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C-H bond energy (kcal/mol)
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85
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TZIVHDC-H FHEDIRIVF—
BALYP/6-311++G*™

R—H — R- + H-

2° camphor
®

1° toluene

10 t_butang -Io propane

o0 ®
1° butane 1° athane

2° cyclohexane
® 2° butane
®e

2° propane

®
3° t-butane

L )
2° ethylbenzene

®
1° methaneT

6

7 8 9 10
HOMO-LUMO gap (eV)

11

| Methane C-H bond

11°C—H bonds

2° C—-H bonds

3° C-H bonds

Benzylic C—H bonds

K. Yoshizawa, Acc. Chem. Res., 39, 375 (2006).
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Methanotrophic bacteria use

CH,+0, methane as their sole source of
w ) Methanol
Hydroxylase ié {omponent B Cytochrome ¢
A g
FAD Cytochrome €
Formate @ Reductase @
Dehydrogenase o o
NADH+H'

NAD

Methanol
Dehydrogenase

H,CO  Formaldehyde
chDH _ Kdﬂarbun :
Formic acid Assimilation

CO Formaldehyde
Dehydrogenase

Carbon dioxide
J. D. Lipscomb, Annu. Rev. Microbiol. 48, 371 (1994).
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Low-temperature oxidation of SO, to SO,

Selective oxidation of methane to methanol

Decomposition of NOx to molecular nitrogen and oxygen

Selective production of ethylene, propylene, and styrene from alkanes
Oxidative coupling of methanol to ethylene

Direct oxidation of benzene to phenol using molecular oxygen

Direct synthesis of hydrogen peroxide from hydrogen and oxygen
Epoxidation of ethylene by molecular oxygen

Direct synthesis of aromatic amines via aromatics and ammonia

Anti-Markovnikov addition of water or ammonia to olefines

C&EN, May 31 (1993).
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DMFE C 2009%F10H22H
(Direct Methanol Fuel Cell)

1Ah=0. 25ccMethanol

CH30H + H,0 — CO, + 6H' + 6e”
AH J— Ltk (BRED 29,800

TOSHIBA

EINAILREEE [Dynario (Fr+U#) |

hY—FK (BEE) | e B %;—EEJL

N\ ey,
6H" + 3/20, + 6e” — 3H,0 ‘;/« \‘&\'4
2 DMFCORERE TS e rcoummemss IDynario (Foru) &

[RZPReh—tUw ] (2)



Conversion of methane to methanol

(1) Commercial process for the production of methanol from natural gas

(Step 1)
CHy(g) + HO(g) — CO(g) + 3H»(9g) AHP = 49.3 kcal/mol
Ni catalyst, heat
(Step 2)
CO(g) + 2Ho(g) — CH30H(g) AHP = —21.7 kcal/mol

zeolite catalyst, heat
(2) Direct conversion of methane to methanol
CHy(g) + 1/205(g) — CH3;OH(l) AHP = =30.7 kcal/mol
- Enzymatic alkane hydroxylations by methane monooxygenase (MMO)

- Gas—phase methane—methanol conversion by transition-metal oxide ions,
MnO*, FeO™, CoO™
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Methanotrophic bacteria

(Methylococcus capsulatus (Bath) and Methylosinus trichosporium (OB3b))

CH;+ O, + NADH + H* — CH30H + H,O + NAD"

L
H H,O (\N _
< N? \ H ‘/ His147
N— e: ;Fe
His246 \ /\

H
Gluii14

Glu209
Glu144




AT/ FF 7 F—E (MMO)
CH4 + NADH + H* + O, — CH30H + NAD" + H,0

Methylococcus capsulatus (Bath)
*Methylosinus trichosporium OB3b

~ Hydroxylase (251 K) containing diiron centers
that have direct reactivity to methane

Cytoplasmic ("soluble") MMO < Reductase (38.6 K) containing Fe»>S> cluster
and FAD

~ Coupling protein (15.5 K)

Membrane-bound ("particulate") MMO Copper-containing proteins




Role of transition metals in dioxygen activation

The principal kinetic barrier to direct reaction of dioxygen with an organic

substrate arises from the fact that the ground state of the dioxygen molecule
is triplet.

<30, + 22.5 kcal/mol — 10,

Spin-forbidden reaction A4 1y
3%0,+'s - 'so 1 110, +1s - 'so
04 T - O2+'S —
v ST TRRT

Transition metals play an important role in the activation of dioxygen
for biochemical reaction with a substrate.

