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Introduction

metalloenzymes are well investigated
e.g. P450

............

"
------------

7) | )(H:D | //foi
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auto-oxdalion
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[Previously determined crystal structures:|
(1) P450 . aquo Fe"

(2) P450 . camphor Fe'

(3) P450 . camphor . CO Fe'"

(4} P450 . product Fe'l

...........................................

(5) P450 . camphor Fe'
(6) P450 . camphor. O3 Fe'
(7) P450 . activated oxygen Fe’

O\ RH
1
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Ref) I. Schlichting et al. Science 2000, 287, 1615.



Introduction

Naphtalene dioxygenase Ref) S. Ramaswamy et al. Science 2003, 299, 1039.

A O 0]

K]/\fo\ . Ferredoxin ”\]/\(«Ox .

N O--FE oy e N 0———‘FB"§\OHE
[2Fe% B Air oxidation [2Fe28m
(2)
(1)
Substrate

Ferredoxin // product Oz

.

OI T\f—- E'ez‘o"o Cf
o\ [2Fe2S],, o
KN(-\U?-— Fe** ot (3)\ K):\f “Felom,
[ZFB% 3 [2F925m
A
(6) (@) model study of M-0O2
Substrate
2H* p 0,
We can...
kf\f . understand the O2 activation mechanisms
—¥elo
[2Fe28h ’ &

apply M-02 to organic reaction !!
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Synthesis of Metal-Superoxo and
Peroxo Complexes

o” M=cr M=Mn, Fe,Co
=N 0, N: N H,Opbase  No\-/——

/ = ; 7 /> Ml|~*“'} 2-2 . I
N"”" —N A N=T B N{'”M N/
Cr(lll)-superoxo M=Ni C|HyOo/base M(Ill)-peroxo

JACS, 2010, 132,5958. - |
.
N—‘ J_,...---*N N“‘
b R L e f
T -
Ni(ll)-superoxo Ni(lll)-peroxo

JACS, 2006, 128, 14230.
Nat. Chem. 2009, 1, 568.



CrCl, +14-TMC —— [Cr'(14-TMC)(CI)]*

Cr-O2 complex

» [Cr''(14-TMC)(O,)(CI)]*

CH3CN
MeCN, Ar i 3 . )
(1.0eq) (1.0eq.) blue solid O, bubbling, -10 °C violet solid
0-0 bond length: 1.231(6) A X-ray “®
Me Me _ P
\N/ \NI (shorter than side-on Cr(lll) complex; 1.327 A) RN
Cr-O bond length; 1.876 A . @-"“‘;_?”" :*;__}5}@
N N (shorter than side-on Cr(ll) complex; 1.882 A) ":;.:-' jz m
/ \~—— ./ \ .;:Slll . [=h] E{;’j
Me Me JACS. 2010, 132, 5958. il .
14-TMC [Cr''(14"TMC)(O,)(CI)]



‘End-On’ Cr(lll)-Superoxo Complex

characterization
a) UV-vis absorptionspectra

&
resonance Raman spectra
(a) 4 0.8 (b)
2l A @

- 3- ;é; M F0.6 o
E = 1104 3
E 2 = I I I B 0 4 1
£ 1000 1100 1200 g
@ 14 Raman shift / cm’ 02 A
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0 L 1 T - 0-0
400 600 800 1000
. Wavelength / nm
UV-vis R
—— [Cr(14-TMC)(C))] g
+
— [Cr(14-TMC)(02)(Cl)] — 1802

b) ESI-MS analysis
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0-0 stretching vibration '°A-13A = 66 cm™ (calculated '°A-13A = 67 cm™)
[Cr''(14-TMC)(0,)(CI)]* : 1170 cm™"

reported Raman shift of end-on Cr(lll)-superoxo complex

PNAS. 2003, 100, 3635.
[Cr(O,)(H,0)5]?* = 1166 cm™"

reported Raman shift of side-on Cr(lll) complex [TpBYCr(pz'H)(0,)]BARF = 1072 cm™



Ni-O2 complex

JACS. 2006, 728, 14230. O, bubbling

Ni(14-TMC)](OTf ot
blue EtsN (10 eq.) —
lOz bubbling [N'(14 TMC)(Oo)I"
green-brown
2+
ey
(1”1%0/ N
} N
CI["{N'% q
Ni-O-O-Ni
red DFT optimized structure

ﬁ &
NFF.’,"_|_""N—|

rRaman; 1131 cm-1
Ni%*-superoxo

ESI-MS; 346.1 (calcd. 346.1)
350.0 180,

XAS (X-ray absorption spectroscopy)

8333.9 eV -> characteristic of Ni2*
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« 0.2 s
f__.-'.-"
T ._-:--"".
3 — ~1
i EXED S EEhl &Il

Eimcrgy [hev]

