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Abstract

Light alkanes are major constituents of natural gas. However, only limited
practical industrial processes are available for their conversion into more
valuable organic products, due to the relative inertness of their C-H bonds and
the lack of selectivity in alkane transformations. Transition-metal oxoes (M=0)
are well-known active oxidants for the oxidation of hydrocarbons, but the
underlying mechanisms of C-H bond activation by M=O are yet unclear.

In this dissertation we present a systematic DFT exploration of C-H bond
oxidation by metal oxoes. The main conclusions are summarized as follows:

1. Our calculations reveal that H abstraction (H-Ab) mechanism is a
dominant pathway in a wide range of oxidation processes involving high-valence
tansition-metal oxoes as oxidants. In some cases other pathways, such as [3+2],
may become important.

2. Although recent kinetic studies showed that metal oxo behaves like
oxyradicals in the activation of C-H bond, our theoretical work discloses that
there are intrinsic differences between these two: (i) H-Ab by oxyradical
involves three electrons and three active orbitals (3e,30); whereas H-Ab by
metal-oxo is a (4e,40) process; (ii) the unpaired spin density at the terminal
oxygen in metal oxoes is not a prerequisite for accepting a H atom, hence even a
closed-shell d° metal-oxo can act as a H abstractor; (iii) not only the reaction
enthalpy but also the coupling between PT (proton-transfer) and ET
(electron-transfer) processes must be taken into account for oxo abstraction; (iv)
the alkyl radical formed upon H-Ab from alkane by metal oxo can be quickly
rebounded to the nearby oxygen, greatly prohibiting the unselective radical-chain
reactions.

3. A closed-shell metal oxo can adopt a radical pathway by opening its M=O
7 bond and, accordingly, the reactivity of a metal oxo depends on the character
of "m0 . This finding is of great importance to the design of effective catalysts
for the oxidative activation of light alkanes.

Keyword: metal oxo, activation mechanism of C-H bond, H abstraction
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Table 1.1.1 Processes for the conversion of light paraffins (C,-Cs4) *

raw

material product phase development stage
methane chloromethanes gas, het. industrial
methane methanol gas, het./hom. pilot plant
methane syngas gas, het./hom. research
methane ethane, ethylene gas, het./hom. pilot plant
methane benzene gas, het. research
ethane acetic acid gas, het. research
ethane ethylene gas, het./hom. research
propane acrolein, acrylic acid gas or liquid research
propane propyl alcohol liquid, hom. research
propane acrylonitrile gas, het. demonstrative
propane propylene gas, het. research
n-butane acetic acid liquid, hom. industrial
n-butane maleic anhydride gas, het. industiral
n-butane butadiene gas, het. industrial
i-butane methacrylic acid gas, het. pilot plant
i-butane isobutene gas, het. research
i-butane t-butyl alcohol liquid, het. or hom. research

Het: heterogeneous; hom: homogeneous; het/hom: indicates the likely presence of a
mechanism initiated on the catalyst surface and transferred to the gas phase.
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PRl FIA P FARH AR, ROVIETEC. 4% S, XA 4k
FAEPEMILIHFR “paraffin” 1 Hz | SCR R ABEKF (parum affinis) EIA]
R LN bek e LAV A1) B R T 3L C-H S8 B e AT 0 42
s ERNS RN AE G AT . AR AR 5 C-H M DA
W ATER R ? N 20 L T el S FEAH G ¥ e e A1 & ) 24

Table 1.1.2 Characteristics of some X-H compounds!*/l*!
D(X-H) LP. PA.
X-H X- pKa
kcal/mol eV eV
CH,4 CHj- 104 12.7 53 40
C,H¢ C,Hs 98 11.5 5.6 42
1’1-C3H7' 98
C;Hg 11.1 6.1
i-C;H7 95
i-C4Ho i-C4Ho' 92 9.9 44
CH,=CH, CH,=CH- 106 10.5 6.9 36
CH=CH CH=C- 120 11.4 6.7 25
H,O HO: 118 12.6 7.1 25
NH;3 NH,- 108 10.1 8.8 35
H, H- 104 154 4.4 15

H R, 7 RAMESE P C-H BEBEREMNUT A : sp C-H > sp
C-H> sp’ C-H, %eker C-H #EAE/E IR BAR Y, HILAE T Kb H I
MERET s SR sp® 2400 ) O-H SR N-H #AILL, Sk C-H gt/
B2, MAEAss SN P TP A BRI AS 2 . T I, BONEERES AN
R e e AT A 7E