30, +2e” — 10,%

O oO—
- Vel o)
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(@) 2 E
o 5 d 114
/ N
E2o9 \
E1as

MMOH,, — M. capsulatus (—160°C)

. /Ez43
NH
H o\ -
No, |0 N\f
&N\Fe Ii) Fe(ll) Hq47
H246 / \ H 0/ /
o 2 O—c__
\ /O C E114
/C 0\ O o’
C ’i
E209 ( H,O
E144

MMOH,.q— M. capsulatus (—160°C)

A. C. Rosenzweig, P. Nordlund, P. M. Takahara, C. A. Frederick,
and S. J. Lippard, Chem. Biol., 2, 409 (1995).
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Structural data from Mossbauer and EXAFS measurements
of intermediate Q that has a direct reactivity to substrate
methane

- A pair of short Fe—O bonds of 1.77 A

- A pair of long Fe—O bonds of 2.05 A
- Unusually short Fe—Fe distance of 2.46 A ‘f

- 4.5 O/N per Fe Bis(u-oxo)Fe, structure

L. Shu, J. C. Nesheim, K. Kauffmann, E. Minck, J. D. Lipscomb, L. Que, Jr.
Science, 275, 515 (1997).
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O

~
Fe\o>:e
MMOH
CH, Q CH,
CH,
=0
O ~
Fe” >=e Fe/o>:e Fe >Fe
~ \ HOV \Q
Q 1
\H""CHB’ Siegbahn H
Siegbahn  *CHj (1999) .
Yoshizawa Crabtree Morokuma Friesner 3
(1997) (1997) 1999) I(é%%%;d
AL —~° O s SFe
Fe__he € \/pe F&” e ~o"
o7\ HO™ TH, CH3OH Y
— T 1
H* — H*
H
/O\



AIBYUAG |/ FFTF—EICKBAY Y DIKELRIB (FE)

H - 5O H
O
/ O Ve C/ \C/ O O\ o
QG & o o Ci ? “No of
- \ His ! _His o His .
His—Fe o —Fe_ Hls—F{a/O“‘F\/\ His—pFe " “Fe~ His~—~F\ - O\F/e’H'S
Q-0 A Q Somo Ny oo\ ° / SN0
C \ o oHLL \'0-9/ o — ¢© — o5\ / CH
/ o_ 09K 504 / O .0 + CH PToo )
C + O ~o” C 4 / A
| ) J ©
MMOH;eq MMOHp MMOHqg Methane complex
B n O, | # HOH. : HOH. 1F
‘~O I "O - e
."C) \C/ O \C/ P O\C/
/C\O d /C\O o/ /C\O o/
His— l P I/HIS His—_ \ /O\F! /HIS His— Py //HIS
Fe — € IS—F¢g Fe
e ~["™CH — ~0H" — < 5 - -
o ~ o~ | 3 o ./ \TOH /N o
Q) O \ CH N \ HO....!
/C j (o 3 C- 7 CHa
O\ P / O\C/O / N
I f |
- TS1 - Intermediate — TS2 —
HOH
/C/O O\C/ -.C_——Ou,._H
\ / & eN
His—Fe.  —Fe—"IS —Fel, , —~ :
o, . Fi\HP// 0 \ 'L / \o C‘::
"~ ‘C’ CH —
C CH ; oMo ~
! O\CEO ~c”
; |
Methanol complex MMOHT

K. Yoshizawa, T. Yumura, Chem. Eur. J., 9, 2347 (2003);
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Dinuclear copper site

PMMO X-ray structure: There are three metal centers per protomer in the crystal structure.
Two of these are modeled as mononuclear and dinuclear copper species. The third metal
center is occupied by zinc in the crystal. The zinc is derived from crystallization buffer and it

IS probably occupied by another metal ion in vivo such as copper or iron.

R. L. Lieberman and A. C. Rosenzweig, Nature 434, 177 (2005).



ONIOM-QM/MM approach to large molecular
systems

« QM = Quantum Mechanics
- MM = Molecular Mechanics

Molecular Quantum « QM region (B3LYP DFT method)
Mechanics Mechanics . pmM region (Amber Force Field)

ONIOM (Morokuma and coworkers)

His143£‘1 K e G|l;|7o
1052y & 2759

1.6431 " 42740 .
o ©"2.736%,  ,+"1.578

=71.021
1457 ,1381

J J1 509+ 1.297

PDO . 1.4:;0 o

QM region t-* Ser362 Gin141
His143 't"\ “"i‘ ;

Glu170° \Jl/
o /\\ Glu.221

13,543 atoms " libose

o
An optimized structure of TS for an
H-atom abstraction.