EXAFS; Ni-O 1.984 A -> end-on

Nat. Chem. 2009, 1, 568.
Ni(ClO4), .6H,O + 12-TMC

(1.2 eq.) (1.0 eq.) MeCN, reflux purple solid
e distorted octahedral geometry a
N (£O-Ni-O= 43.04°)
[ ] 0-O bond length; 1.386(4) A
N N Ni-O bond length; 1.889 A
/ \ s\ |this complex persist several days at 25 °C”
e Me
12-TMC X- ray

» [Ni(12" TMC)(CH;CN)J?*

H202 (5 eq)
EtsN (2 eq.)
» [Ni(12’ TMC)(O,)]?*
MeCN, 0 °C green solid
02 gp—as O b

w5 &Y



side-on Ni(12-TMC)-O2 complexes

Raman spectrum (442 nm)

Energy (eV)

characterization
0—0 e
NN\7—=N  ESI-MS; 318.0 (calcd 318.2)
//Ni\ 803220 (caled. 3222) & || ¢
N contains O, unit AN
12-TMC E an
02-
XAS (X-ray absorption spectroscopy)
15
* Ni-12-TMC-O,
S / \ / // +\&
3 1.0+ / +
: [ Ni-14-TMC-O,
& 8330 8332 8334
E 05+ Energy (eV) f,f"_,-"
g //
/_;:.:__Z'/
0.0 T T I I I
8320 8330 8340 8350 8360

A [

D™ Ni12-TMC-0,

. Ni2-TMmc-1%0,

Ni-{12-TMC-"80,

0-O frequency 1002 cm™
peroxo < Ni-O, < superoxo
800-900 1050-1200

1000

pre-edge

Ni-14-TMC-O,; 8331.6 eV
Ni-12-TMC-0O,; 8332.3 eV
increased ligand field energy
-> Ni3*

EXAFS

Ni-14-TMC-O,; 8346.6 eV
Ni-12-TMC-0,; 8344.8 eV
maximum shift ~ 1.8 eV

Ni-O; 1.978 A -> side-on .



DFT calulation of Ni(nTMC)-O2 complexes

optimized structures with DFT calculation

small size ligand displace
Ni out of N-plane

{

allowing facile side-on
overlap with O,

side-on mode can strongly overlap
with Ni 3dyo.y» orbital and O, n*

A e 2+
[Ni(12"TMC)(O»)] _ on
[Ni(14-TMC)(O5)]
Siruciural Taramelors Wlaver Mulliken Population
' e ' Bond Oeder NiOe, F
h[é]i' (-0, IEIr:r;' Nilhde | NiNgNy | MiNNo | Ni-Oy | O, . .

1.5 214

- 30 475 710
INi(14-TMCYO!| 2y | 10 | oy | 120 | 4902 | 18

s | AT (3.41

| 2006 341 653 450
‘4 2 1.40 B35 1 - 1145 - .84
INi(12"TMC YO T o) Qe C7> sio | an | e
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Synthesis of Metal-Superoxo and
Peroxo Complexes

Co complex: Inorg. Chem. 2008, 102, 2155.
JACS, 2010, 132, 16977.

o M=cr M = Mn, Fe, Co

NTHE—=N o N N H>05/base —’1—!
/ SMil 2 SN 22 _ |||
Cr(lll)-superoxo M=Ni C|HyOo/base M(lll)-peroxo
— Mn complex: ACIE, 2007, 46, 377.
O*""O O 0O ACIE, 2009, 48, 4150.

/ M7/ or f’ M”' f
N=———=N N=——=N

Ni(ll)-superoxo Ni(lll)-peroxo

13



‘Side-On’” Mn(l11)-peroxo Complex
synthesis & characterization (Mn(14-TMC)(O2)-complex

14-TMC (1.0 eq.)

MnCI2 + TMS(CF3SO3)22CH3CN CH3CN > Mn(CF3SO3)22CH3CN CH-CN > Mn(14-TMC)(CF3SO3)2ZCH3CN
3 .
in Glove Box (1.2 eq.) 70% yield.
H202 (50 eq.)
EtsN (2.5 eq. .\
ChiCN_ T [Mn(14-TMC)(O5)]
30 sec
bond length

0-0: 1.403(4) A

(slightly shorter than [Mn(tpp)(n>-O,)] ; 1.43 A)
Mn-O: 1.884(2) A, Mn-N: 2.265(4) A

-> good agreement with other Mn"" complexes

geometry

Mn ion is very distorted octahedral.
N-Me groups are oriented syn to the peroxo ligand.

ESI-MS
343.1 (calcd 343.2)

180, : 347.1 (calcd 347.2)
contain O, unit

[Mn(14-TMC)(02)]+ This complex persisted several hour @ 25 °C !