CRESCHRINGE, Lol IR EZ A LR, — T IR,
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HEIUHFR, PO E b S PIe o o I e e 590 4 AL 1
PR RIS e ke il A LA AT R T s AL e Bt it -B+
SEARIR BAIE T 4 JEURHE P A 1 S SR IR I i AR, 3d 2 a4 ok
Periana %5 NRE R I LA PtCL(bmpy) kA0 F BSR40 S P (19 1
R, IR R T AR R AR B AL C-H R,
Rl pike s C-H #ERE H AT A b (0 — N E R I BRI AU, TeRoK
KA A F PR ST S  INHEC) F1X — 5 T 5T

— A, EEECA YR C-H BT 4 =20,

1.2.1 F—EENH: €SBPOX C-HERIFN

ERNEREY, RO EESS C-H NN, e msn “&B
£ Hl(organometallic)iifitt. 7. 55— AT AL KB AT 40y HRpAE B0, LI
1.2.1:

oxidative addition

- L Mn+2/ i
m N
H

L,M" + R-H

o-bond metathesis

L,M—R + R-H L,M"—R' + R-H

1,2-addition ? H

|
LM —X

LpM™=X + R-H
X = 0, NR, CR,

electrophilic activation

L,M—X + R-H LoM—R + HX

X = halide, hydroxide, triflate, etc.

metalloradical activation

R-H

[(ponRh"R] + [(poRh"'H]

[{(por)Rh"},] 2[(por)Rh'l]

Fig.1.2.1 Various pathways of C-H bond activation involving metal center.
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(1) Em (oxidative addition)

AN Gl 4 g, Bl Re. Fe. Ru. Os. Rh. Ir. Pt ZE[(E
MEEYEN C-H BB W —FIB . WETER R SR LM ]—
FR T A7 ANV AR ), B R B A R AR, — AN g A g U
(°-CsMes)-(PMes)Ir'" H,, & A LAFE G IR K 454 I &0 i P v v 4k —
(n°-CsMes)-(PMe3)Ir', FEHE— 34k C-H .

(2) oB2l{¥ (sigma—bond metathesis)

d R R AR R S 4 (R B W B A S R R S R A
A IS A oA SO . RS 3 AR Se, BRFIHIF) G Rixk
SRR Ay ILE O AR 4 RS S R4 R AL S IR S R N AT — SR
e JEE R A R(E 1L2.D)MREPE, EXFES T, Wt A
FEREREIEAL AT AN A e 1 B

() 1,2/ (1,2-addition)

1,2 I S E0K C-H s 42 8 — ARG 8 (o0 b, X2 i v ad
TR AEAE S M=NIM=0 5 M=CU 81y iy sl o e 3 4 8 (K i 454 1« Cundari
SIS T C-H B 7R — 2514 M=N (M=Ti, Ta, W) 3 Il &) L 103
WALEE, A IZ R N —AN DY L S T P R R, R

R-
i H
R'O/,, ,/’::/ ‘\
‘Ti——N<
Rll
R

(4) FEHBFE (electrophilic activation)

WA AARIE T —Lesg i 5 i & B I A2 51, TR v 77 Cn
IKERPRIF) HHREAT IR e S s P10 538 i I 2 iip AR 24 256 HRL IS
W, FEBCATE C-H SIS A I FE o i 8 561 HY, if H ReAE AR M v
s A= A2 7 I N fRHE Bl 3 (driving foree) o 57 FRLIS A0 ¥ S AL IR A K
%, A AREEIE 2R, 1,2 It DY ot i S A TVE AL, AT AT e
A L R LR
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(5) EERBAMBAEFL (metalloradical activation)

G J& i A — R A D WS AR E,  Rh(IDNIRREC 547 —
R P — AN IR 7, AE N R R A RT3 e A
SR, RO H BT U S e R AL, 3B C-H BN
W, DL 12,10 XSTEAAIHLEL H AT AT

1.2.2 BTHEFN. EAEI C-HERFL

FCARTE AL I FRAE C-H B AT A R b e R < Je TE 45 A A EL AR HIAX
SOEE B, 1y HAE SN AR B BT M-C B R X 2RiE 1k
FEME AR S AR (R T RE P AR 1 DL i H— 28 i Al e s IR AR P AR
e C-H B S th ml g T i IR e BEAAR G AL — MR 20 24 1 i Y
Fits o, LA 1.2.2:

H transfer

LyM"X + R-H LeM™IXH + Re
hydride transfer

L,M"X + R-H LyM™2XH + R+

ligand insertion

_H
LyM"'X + R-H LnM™2X
R
cycloaddition
_XH
LpM™X, + R-H |_m|v|n-2\
XR

Fig.1.2.2 Various pathways of C-H bond activation by ligand.
(1) HERTH## (H transfer)
H R C-H S RUAIER NS, B5 B msR R
VA MCTR T 0 - sRVE ¢ paivav -l s G 2l R SRS RN s O e e AN E N R B e
i S 1K S S AHSAL B R N AEHES) 30 H 1 S RCAR 2R A 7. CrOoCl,

6
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SR CUGE Iy SR T R T IX 8 S R, S B P ] RERLERL I T

o+ () — [a cI_OH]‘-J, O O

\\ 24%
N 0

CBLCl, .- - 51%]
Br “_,--"— . 6
S

a N f

ring-opened products

Fig.1.2.3 Mechanism of chromyl chloride oxidation of cyclohexane!'*!

