0)(dpaq)](Cl0,) % A 7= KB Rt

Fe'v(0)(dpaq)l& 25°C, CH,CN/CH,Cl, (1 : 1)H TR NTTEV IR DN & S5 i/

AT L, L 643 5 ThoT=(k = 7.9x107° s, = OIFEHE ITRER DOk 4
i3V B Tl R X RMETH 5 (k=2.3x10"° s for [Fe'V(O)(N4Py)]" **,
k = 58x107 s for [Fe"V(O)Bn-TPEA)]" ", k = 1.8x10° s, #;, = 10 h for
[Fe"V(O)(TMC) (CH;CN)]™ %, k=2.2x10"* s ;o = 1 h for [Fe"(O)(TMC)(O,CCF5)]"
2, = 30 sec. for [Fe"(O)TMGstren)]*” * in CH3;CN at 25°C), L 72> L,
Fe' (0)(dpaq) DIRIE % a4 L CH,CL Z R\ =D 512, CH3CN IR S H i
EERRET D &, HA 2012 D22 o7k = 3.3x10° s, Z OfEFRIX
CH;CN/CH,CI, (1 : 1)F1 ® Fe"V(0)(dpaq)?D A2 /L DI iCHg,CN*‘?DCHzClz
DRI EEND EEZ BN D, FeY(0)(dpaq) DIAHRIZ, 25°C T ethylbenzene
%Nz % &, acetophenone & 1-phenylethanol 2375 5417= (GC-MS), F7z, WY
AT MV ERIET 5 & Figure 4-12 1239 X 912, 410 nm 338 ORI A DI
E L BT, 680 nm DWW H OHEMN A STz, AT MVEALILEFE &
ethylbenzene f77E N, #HE— RSB FRZUTIEWE—IRBUGSHEE L ethylbenzene
TEEE IR U CBAF R EMBEMREZ R Uz, “IRSHEE L b =9.7x10" M 's' TH
D1,

a) b)

1.0 E0.34

So033

T 0.32
5 0.31
£0.30

e

£0.29

3
2028

Absorbance

1 | 1 1 | 1 1 1
300 400 500 600 700 800 900 1000 0 500 1000 1500
Wavelength (nm) Time (sec)

10 % kops (™)

[ 1 1 1 1
00 0.02 0.04 006 0.08 0.10

[ethylbenzene] (M)

Figure 4-12. (a)UV-vis spectral change of Fe''(O)(dpaq) (1.25x10™* M) with
ethylbenzene (0.091 M) and (b) time course absorption spectral change at 410 nm
(red) (c¢) plots of the pseudo-first-order rate constants (kq,s) for H-atom abstraction
of 1 (1.25x10™* M) with ethylbenzene at 25°C in CH;CN/CH,Cl, (1 : 1)
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KB %29 _XCHEHKFE CTEH L7 ethylbenzene-dyp & FE & L THY, KEE
O FE 2 I E L7245 5, ethylbenzene & FEEUSHFEENZE L <D Lk, =
6.1x10* M ), R FRAIFIATAAR) B (kinetic isotope effect: KIE)Z koy/ kap = 32.0
&R bz (Figure 4-13), 2D X 91T, FEICKE R KIE BWMEONT-Z b,
ethylbenzene % J/E & 9% KE{L & 1X hydrogen atom transfer (HAT) %z f# |25
B BND,

a) b)
1.0 £ 0.38
0.8 g
g ¥ 0.36
gos ;
S 3]
204 S 0.34
< £
0.2 2
2032 -
1 1 1 1 1 L 1 1
300 400 500 600 700 800 900 1000 0 2000 4000 6000 8000 10000
Wavelength (nm) Time (sec)
c)
5
= 4r
)
— 3F
x
X
L
1_
0 " 1 " 1 N 1 L
0 0.1 0.2 0.3 0.4

[ethylbezene-dg] (M)