14




‘Side-On” Mn(lll)-peroxido Complex
synthesis & characterization (Mn(14-TMC)(O2)-complex

EPR analysis
2
[Mn(tmc)] ~ [Mn(tmc)(02)]
g=2.0 EPR silent !!
100 200 300 400 500 100 200 300 400 500

BOImT _ BOImT —

(S=5/2) Mn(ll) species d4species; high-spin (S=2) or low-spin (S=1) ??

determination of spin state by HNMR spectroscopic method
(Evans method; J. Chem. Soc. 1959, 2003.; J. Chem. Soc. Dalton Trans. 1998, 2927.)

5.4us

1= 0.0618(Av T/ 2f-M)"/?

f ; the oscillator frequency (MHz) M ; molar concentration of the metal ion 1 1
T ; absolute temperature Av ; the difference of frequnecy (Hz) hlgh Spin state
between the two reference signals




‘Side-On” Mn(lll)-peroxido Complex
synthesis & characterization (Mn(13-TMC)(Oz)-complex)

H20, (5.0 eq.) Me, —_ Me
Et;N (2.5 eq.L " . °N N~
[Mn(13-TMC)](CF3SO03), [Mn"™(13-TMC)(O,)]
CH3CN, 10 °C
N N
Me/ — Me
13-TMC

bond length
0-0 ; 1.410(4) A (typical but slightly longer than Mn(14-TMC)(0,))
Mn-O ; 1.859 A (shorter than Mn(14-TMC)(O,))

geometry
nominally octahedral geometry of Mn ion center
very distorted

Mn-O, bite angle
small bite angle ; (44.55(11)°)

16



‘Side-On’ Co(lll)-peroxo Complex

synthesis & characterization
H,O, (5 eq.) Inorg. Chem. 2008, 102, 2155.

Et;N (2.5 eq.) = [Co'(TMC)(O,)I*

Co(OTf),6H,0 + 14-TMC ——— Co'/(TMC)(CH;CN)?*

CH4CN, Ar CH5CN, 0 °C
peroxo complex
UV-vis - ---comparable to the reported side-on Co''N,0, ESI-MS o
Amax = 436 Nm [Co(14-TMC)("80,)]* ; m/z= 347.1
Inorg. Chem. 2004, 43, 7558.

575nm Norg. Chem. 2004, 43, 7558 [Co(14-TMC)('80,)]* : m/z= 351.1

801 nm
EPR & NMR
Co(TMC)(CH3CN)?* ; g= 7.13, 2.15, 1.51 — typical high spin (S=3/2) Co'(d")
[Co"(TMC)(0,)]"  ; EPRsilent !! high spin (S=2) or (S=0) Co'(dg)

H>O, (5 eq.) JACS, 2010, 132, 16977.

EtsN (2.5 eq.)
Co(Cl0O,4),6H,0 + 12/13-TMC — > Co'(TMC)(CH;CN)?* > [Co'(TMC)(O,)]*
CH5CN, Ar CH5CN, 0 °C
peroxo complex

0-O length; 1.438(9) A (12-TMC)
1.438(4) A (13-TMC)
Co-0 length; 1.866 A
1.856 A
14-TMC-Ni-peoxo;1.386 A

12/13-TMC-Co; 1.866 A
12-TMC-Co; 1.889 A

CoO, angle ; 45.36° 17
45.16°




‘Side-On’ Co(lll)-peroxo Complex

synthesis & characterization

XAS analysis
-g_ 1o > pre-edge (7710.1 eV)
g reflects ligand-field strength
E > rising-edge (7721 eV)
R 054 reflects the charge at the absorbing metal
E center -> typical energy for Co>*
S > EXAFS
0.0 ===y = TW . ?m, paremeter of both of the complexes are in
7700 7720 7740 7760 good agreement with the crystal structure.
Energy / e\
UV-vis ESI-MS
[Co(12-TMC)(O,)* [Co(12-TMC)(180,)]" ; 319.1 (calcd 319.2)
Amax = 350 nm [Co(12-TMC)('80,)]"* ; 323.1 (calcd 323.2)
560 nm [Co(13-TMC)("80,)]" ; 333.1 (calcd 333.2)
shoulders at ~ 500, ~ 700 nm [Co(13-TMC)('80,)]* ; 337.1 (calcd 337.3)

[Co(13-TMC)(O,)1*
Amax = 348 nm
562 nm
shoulders at ~ 500, ~ 710 nm

rRaman (442 nm)

18A 24 cm™ = Co*0

—_
(<]

rR Intensity
—
o)

16-18A;
57 cm™' = 0-0

1
500 G0  TOO  E00 \4!0
Raman shiftfem” [C0O(12-TM C)(Oz)]+

Co(ll1)-O2 complexes exist as superoxo
complexes in solid & solution state.