(2) H %% (hydride transfer)

5 H R FEBAR, H #HBW A0 FA R, e C-H
PR AL, K B I B T R AR e A DAk IS A vl PR B TR
WA A R HAE LB, T4k, Mayer 252N FI 5 124 T BUE 5T
T FRORAE R R B P A AR OB, A IR C-H B 4R IR 441 vy
e HER L,

(3) EC{K4EN (ligand insertion)

TR A Y, BofA s C 7R H R T IS e — M i 2,
AN 23 A B P BB E B TR A 9, PR E S TR R
FA A BEMMO) LB R AR =P ) & 45, it B ik
EHEH R B RS T EHH ) AR D, X U]
MMO #2564k 1) 5 B AR 1] B A8 A7 2 48 (0 po-ox o) Bt A4 (147 N 12224

(4) ZRANAX (cycloadditon)

(IR 3 AN PR LERSABL, PRI Bt mf AR A By [RD R A, AHL5 3 AN )
(K152, FRISHLERS K BIPIAS B A LB IR, B JS10 H R ALy
FIAS IR R LA &5 B, 48N S Y. g R R 26 AL 1) I e B Jom ke e B 2846k
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C-H HELE RuOy L% A1) 52 ] R AL 42 HEHR I e LB EA T, R it R,

o)

0. 7 O- /Os\‘H i O- /O/H
\\RUVIII + RH —— Y 0 &/l  — Y Vi
2N\ AN\ N

1.2.3 F=HiEH: “EE” EL
PR =AM, ERIEGYIFASRIRERAEN, i It
ERMNA, W Hy0, BG Oy AEBGEIR 1 S NN, 1 d XL P Bl AL
C-H . Blln, E41 Fenton Rk n] LI A RIXFh AL, Honldg
P 32 B AR LR

H,0, + Fe*" — HO- + HO + Fe**

£

HO- + R-H — H,O +R-

R: + O, — ROO:

ROO: + Fe*'— ROO™ + Fe’”

ROO + H'— ROOH

P — )72 Ishii 4046 —{§ ] N-hydroxyphthalimide(NHPI) A1
Co(acca), 1EAMEMFFELEIRAE T3 T AP AR AT N A S0 . 1%
R NAEEA Co R4 FARMERAT, WHINA Co EhIKAE &A%
530 N #4 phthalimide N-Oxyl (PINO) H%is#44k % NHPI, 7~ K-

0
R-H + @#No- Re+ ©¢N_OH
0 0

PINO NHPI
FELLEPIAS OB, C-H B AR AE B IC &) LA T W v,
1112 i S N IR ™ AR 1) B SR YIRS = C-H 3SR IS8 AL A
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=T FEERHEDFHREEN C-HIEATREHIE

KERFEY], 1R 2 HAA S AR I 6B 4 S Re g A o A
s, Al 2 B GE 411k (oxyfunctionalize) . 5 WL 1 & S HC A AT 43 by it 48
(ox0)~ % (superoxo). % (peroxo). Z())iL % (peroxy). HHMA S
F2 3L (perhydrate). M4 (u-oxo). HFid 4 (u-peroxo)ds, 2 LR &P,

.0 .R
0 i 0-0 o-P
L,M LM LM LM
OX0 superoxo peroxo peroxy
(R=H,Alkyl)
H
»0"‘H
LM 0. .0.__ML
" -0 LM ML, LM o
perhydrate H-0X0 H-peroxo

Fig.1.3.1 Various types of metal complexes for oxyfunctionalization*®.

Forp B R U B B St — R R, RN 2
R AR A 40 R A R T B AR o A T U 4 R R AR A el (an
MnOy « RuOs. CrO.Cl, 55)# &4 2N sel LAk, S ke S H W44k
s AR Mo BV AR 4 B A AL A, BT e A AR R
WA BB e A R TG Hh O (R S S s FEAR 22 4 W 1) 1k Hp o0
WA XK IE R, W P450 H Fe¥=0 "y af DIAT RO AR 2 A7 HL
WAEY C-H 4. Rk, WFF0E 4 im0 Fh b C-H 4 7
S H AT ST (A s B0,

L5 SCERACETICY, - C-H B AE bV 4 8 i L A ) B IS IR AR KB
w oy = (1) R ML (cyclic); (2) H 1 BEBRALEE(H abstraction);
(3) ZE%Hf AHLH (oxenoid insertion), 7~ | :
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