Figure 4-13. (a) UV-vis spectral change of Fe'¥(O)(dpaq) (1.25x10™* M) with
ethylbenzene-d; (0.24 M). (b) Time course absorption spectral change at 410 nm
(red) at 25°C in CH3CN/CH,Cl, (1:1). (¢) Plots of the pseudo-first-order rate
constants (kops) for H-atom abstraction of Fe'" (O)(dpaq) (1.25x% 10 M) with

ethylbenzene.
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Triphenylmethane (Ph;CH, BDEc y = 81.0 kcal/mol), cumene (BDEc y = 84.5
kcal/mol), toluene (PhCH3, BDEc i = 90.0 kcal/mol), 2,3-dimethylbutane (2,3-DMB,
BDEc y = 96.5 kcal/mol) % 38 & L THW K5 S, ethylbenzene (PhEt, BDEc i =
87.0 kcal/mol) & [FIEEDWIL AT N IVEAL DB ST, kops & FEEIREEITKT L
Ty FLkZHEH L, LML, cyclohexane (BDEc i =99.3 kcal/mol)IZBS L
TiX, ROSEEOHEMPMZIER N T0120, kb OEBIFATZ o1
(Figure 4-14),

b)
1
~ o8}
)
- 0.6f
2
x 0.4}
o)
o
T 0.2k
00002 004 006 008 0. %071 02 03 04 05 06 07
[substrate] (M) [substrate] (M)

Figure 4-14. (A) Plots of the pseudo-first-order rate constants (ky,s) for H-atom
abstraction of Fe''(O)(dpaq) (1.25x10~* M) with triphenylmethane (©), Cumene (D),
ethylbenzene (@), toluene (m) (B) Plots of the pseudo-first-order rate constants (kobs)
vs. 1,3-dimethylbutane ( A) and cyclohexane (A).

Table 4-2. Summary of data for the reactions of various hydrocarbons with

Fe'"(0)(dpaq)
Alkane BDEcy (kcal/mol)  k, M 's™) Products
Ph;C-H (1) 81 0.048 Ph;OH
Cumene (1) 84.5 0.0062 PhC(OH)(CH;),
PhC(O)CH;
Ph-Et (2) 87 0.0097 PhCH(OH)CH;
PhC(O)CH;
Ph-Et-d; 0.00030
(KIE = 32)
Ph-CH;(3) 90 0.0039 PhCHO
2,3-dimethylbutane (2) 96.5 0.00046 CH;C(OH)CHCH;
Self-decay (in 1/1) 0.00016 (s™)
(in CH;CN) 0.000033(s™)
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BH LIz hZT VD C-HEEDOHTELZ LT, 1 DO C-HfEEHT-
DO ZRSHEEER 2R Lz, 2D k’Z BDEICK LT Fay b L2
2 Figure 4-15 IR X 9 ICTEMBEBR GO, kb, BEEO N4Py X
Bn-TPEN % A9 % &k 4 ffi4 3 Vi & [FERIZ Fe'Y(0)(dpaq)?D 7 /L 71 L HHD KRk
Bt CORGEE ML HAT ThH B2 bbb, £, TORIGEX
Fe'"(0)(Bn-TPEN) > Fe'V(0)(dpaq) > Fe"V(O)(N4Py) T&H - 7=,

0 _
Ph;CH
_1 - |:| cumene
‘T R O PhEt
(7))
N -2 O PhMe
= O ]
~ A A o
o -3 2,3-DMB
O
3 A 5
-4F N
-5k
-6 I ] I

80 85 90 95 100
BDEc.H (kcal/mol)

Figure 4-15. Plots of log k,' for [Fe'"(O)(dpaq)]” (circle), [Fe" (O)(Bn-TPEN)]*
(square) and [FeIV(O)(N4Py)]2+ (triangle) as a function of the C—H BDEs of various
substrates. Data for [Fe' (O)(Bn-TPEN)]*" and [FeIV(O)(N4Py)]2Jr were taken from
ref 19.
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3.4. HERE R T HEE