[N

rR Intensity

6ALTCA; 22 cm™ = Co-G

167184
56 cm™' = 0-0

I I I I I
al0 B00 T00 g0d 900

Raman shift { cm™ [Co(13-TMC)(O,)]*

18



Co-(14-TMC)(02) is really side-on??

XAS

DFT calculation

A V7709.2 eV

1.2}

[Co(12-TMC)(02)]"
[Co(12-TMC)(CH3CN)] **

7710.1 eV

0.6 Frror 7708 7710 7712

5 W 77093eV

1.2 +
| 7710.1 eV

0.6 Frror THOG

MNormalized Absorption

[Co(14-TMC)(02)]"
[ Co(14-TMC)(CH3CN)] **

o T2

0.0

7717 7733

Energy ( eV )

14-TMC and 12-TMC complexes show Co "'
1.5 s

B v83316ev

-
0ep A 8332.

7700

A330 331 LEEE] A334

[Ni(14-TMC)(02)] " -m
[Ni(12-TMC)(02)] "

0ar

BIZET 5340 B33
Energy ( eV )

[Co(12-TMC)(02)]

44
1.88 1 ga

2.05

2%2 202
\-

1.38

1.87 [Co(14-TMC)(02)]

1.87
o218 L 23

@' 2155

14-TMC and 12-TMC 11.5 kcal/mol

complexes are side-on higher
0—O
DFT calculation N-‘\F_/7N
[Ni'(14-TMC)(O))] // 5
calc. 14-TMC
0—P
N7/ =N
[Co"(14-TMC)(O,)] N//CO\N/

14-TMC



Synthesis of Metal-Superoxo and

?.ﬂ"'I
/ S
N=——=N

Cr(lll)-superoxo

Peroxo Complexes

M=Cr M= Mn, Fe, Co
N N Hy04 el
O» / EM”"#} HgOszaseh , —rn:'l”' j
A N=——N B N&= =N
M=Ni C|H,Oy/base M(lll)-peroxo
Fe complex:

O.-'"'
N—l——=N

',.-" M"
N=———=N

Ni(ll)-superoxo

0-0
N\—[——

/ or L,,M'" f

N N
Ni(lll)-peroxo

Science 2003, 299, 1038.
Chem. Commun., 2005, 4529.
JACS, 2010, 132, 10668.
Nature 2011, 478, 502.

20



Fe=0 Complex

syntheis & charactrization

stable for 1 month & -40 °C
Science 2003, 299, 1038.

porphyrin complexes

--I'Ee.0:1.62-1.67 A (JACS, 1986, 108, 7819.)

cytochrome c peroxidase
2.2-2.5 A (Structure 1994, 2, 210.)
cytchrome P450

1.65-1.9 A (Science 2000, 287, 1615.)
(determinned by XAS)

Fe(OTf),2CH4CN Phi=0 (1.0 eq.)
(1.0 eq.) H,0, (3.0 eq.)
+ » [Fe!(TMC)(OTf),] >
14-TMC CH3CN, 12 h CH4;CN, -40 °C
(1.0 eq.) inert gas
70 % 90 %
ﬂ bond length
o Fe=0; 1.646(3) A--. closely match
0-5__ much shorter than Fe'"-O
% (1.813 A [Fe"O(L)*;
pa Science 2000, 289, 938)
o geometry

TMC coordinates to Fe in the plane
perpendicular to the Fe=0 axis, with

0 by N4~4 toward the acetonitrile ligand

by 0.0324 A. !
All N-Me pont away from oxo ligand.

X-ray Fe, O, NCCHj; are nearly collinear.

UV-vis ; Amax= 820 nm el

ESI-MS ; obs 476.9 . /<N o~ H~N>\

[Fe(IV)(0)(14-TMC)(OTf)] ‘Nr

rRaman ; ’4 ,,éFeL‘N)*o

1607: 834 cm-1
180,: 800 cm-1

)

[Fe(ll)Ha1(OH)]2

the Fe slightly out of the plane defined;

Fe=O is nestled in a bed
of six C-H and :
self-distraction is inhibited:
by these C-H groups. '

(Fe(No(L)] 2

21



Fe=0 & Fe-O2 Complexes
syntheis & charactrization

H,C, (10 eq.) Chem. Commun., 2005, 4529.
I EtsN (5.0 eq.) N 12+ -
[Fe"(14-TMC)(QTT),] N > [(TMC)-Fe"-O,]c" (L)Fe'S é
CF4CH,OH, 0 °C
UV-vis ESI-MS

600 ! § 100- 344.1 H 344.1 348.1 I|'|

= 5 | H

?, 400 = e J'

- 2 50 PERAUN ’U\/Jw U

E 200 g 342 345 348 342 345 348

¢ 5
0 2 ol 1, |
400 600 800 1000 200 400 600 800
Wavelength (nm) m/z
UV-vis; 750 nm
EPR ESI-MS; found 344.1
calculated 344.1
o ) 18 0-labeled complex; 348.1
= 82391\ g=43 X-band EPR; typical of a high-spin (5=5/2)
© g=88 Fe(lll) species
[F(TMC)(OTS),] —a: Q2

» [(TMC)-Fe"-O,]**
22

100 200 300 IPA
B (mT)



Fe=0 & Fe-O2 Complexes

syntheis & charactrization (dioxygen activation)
JACS, 2005, 127, 4178.