T. Kamachi, T. Toraya, and K. Yoshizawa, J. Am. Chem. Soc. 126, 13908 (2004).
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Resting state Cu''-oxo species

GIn404

K. Yoshizawa and Y. Shiota, J. Am. Chem. Soc., 128, 9873(2006).
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6)‘5"/0)*@1 b

;1 .970 %
2.042: 2
847

2 498
ﬁk

3Rm

Oxo complex + CH,4

’
3.9 Rm

Singlet
Triplet

In kcal/mol

0. 971 J

3. 423 .060
'LjOGZ
Cu-O =3.787

Rad,,

3 55‘h

227
1.932 1.92
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Resting state

Bis(u-oxo)Cu'lCu'!l species

Glu351_

4 1 His139 ﬁ‘\o

\ J
- 1.243 p
» 030 1.335: hd -
5 1-?[99'.'4-.762 1.972 _
2.024 {;5;/ 1,998 & ’
1.933%" 1.804

His33 =

il

wll

0-0 =2.405

K. Yoshizawa, Y. Shiota, submitted.
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Methane hydroxylation by the bare iron-oxo

complex

Helmut Schwarz's group

lon cyclotron resonance conditions

CH3OH (41%)

H O—Fe"'—C H 3

;

FeOH* + CH3 (57%)
FeCH,* + H,0 (2%)

Fe*

N,O

FeO*

CH,

Chem. Eur. J., 3, 1160 (1997); J. Am. Chem. Soc., 120, 564 (1998); Organometallics, 17, 2825 (1998); J. Biol. Inorg.
Chem., 3, 318 (1998); J. Am. Chem. Soc., 121, 147 (1999); J. Am. Chem. Soc., 121, 5266 (1999); J. Chem. Phys., 111,
538 (1999); J. Phys. Chem. A, 104, 2552 (2000); J. Phys. Chem. A, 104, 9347 (2000); J. Am. Chem. Soc., 122, 12317
(2000); Organometallics, 20, 1397 (2001); J. Phys. Chem. A, 106, 621 (2002); Coord. Chem. Rev., 226, 251 (2002); J.

Chem. Phys., 118, 5872 (2003).



Energy diagram for the conversion of methane to
methanol by FeO*

Q _+Fe~ _
+,4 + / "":CHgj + (4
FeO*(*A) + CH,4 Fe. 'H \ - Fe* (*F) + CH3;0H
FeO*(53) + CH, ¢ Q Fe* (°D) + CH;OH
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K. Yoshizawa, Y. Shiota, and T. Yamabe, Chem. Eur. J. 3, 1160 (1997); J. Am.
Chem. Soc. 120, 564 (1998).



Energy diagram for the conversion of methane to
methanol by ScO*
Hoé--;CHS
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Energy diagrams for the conversion of methane to
methanol by CuO+

3 Y. Shiota and K. Yoshizawa, J. Am. Chem. Soc. 122, 12317 (2000).
CuO™(°II) +CH,4

H-atom abstraction

32.3 (0.1)
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Spin inversion

-50.0
O—Cu*—CH, -64.8
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The dotted lines in the region of CuO*, CuO*(CH,), and TS1 indicate the use of the spin-unrestricted method.
Values in parentheses are energies in the open-shell singlet.



Reactivity to methane of bare transition-metal

oxide ions

MO* State BDE (kcal/mol) Atomic spin density AE (kcal/mol)
M @)

ScO™+ Iz 156.1 0.00 0.00 73.5
TiO* A 155.1 1.14 0.14 724
VO* > 1372 233 033 545
CrO* 3 813 3.65 065 13

MnO* N 564 4775 0.75 262
FeO* o3 752 3.86 1.14 ~126

“A 694 362 0.63 -

CoO* A 733 2.68 132 256

1 499 261 061 -

NiO* > 69.3 153 147 265

> 579 023 123 -

CuO* T1 376 047 147 500

> 0.00 0.00 -

Y. Shiota and K. Yoshizawa, J. Am. Chem. Soc. 122, 12317 (2000).



Reaction efficiencies ¢ (%) and product branching
ratios (%) for the reactions of methane with MO™

MO* ¢ MOH* + CH; MCH,* + H,O M" + CH3zO0H
MnO* 40 100 — < 1
FeO™ 20 57 2 41
CoO" 0.5 — - 100
NiO™* 20 - — 100

D. Schréder and H. Schwarz, Angew. Chem. Int. Ed. Engl. 34, 1973 (1995).