T VT D KAV B DFRIE O ESI-MS & IE U756 5, B EBE AT 991
(28— DML TC & T2, FIREAR % — 1 {[Fe'™(dpaq)a(u-0)](Cl0)} & —Fk L 7=
(Figure 4-16), #k 3 flig& A& [Fe" (dpaq)(CH;CN)| D 7 & b= h U /LEIKRIZH LT, 3
U NaOH /KIAHR & i L7248 5, Figure 4-17 1R AT MVEER L
oo ZORIEHED AT N IVTIKEBILRIGHE DI AR b v & Bif e —E %
o~ L7, £72, Fe"(O)dpaq)% M 7= ethylbenzene /KL TH b T-
acetophenone & 1-phenylethanol DU IX 19% & 9.0% TH Y, &k 4 4% Vb
720 DULRIL 47% (47 = 19x249) T > 7=, LA EDOFER L v, Fe'v(0)(dpaq) %
12T VT RO KRG T Scheme 4-1 IR TG A F— L THITT 5 & %5
bbb,

a) b)
|-|-|—|—\LF| l....lil ..‘JI'.....
985 990 995 1000 985 990 995 1000
m/z m/z

Figure 4-16. (a) ESI-MS spectra of a reaction mixture of Fe' (O)(dpaq) and 800
equiv. of ethylbenzene. The isotope pattern shown in panel a is assignable to
{[Fe",(dpaq),(n-0)](Cl04)} ", whose simulated spectrum is shown in panel b.

0.5

0.4

0.3

0.2

Absorbance

0.1

| | 1 1
300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 4-17. UV-vis spectral change of Fe'"(dpaq)(MeCN) (0.06 mM) with 3 equiv.
of NaOH,q in CH3CN at 25°C.
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[Fe'Y(0)(dpaq)]*

|
C
I
N
“H ~OH /l =3
\ / Lo 1SS
-
A\
r.d.s N
o N \,
[Fe''(dpaq)(MeCN)|*
[Fe'Y(O)(dpaq)]*
/I ‘/
\ 11
O?/- I O‘/Fel/—N
N 7 Fe N— O
=N3 \
~ / N N
y \ |
/

[Fe'"!,(u-oxo0)(dpaq)]**

Scheme 4-1. Proposed reaction scheme of alkane hydroxylation of Fe'"(0)(dpaq).
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3.5. BB T EAL

Fe'(dpaq) & IBX-ester & S & AER% L 72 Fe'V(O)(dpaq) & MeCN /1, ZE#HE T,
25°C THA 7 Uy 7R NE A MY —HIE LI R, Figure4-18 D X 9 IZfR{k
E—7 LRILE— 7 ICRERGEENR A LT (-394 mV and 440 mV vs. Fc'/Fc),
72, EiplE 47 mV &, Fe"V(0)(Bn-TPEN)X® Fe'v(0)(N4Py) DAl % T EAL & bk
T5L, 93, B3mVIKENMIZY 7 PLTWe, ZOfERIE, 7 R7=F D/
PAZ X DEFHG- DT, RO FFRNALZ W gL 4 A VL D &
B4 MIREENZEL SN Z LICERT D EEZ6ND, 2O XD 7eIEn[iizg
YA 70 v I RVEETT ML, [FeY(0)(Bn-TPEN)] <°[Fe' (0)(N4Py)]",
[Fe"(TMC)(O)(MeCN)]" TH G ST 5 2,

5 uA

04 0.2 0 -0.2 -04 -0.6
V vs. Fc'/Fc

Figure 4-18. Cyclic voltammograms of [Fe' ' (O)(dpaq)]" (1.0x10™ M) in deaerated
CH;CN containing TBAP (0.10 M) with either an Au working electrode at 298 K.
Scan rate: 10 mV s (black), 50 mV s (red), 100 mV s (blue), asterisk is the
cathodic peak of Fe’*/Fe*" for [Fe"(dpaq)(OH)]"
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4. FER