0, JACS, 2009, 131, 13910.
Fe'l(14-TMC)(OTf), o »  no spectral change
3
air pale green intermediate
Fe”(14-TMC)(OTf)2 - Amax; 825 nm (e= 370 M'1cm'1)
CH3CN w/ cosolvent @
viv=1/1 [(TMC)_Fe|V=0]2+
100 m, ) © | (A) mixed Fe-TMC complex and 10,
477 477 479 479 m/'z; 477 [Felv(16o)(TMC)(OTf)]+
(B) mixed Fe-TMC complex and 80,
504
TJL\* 4?75AJ ﬂé\ 4;?.;]\/‘r H’ﬂ““ m/z; 479 [Fe!V(*®0)(TMC)(OTf)]*
(C) mixed Fe-TMC complex and 160, followed
ol 1 14, by addition of H,'80

300 600 900 m/z [(TMC)-Fe'V=0J?* exchanges its
oxygen with H,O at a first rate.

23



Fe=0 & Fe-O2 Complexes

syntheis & charactrlzatlon

Oy ﬁ\

e NS R EGL L Es o0 L iDE Y 6

JACS, 2010, 132, 10668.

CRj
, IV_ 12+
(a) ' o1 520 nm no formatlon of [(TMC)Fe"'=0]-" (2)
.20 4|k
¥ ; 2
2 sl [Fe(TMC)J2* (1) + Op .\{O
= q
= 0.0 4 _ i Vo2t oxidized
ﬁ 5 j W 1 (TMC)Fe =01 (2) + products
1057 VN e LS (TMC)Fe'-00]* (3) I
u.m L + I - I ' ] L] H Hk FT - H
400 600 ] 10000 40 %0 120 160 m o4
TMC)Fe'"-O0H 4
(b) @ rds, {“ ’ o ”O}
ElTEA
T (TMC)Fe!' 221 (5)
q% These compunds were observed.
- OH 0
] {i.[H] IIJI]S IT.IIH ll.ll 5 lI.II{I @ @

|Substrate] / M 26% 21% 9% 5%

. O comes from molecular oxygen!!
KIE Value' 6.3 (determined by 180, experiment)



Fe=0 & Fe-O2 Complexes

syntheis & charactrization
EtsN (2.0 eq.) Nature 2011, 478, 502.

Fe(TMC)(OTf), + H,O » [Fe(TMC)(O,)]"
(TMC)(OTf), (5.(2)ef:|.) CF.CH,0H. 0 °C [Fe(TMC)(O2)]

first report of Fe(lll) peroxo structure UV-vis
—~ bond length a

0-0; 1.463(6) A

Fe-O;1.910 A

longer than those of

(TMC)-Fe-peroxo complexes.

geometry

all n-Me groups point to

the same side of the peroxo
moiety, as observed in

other M'"-peroxo complexes.

Ahsorbance

No axial ligand binds to A00 a00 a0 1,000
Fe trans to the peroxo ligand. Wavelangth fnm
1.5 H,o  HO
M
B 1.0 lv H 0-H
= - P =T - = o
E 0-0 0-0 0 O
E M. F =Nl H Nt fldr|F.N “HO" Ihl?ll ——N
i _ o —_— ; / _ / eV S
a 0.5 M= = “‘hl'r M= Fe ““H'r M= Fe “h Homolysis | Nes——p
ronim)-paroxa (1) Short-livad intermadiste  [ron(i-hydropercxa (2) Iraniw]-oxa (3)
1 (&, =2 ms) l l
0.0 | | | 1
LI &S00 GO0 T A0 Muclecphilic *Mucleophilic * Electroghilic Electrophilic
W avelennth inm) detommylation defarmylation  oxidation oxidation

782 nm immediately dissapeared 25
but 526 nm gradualy appeared.



Fe=0 & Fe-O2 Complexes
charactrization of Fe-OOH

EPR first shell EXAFS
Complex  Fit# Path CN R(A) o (A") AE; Error

2 21 FeO 2 1.89 2495  -37 081
Fe-N 4 217 227

g= 6.8, 5.2, 1.96

v

2-2  Fe-O 1.85 526 -1.5 072

I [ I I
100 200 300 400 Fe-N 4 217 584
Magnetic Field (mT)
Fe K pre-edae enerav and intensity fit values
Peak 1 (eV) Area Peak 2 (eV) Area Total Intensity

[Fe(lllTMC )OO (1) 71127 11.9 7114.4 5.6 175+1.9
Fe(lllTMCOOHT™ (2) 7112.9 19.0 7114.3 6.6 256+2.3

& Raman spectrum
0-0 stretch (Ayax= 868 cm™) of TMC-Fe-OOH is higher than other
high-spin Fe'-OOH(R) complexes and much higher than low-spin
Fe!l-OOH complexes.
cf) high-spin complex:[Fe(H,bppa)(OOH)]?* (Amax= 830 cm™)

Inorg. Chem. 2002, 41, 616.

low-spin complex: [Fe(N4Py)(OOH)]?* (Amax= 790 cm™)
JACS. 2002, 124, 10810.

: Fe-O stretch (A,ax= 658 cm™) is higher -OH
- : : : : O
"\;‘/\- than six-cordinate high-spin complex
(Amax= 621 cm™), indicating the absence
o ! ! ! ' of trans-axial ligand /,./ /
600 620 640 660 680 ¥50 800 B50 900 '

Raman Shift {cm”) Raman Shift (cm” ) hlgh-spln (3_5/2)
Fe' species

—




Fe=0 & Fe-O2 Complexes
formong Fe(IV)=0 from Fe-OOH

Which nathwav i< correct??
I Bub
aH- I__II .
- | —F — Prod-[0]
H =7 #-:L’ Fel¥|-oxo I
| .-.___. _||I-'|. y
o--0 Bl & t
| - G —Fe ||_]3+
=i S
2 - J' T, ol '2+
+OH Il
e —
K|

If Fe(IV)=0 were in fact product of le-
reduction of Fe(V)=0, the amount of
Fe(IV)=0 was decrease due to the
fast reaction between the highly
reactive Fe(V)=0 and the substrates.

(OH
(o) homolytic (o)
- cleavage | —
Nz [N Noll—
//Fe\ // Fel /
N N N N

Absorbance

Abzorbance

o1t
(L)Fe'{ +  HCIO,
0O (3.0 eq.)

1.5

1.0+

0.5

0.0

1.5

1.0 I'.

— cyclohexene, in CH5CN, -40 °C

+
conditions

600 800
Wavelength (nm}

+ cyclohexene, in CH;CN, -40 °C

0.4,
w 0.3 %
5 0.21
0147

600

00
Wavelength (nm)

(L)FeV=0

c c;ﬂohexene, in acetone/CF;CH,OH, -20 °C

1.0
4
3 05
a
-

1500
tis)

s

S

Absorbance

Wavelength (nm}

D+cy|(_:gohexene, in acetone/Cqu{?HQOH, -20 °C
| )

Ahsorbance

800
Wavelength (nmj}
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3. Reactivity

A. Electrophilic reaction

PPh,

B. Nucleophilic reaction
CH3 CHO

CHO_\ f

/ _\M{””'?

HCO,~ ' 1 CHL/ \-Omco
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Electrophilic Reaction

with Cr-superoxo/C-H activation
JACS, 2010, 132, 5958.

. oH Cr-Og; pseudo-first order decay & its conctants was dependent on

@)
7
N—(|) N N N [substrate]. second-order rate constants were determined.
/ \Cr”'// / \Cr”'// 20 (b) 0 =
/ N\ / N\ (a) 201 g 04
N N N N .. E s v, 47 Ax 0 s
H H KIE = 50 £ 10 3" £ o
B : 2 R, s27x10°M s
< ps5d 0 500 1000 1500 -
,)ﬁ substrates U ~ | CHRLA L tis = 0 e
: " g, T 0 | | | T
< ,l R. D. S. L\vx " 400 800 800 1000 no o 0d 0.2 0.3 04 05
o Wavelength / nm Substrates / M
myo-Inositol oxygenase
PNAS. 2004, 101, 13105. xantane DHA CHD
H H H H H H
> >
! @) rcorelation !!
@\ [u""o"""‘FcI][ OH J
Fe BDE  75.5 kcal/mol 77 kcal/mol 78 kcal/mol
KIE="8-16
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Electrophilic Reaction
with Cr-superoxo/O-H activation

O,O ’ oH Chem. Sci. 2011, 2, 2057.
/N\Cr”'//N /N\Crw//N
\
NZN NZ—N
Cr-O,; pseudo-first order decay & its conctants was dependent on
OH O [substrate]. second-order rate constants were determined.
‘Bu ‘Bu ‘Bu ‘Bu (k,= 4.7 x 10" " -40 °C)

substrates

Oxidation of para-substituted substrates. g

OH a) 4. _oMe b) ,_
‘Bu ‘Bu 2- L 2] oM e
! o
fmy ]
g o- S o0- H
2° 2" CN
Y 1 I | ] T 1
-1.0 -0.5 0.0 0.5 1.0 78 80 82 84 86
G 0-H BDE / kcal mol™
P
B 8 ;;'-_.“m:-‘a prem =g = 8= &l o L S N == _F_IE
r=aLoiii aios

sada Aadasesis &
EUE-IBILUUU!I HQ e H@&@ v itsli !IUUUU!IUUH% @&E’h@aa
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Electrophilic Reaction

O
N- N N- N
[T [oNCT
" " >_<: " "
PPh; PhsP=0

when Ni-'80, was used, '®0=PPh; was obtained.