7 X KT =F G ERE R R 4 A  $EK Fe'Y(0)(dpaq) D LRI ik Th
L7z ZOEKIIAFVEDT I v U7 I RT =4 2H5LTEY, B
{LEITTEAE, FHEORY U PUBNE2A T DEESL 4 it VR TH
% Fe'(0)(Bn-TPEN)=X° Fe"V(O)(N4Py) L W LA TH 5,

INHOEk 4 A VEER L REED HAT {52 R Z E RN E 2o 7=,
I EOFEREMNS, 7 RT7 =4 BALEEE 4 flid 5 Y $5A D & Rk e &2 %
EALT 20, A%V EOEEMELY R IE 52 LT 4 it VEHRIZ LD
AKFERFBIZHE MK T HIEHEEZ M EEET0WD B2 6D,

basic oxo-group

m
NI N

'.+ Fe OH
L« N/ \N L
/ /
anionic ligand
Chart 4-3.
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5. ER
5.1. —#%

AN -H-dpaq 1Z3CRRFLHE O HETEK L2, FTLIR A~ kLiIMIRacle 10
single reflection % %575 L 7= &34 BUR Affinity-1 spectrometeriZ ATRE(Z &L 0 HIE
L7z, UV-visible A7~ JLHIE I Agilentft #8543 UV-visible spectrometer % H >
2o 'H-NMRAXZ b VIIEIT A AE THEIMN-A 500% iV 72, BSI-MSHIE T
JEOLAEM IMS-T100CS spectrometer V72, JT3E 534713 Perkin-Elmertd:fil
Elemental Analyzer (2400 Series II)Z 72, GC-MS#ll7E!%, Shimadzu CBP1
capillary column (ShimazuGLC, 25 m x 0.32 mm)% %75 L 7= Shimadzu
GC-MS-QP5000 gas chromatography % F\ 7,

5.2. [Fe"(dpaq)(MeCN)|(ClO4) DA

Fe"(C104)5-6H,0 (0.57 mg, 1.57 mmol)iZ CH;CN (5 mL) Z MMz 7=, Bl SA T
JUVAZ BT~ H-dpaq (0.50 g, 1.30 mmol)% MeCN (15 mL)ZIAEfE L, #kA 4 K
BN Z T2 IOGEHRIZ triethylamine (0.22 g, 1.57 mmol) & N2 5 &, NEIRITIR
EICE L Uz, 3 RERIRER, SOUGTRIRIC diethyl ether & 1 2 % & ARG ERDIHT
U7, Frifl L7-EIREIE L, BT 5 ERaOBRNIE L, ILE
0.38 g (47%). FT-IR (ATR, cm™) 1600 (C=0), 1093 and 621 (C104"); Anal. Calcd for
[Fe(dpaq)(MeCN)](ClO4),-0.5CH,Cl; (Cas5 sH24ClLFeNgOs): C, 49.30; H, 3.89; N, 13.53.
Found: C, 49.45; H, 3.80; N, 13.08. UV-vis (CH;CN): 480 nm (7385 M ' cm '), 350 nm
(6576 M cm ). ESI-MS, positive mode: m/z 438.08 {[Fe"(dpaq)]}” (Fig. 4-19).

a) b)

]!.'..:.'. |—-—v—-—wﬁ—l—\‘—~l—f—v—v—v—v—‘

430 435 440 445 430 435 440 445
m/z m/z

Figure 4-19. ESI-MS spectrum of 1 in CH3CN.
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5.3. [Fe"Y(O)(dpaq)] DAAR

Fe''(dpaq)?> CH3CN/CH,CL (1/1)#%(0.125 mM, 2 mL)IZHEA T, —40°C T 0.5
4 50 isopropyl 2-iodoxybenzoate & 1 % 7=, [Fe' (O)(dpaq)] ( FF Ay 72 Fi AW Y
R Toh 5 720 nm OWILIT 30 43757 T ES L7z, ESI-MS A7 /L% Figure
420 127~

a) 454
473
438
T . T T - il L ll n A—
100 200 300 400 500 600 700 800 900
b) d)

' ;l L | [ l L "
'_l'_"lllIlIl‘IIIIlllllII lllllllllllllllllllll
445 450 455 460 465 445 450 455 460 465
m/z m/z

c) e)
RN ..|.',,.,..,
445 450 455 460 465 445 450 455 460 465
m/z m/z

Figure 4-20. (a) Full ESI-MS spectra of a reaction mixture of 1 and 0.5 equiv. of
isopropyl 2-iodoxybenzoate in CH3CN/CH,Cl; (1:1) at —40°C. (b) enlarged view of
the selected area of a (c) Upon addition of 100 equiv. of H,'*0. The isotope pattern
shown in panel a is assignable to [Fe' (dpaq)(0)]", whose simulated spectrum is
shown in panel b. The isotope pattern shown in panel c is assignable to a mixture of
four species. [Fe'(dpaq)(0)]", [Fe"(dpaq)(**0)]" [Fe"(dpaq)(OH)]" and
[Fe'(dpaq)(**OH)]" species (50.2 : 14.9 : 24.6 : 10.3).
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5.4. [Fe'"(dpaq)(O)]" D Hip

B T ¢, Fe'(dpaq) (2.45 mg, 4.25 ymol) % 85 mL ¢ CH3;CN/CH,Cl, (1/1)1&
AR LT, ZORGIRIRICIEZ 23T ) 745 LR O AN A~ L 21k
L7z BUGBAEADN D 30 20k, USRI %2 —20°C CRIUE TR A L, B
iz K-> TREOKH KR EZG7-, IE 2.0 mg (92%) FTIR (ATR, cm™) v(C=0) 1604,
v (Fe="°0) 804, v(Fe="0) 777, Anal. Calcd for [Fe(dpaq)(0)](Cl04)-0.5CH,CL
(Ca3.5H21CLFeNgOs): C, 47.34; H, 3.55; N, 11.75. Found: C, 47.53; H, 3.82; N, 11.85.
UV-vis (CH3CN): 686 nm (713.5 M ecm™), 912 nm (113.6 M cm™). ESI-MS,
positive mode: m/z 454.04 {[Fe" (dpaq)('°0)]}", 456.04 {[Fe" (dpaq)(*°*0O)]}™.

55. BRBALR

'HNMR %<2 k/Lid, JEOL JIMN-ECA500 (500 MHz) % W CHlIE L 7=, 25uL
drumond microdispenser replacement tube®!Z 80 pL @ CD;CN A¥# (with 1.0%
TMS) % N % £ UAMIAERE L L CHW -, $k85K D 4.6x10° M CD;CN (with
1.0% TMS)¥A# 600 uL % NMR H > 7 /L F = — 712 h1 A, Evans ¥£ % VT 25°C
THIEZAIT T2, WAL (Le) & A B BN FREal & v B L 27
Umeas = 0.0618(AVT /2fM)Y/?
Xmeas = Mmeas’/ Bk /NaB*)T = Umeas’/8T
xp = —(MW/2)107°
Xp = Xmeas — XD
Herr = [Bkz/NaB?) (xpT)]*?

N=-1+ (1 + lleffz)l/z

Imeas: Measured magnetic moment, Av: difference in frequency (Hz) between the two signals, T: absolute
temperature, f; NMR oscillator frequency (MHz), M: molar concentration of the metal complex, kg:
Boltzmann constant, N,: Avogadro’s number, f: Bohr magneton, yp: diamagnetic magnetic susceptibility,
MW: molecular weight of the sample, yp: paramagnetic magnetic susceptibility, yme.s: measured magnetic

susceptibility, u.q: effective magnetic moment, and N: number of unpaired electrons.