U

source of O is Ni-O,

DFT calculation Chem. Commun. 2011, 47, 10674.

TS50 (*TSs0)
33.4(35.7)
I8, (18,

27.1 (28.6)

D s :
ISpa e ("TSyaER)
2TSpo ("TSpp) 20.6(21.5)
158 (18.9 A %
p I'Spia cnp CTSpa cHp)
15.2(15.7)
14.6 (14.9)

JTSH,‘...\.'\ {';TSH"-- XA)

R, (*R))

] } -

Oxygen Atom Transfer Hydrogen Abstraction

Ni-peroxo complex can oxidaze PPhg, XA, CHD.

In (Hute £ T)

Kobs / 1077571
n

5.0

-5.9

10k

5 W|th NI(_{14_TM C)_Oz JACS, 2006, 128, 14230.
- 0 0

a 40 B0 120

[PPh3] / mM

second-order rate constant
k=6.5X103M"'s1at0°C

1/T (107K ™)

Eyring analysis

AH¥= 6.8 kcal/mol
AS¥= 44 cal mol 'K’ -
AG¥= 18.8 kcal



A

Abs.

O2 transfer reaction

Ni-180, gave only Mn-"80 complex.

Absorption of reaction

0.4
* E o5
Y
0.6 - ; F 04
LIRS
& oz
0.4 — =
| I T |
1000 2000 300
0.2
0.0

1 |
500 600 TOO  EMD 900
Wawelength {nmy)

First order decay was observed.

B

0o with Ni(12-TMC)-O2  nat. chem. 2009, 1, 568.
N —N N —N_ M ] E 10
//\ NiIQN/ N//\Ni“\N/ oz || Mn > 7 os Sy
12-TMC sl (1 Eod -
-;* 0.6 IP I'I |I ""'3 o /
N N S_O N :E 1.4 'I lf.l'll I| h C-TI: a5 1 IE' 15
_~ N\ - W II | 8N 14 '.|‘,-1113[E}I;}.,
/ \Mnll / / Mnlll / . ',_.h T (equivalants)
=\ NZ—N N \R_ﬁ
14-TMC . .
These complexes are confirmed by ESI-MS, UV-vis. 400 600G 800 1000

Wavelength (nim;

spectral evidence for an intermolecular

kinetics

10 —

g —

E —

4 *

2 [

u ) I T I
0 10 20 30 a0

Mn{14-TMC)HOTM),] (mM)
second-order rate constant

k,=2.0 X 10-' M's1 @ -50 °C

O, transfer from N-O, to Mn.

from Eyring plot -60--30 °C

AHF = 49 kJ/mol
ASF = 76 J mol 'K
AGF =22 kJ

bimolecular mechanism
&
significant -AS value means
Ni-O-O-Mn formation is R.D.S..
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3. Reactivity

A. Electrophilic reaction

PPh,

B. Nucleophilic reaction
CH3 CHO

CHO_\ f

/ _\M{””'?

HCO,~ ' 1 CHL/ \-Omco
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Deformylation
(OX|dat|ve nucleophilic addition)

NO\_O N N | first order generatlon second order rate constants
/ \Co”'/ / Co'“ / Kobs= 1.6 X 102 ¢! ko=1.5 X 10-2 Mg @ 25°C
/ \ / N

N N N
13-TMC Eyrlng plot; CCA
@) c)
H ™ AHF= 64 kJ/mol
y 17 AS¥= .67 J mol 'K
CCA A1 AG¥= 26 kJ

12

Intk,,./T)

13 I ! I 1 1
31 32 33 34 35 38 3T

1T 107 K’
2 PPA
0—O0 0O—O
N‘\‘/F N\7/—=
Hammet plot; 2-PPA //CO\ / << //Coﬂ' reactivity
A0 N=—/—N N N
12-TMC 14-TMC
154 \LJ/
_%ﬁ 2.0 - me P = 1.7 . .
g -z deformylation was observed repulsion of O and Me
. nucleophilic|reaction but k couldn't be detected.