5.6. [Fe"(dpaq)(0)]"%& B\ 7z /KER{L I it D i 8k BE DR AIE

£k 4 fli4 B> CH;CN/CH,Cly (1/1)#A#7(0.125 mM)IE, #f5% F—40°C T 0.5
MED IBX-ester &SI EDH I ETAEK L, ZOBBRKREHRKT, 25°C,
UV-vis B/LHTO0.012M 75 1.0 M DIE & FUG S8k 4 i3 YV FEORE %
Agilent 8543 UV-visible spectroscopy system THIE L7z, 25°C TOk 4 fli4 x>
DR AT — RS EERTT v T 4 U T ZITU ks ZHML, 2O
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kobs ZIERIEICKI L TT By bT5H5Z2 LT ROKIGEEEK kb (kh =
hkops[sub. ) E HH L7z, KIS OWIRIL, BESNAA A7 a~ T 77 4—
(GC/MS)Z W TR O ER, FEZITV, ESI-MS & HW T O [FE 21T
ST kI TFOXEHWTEE L,

A + B(excess) ’iZ) C

C+AZD (k> ky)

d[C]_kAB k,[C][A] =0
ek 2[A][B] — k3[C][A] =
©  ky[B] = k3[C]

dA
dt

2k;[B] = kops

= —k,[Al[B] — k;[Cl[A] = =2k, [A][B] = —k,ps[A]

[A] is the concentration of [Fe'(O)(dpaq)]”, [B] is the concentration of substrate, [C] is the concentration

of [Fe"(dpaq)]” and [D] is the concentration of [Femz(u—O)(dpaq)z]N.

5.7. BRALZERIE

A7V w7 ARNVE A KU —[ZBAS CV-50W electrochemical analyzer % >
BT, CH3CN H1 0.1 M n-BuyNCIO4 2 EfAFE & L THYY, | mM Ok ARZ H
WCHIE L7z, 1EHEMmITeEMBAS)Z HY, fEHATIC BAS polishing alumina
suspension CHFEE 21T - 72#4 12 CHsCN TS 21T -o7-, W v X —FMIL A4
aA VEHWE, SMREME LT Ag/Ag reference electrode (0.01 M AgNO; and
0.1 M n-BuyNCIO,4 in CH3CN: RE-7, BAS) % H\, ferrocene/ferrocenium D FE{tiE
JCEEAL A HAEL LTz,

5.8. [Fe"(dpaq)(MeCN)|** % v 7= [Fe'y(dpaq),(n-0)* D AR,

[Fe''(dpaq)(MeCN)](C104), ® CH;CN &{1%(0.06 mM, 2 mL)iZ 25°C ¢ NaOH, (0.2
M)Z 3 S8 Z 72,  [Fe'y(dpaq)(u-O)* I HH A 2 i KRN Td» % 480 nm &
680 nm DOWLILAY 10 43 AT TZAL L7, ESI-MS A7 kL% Figure 4-21 |27~
T
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Figure 4-21. (a) ESI-MS spectra of a reaction mixture of [Fe'"(dpaq)(MeCN)]" and 3
equiv. of NaOH,q in CH3CN. The isotope pattern shown in panel a is assignable to
[F emz(dpaq)z(],t—O)](CIO4)+, whose simulated spectrum is shown in panel b.

5.9. B dR X BRI EMRAT

X A EMEAT (238 U 72 HLAE A1 CH3CN A1 3 24 O triethylamine 177E T diethyl
ether Z B M & L TH WK —RILHIEIC X V1572, T OREidh % graphite-
monochromated Mo K, radiation (1 = 0.71075 A)23#&# X172 RIGAKU R-AXIS
RAPID diffractometer Z FV T, 123 K CHE SN 21T > 72, BT —Z 1%
Crystal Clear (RIGAKU)%Z FV T, 20 1% 55.0°& L CEHHE L7, & X EHEE (SIR
2004) ([Z XV IRE LTz, KFZBUANOT X TOREPTT — X IR G L THEEL L
72. KFEJFF1T riding model & VT L7z, Fe'(dpaq)(MeCN) D dh T
— 4 % Table 4-4 (T, fnEHIEREL Table 4-5 127”7,

Table 4-4. Summary of the X-ray Crystallographic Data of Complex Fe"(dpaq)(MeCN).

Compound [Fe"(dpaq)(MeCN)](C10,)-(MeCN)(Et;N)(C1O4) (1)
Formula C;3 Hyy Cl, Fe Ng Oy
formula weight 820.49

crystal system Monoclinic

space group P21/c

a, A 12.1581(2)

b, A 23.2662(3)

c, A 13.2420(5)

a, deg 90.00

B, deg 100.4240(10)°

y, deg 90.00

v, A’ 2789.7(2)
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Z 4

£(000) 1400
Deyieqs g/em™ 1.479

T7,K 123(2)

crystal size, mm 0.100.10 0.10
w(MoKa), cm™ 0.71073

20rmax, deg 25.35

no. of reflns measd 21288

no. of reflns obsd 6520 >2sigma(I)
no. of variables 387

R* 0.0721

R,’ 0.1542

GOF 0.853

“R=3||Fo|— |F.||/ Z|Fo|. "Ry =[Z w ([Fy| — |F)* / = w F,']™

Table 4-5. Selected bond lengths (A) and angles (deg) for FeH(dpaq)(MeCN).

Fe(1)-N(1) 1.954(3)
Fe(1)-N(2) 1.952(3)
Fe(1)-N(3) 1.934(3)
Fe(1)-N(4) 1.905(3)
Fe(1)-N(5) 1.974(3)
Fe(1)-N(6) 1.918(3)
C(20)-0(1) 1.227(6)
N(1)-Fe(1)-N(2) 96.45(19)
N(1)-Fe(1)-N(3) 96.76(18)
N(1)-Fe(1)-N(4) 82.8(2)
N(1)-Fe(1)-N(5) 167.33(19)
N(1)-Fe(1)-N(6) 96.1(2)
N(2)-Fe(1)-N(3) 166.7(2)
N(2)-Fe(1)-N(4) 92.34(18)
N(2)-Fe(1)-N(5) 83.28(19)
N(2)-Fe(1)-N(6) 86.58(18)
N(3)-Fe(1)-N(4) 90.67(18)
N(3)-Fe(1)-N(5) 84.13(18)
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N(3)-Fe(1)-N(6) 90.66(19)

N(4)-Fe(1)-N(5) 84.5(2)
N(4)-Fe(1)-N(6) 178.37(19)
N(5)-Fe(1)-N(6) 96.6(2)

5.10. 75 BEVLBEECE R B

2% BELBI B ER 51T Gaussian 03 & FHUVNTIT o 72 32 i & 22 #4113 B3LYP,
(TZV(2fp)) & L=, TD-DFT % B3LYP %\, WESIEIZ(PCM, 7k b=
KUV e=36.6) MMz FHEEIT o7, [Fe(O)(dpaq)]'td 3 EIEIRE(s = 2/2) TRt
EATVY, WLEME % Figure 4-21, Table4-7 (2, A HHHEZ Table 4-6 (27777,

Figure 4-22. Geometrically optimized structures of [Fe(O)(dpaq)]”.

Table 4-6. Selected bond lengths (A) for geometry optimized [Fe(O)(dpaq)]".