I I I I I
.08 -0 04 -0.2 0.0 34



Deformylation
axial ligand effect

O—/O O\—O OH
N-\—/—=N NaN3 (1.2 eq.) N:\-/—=N N=|——=N
\ \ \
Mnlll - Mnlll Mnlll
13-TMC (UV-vis) N3 N3
e
Mn-O, + N3
a) 1, b) . 124,
A 0.9 A 0.9 - ‘ i
) - o
4 0.61%
0.6 0 2000 4000 0. 0 100 200
Time /s ——= Time /§ ——=
0.3 0.3 =
A at 10 °C A at -10 °C
0.0 . . ‘ — 0.0 . . —
400 600 800 1000 400 600 800 1000
A/nm ——= Alnm —=
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Deformylation
axial Iigand effect

0—0O OH
[l e S

N N N —N
13-TMC L L
axial ligands ; -N3, -OOCCF3, -SCN, -CN
CCA

plot of logk, against E, ,

e) 2-
b 0o
] 0—O
] N\7LN IS NSWL
X/ — / ll /
/ Mn!! / - ol 0—0 =
0—o0 g N
0 - N —N & NSWLN N : o
N\AWL/N CN N 3 electron richness & reactivity
//Mnﬂ' / / 'V'”\ / -N3 > -OOCCF3 > -SCN > -CN > -
log (k, -1- N N NBWLN OOCCF3 ﬂ
Im's) Mnm
' e N . N nucleophilicity were increased by the coordination
24~ SCN of electron-donating axial rigand.
0.95 0.9 0.85 .80
Potential / V (vs. SCE) -
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Deformylation
axial ligand effect

0—oO OH
/N'\_/”I_/N /N\_l |||//N
Mn Mn 1=
NZ——N NZ——N
N3 N3 -'w
H " 10
M@ deformylated products =
H ~2 5
M@ O g R tBu”
Me By H 0 __T___T_ I I
0 1080 200 J00 400
Aldehvde / mM

structural effect

Reactivity; 1°-CHO > 2°-CHO > 3°-CHO

SO
0O R—°  cf) Chem. Eur. J. 2001, 7, 4954,
5 repulsive R E‘H 5 ) H Axial ligand pulls down Mn center.
_ - .7 — O

C{ P +X Q-0 Q 0 OH,

M' I P — ! ‘i e — I :

—" n-‘“‘-— - _-"'Mﬂ -—-‘_ _-"M“ ——— ; ".L 15

H:(‘:I{ | | | ' Mn

pull down A ¥ B X ”

DFT calculation 504 .0.63 O .

of anionic character



Summary

* M-02 complexes have been synthesized & characterized.

 The coordination mode of Oz2 are affected by some factors.
(e.g. ring size of ligand; Ni, pH; Fe-02)

* M-02 reactivity
end-on complexes -> electrophilic oxidation
side-on complexes -> nucleophilic oxidation
catalytic reaction side-on Fe-02
(TON~3)
nucleophilicity is also affected by ring
size & axial ligand



Summary of M-02 & its p

nysica

Crilllj-supera=o

PRI -erexs

Fallll}-peroxa

Callll}-praraxs

Chromium IMangancss [ran Cobalt Mickel
e 4 3| 8| 2
ﬂ f_:_’r J o—0 o—0 CI—i o
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Ml )-peraxat

ﬂ O—

A\

— gl —

Caflll}-perouo

9
i

N T

Miillli-peroso

properties

2ty

M—0 complex

Uv—vis 4 [nm] fe M- T em )

ESI-MS iz W,
iz 1505)

rkaman jom ' i Ho— 150
I:',-'I:.IJU‘— 'IJU:I:I

EPER

bond lengths
M—0A0—0 A

i

=]

9

[CF™ T A-TMCHOCH (1)
(B 1A TR0 i
[T 3T (31
[Fei 1 a-ThacioL ™

(o' 14-TMOI0]T (5)
[Ca' (13- TMCI0]* (6]

[Ca" 1 2-TMONO-IT (7)

[MI T -TMO0] - (8)

(WM 2-TMCH D] (9

331 (3800}, 391 {20},
469 (150), 549 {240,
643 (130, 675 (140}
453 {490), 630(120)
288 (2400}, 452 {390},
G615 (100)

750 (600)

436 (230), 575 (100}, 801 {90)
348 (620), 562 (210),

300 {170}, ~710{100)

350 (4501, 560

1180}, ~300 {150),

~710 190

336 (6100, 414 (130),

GO0 (30]

343 (3001, 400250),

646 (100, 899 (70)

A7RNATA0)
3431 (347,11
3297 (333.7)
3441 (3448.1)

347.1(331.0)
33311237700

3191 (323.7)

3461 (3530.0)

IR0 32200

17041 104)

g23{7an

[

S0 {545}

13111067

[ 002 {8945]

silent
Silert
silerit
§==848
5043
Silert
stlernt
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g=2.29,221,208

=222 2.17.208

spin state
a=1
=2
=2
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5=1
5=0
5=0
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=112

1E7RIANT 23106
ILBEHZ) 1 .40304)
1.859/7.410(H
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1.855/1.438(4

1.866/1.4389017)
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