[Fe(dpaq)(0)]
Fe(1)-N(1) 1.9932
Fe(1)-N(2) 2.0277
Fe(1)-N(3) 2.0272
Fe(1)-N(4) 1.9789
Fe(1)-N(5) 2.0224
Fe(1)-0(1) 1.659
N(1)-Fe(1)-N(2) 96.7
N(1)-Fe(1)-N(3) 96.7
N(1)-Fe(1)-N(4) 81.2
N(1)-Fe(1)-N(5) 165.7
N(1)-Fe(1)-0(1) 97.6
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Table 4-7. Cartesian coordinates for geometry optimized [Fe(O)(dpaq)]

N(2)-Fe(1)-N(3)
N(2)-Fe(1)-N(4)
N(2)-Fe(1)-N(5)
N(2)-Fe(1)-0(1)
N(3)-Fe(1)-N(4)
N(3)-Fe(1)-N(5)
N(3)-Fe(1)-0(1)
N(4)-Fe(1)-N(5)
N(4)-Fe(1)-0(1)
N(5)-Fe(1)-0(1)

165.6
88.6
82.8
91.5
88.5
82.9
91.6
84.5
178.8
96.7

[Fe(dpag)(O)] "
X y z
Fe -0.52634 0.010832 -0.62444
O -1.09892 0.021133 -2.18141
N 0.196423 -0.00171 1.217673
N 1.418354 -0.03656 -1.05897
N -0.78755 -1.99503 -0.48375
N -0.69119 2.026826 -0.49052
N -2.32969 0.054973 0.289967
C 1.577947 -0.03363 1.318946
C -0.66948 0.021235 2.253234
C 2.226236 -0.05204 0.049698
C 1.95091 -0.05191 -2.27212
C -2.06682 -2.32345 -0.21514
C 0.131841 -2.95977 -0.59612
C -1.95235 2.417066 -0.21912
C 0.273393 2.945889 -0.60712
C -3.03211 -1.16811 -0.18723
C -2.9722 1.309675 -0.18901
C -2.13557 0.051214 1.787412
C 3.640327 -0.0847 -0.06672
C 2.369248 -0.0485 2.45831
C -2.45398 -3.64335 -0.03969
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-2.27447
3.341959
-0.18815
0.019159
-1.50107
-1.27442
3.773868
4.177713
4.409112
-0.43045
-3.31362
-3.36468
1.142157
1.266479
1.253
-2.63951
-2.60441
-3.83517
-3.90675
1.899249
-3.4855
-3.29259
3.732568
0.826814
0.584406
-1.78072
-1.50308

3.754264
-0.08434
-4.30037
4.300583
-4.6479
4.711454
-0.08086
-0.10072
-0.09874
0.018333
1.135196
-0.97897
-2.64293
2.580563
-0.03778
-0.81461
0.936447
1.574587
-1.38981
-0.03502
-3.87878
4.03984
-0.09591
5.011807
-5.05003
-5.68518
5.761141

-0.04359
-2.46567
-0.44746
-0.45875
-0.16024
-0.16767
2.340038
-1.3744
1.120598
3.450575
-1.21061
-1.20914
-0.80913
-0.8236
-3.09938
2.217241
2.217369
0.42658
0.428925
3.429754
0.186846
0.185961
-3.47387
-0.56245
-0.54779
-0.02886
-0.0363
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B &2 7 v h HEOBIRA KBRS & FeY(0)(dpaq) D /K ERAE ST %5
HIEMEDOFH 288 UL ISR R 2157,
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Fe"(0)(dpaq®) D /K ERL LS4 3~ D IEMEITBR(LE TBAL LV A F YV oD
WREMEIKFT A Z 2RO E LT,

= b o @#E Fe'(dpaq™®?), 1% Fe(dpaq)% LAl 238IRMEZ A LN D, &
WAV 2 69 2 SRR C 5 5,

H-dpaq® BMfiz+ (R = H and NO,)D FE/KFEAITEEARMAME DIHIE 2 (L S8 5
Z L7 BRIEmMEZ m B SE D,

Fe(dpaq)$& R II IR CLEREK 4 A VL 5 2 5,
T RT =ARNLIEER 4 A% Y OB LiESTEM A EICY T N LET

HINCLZESED Z L0, % VY EORREMEZ FR- S5 2 & TKREEKX
SRS DT EASHE D,

S, ZORED LICEHELTo TN Z LIk Y, FEHMZREEAARIE DB %
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