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1-1. Energy demand

Quadrillion Btu Quadrillion Btu
800 770 History 2008 Projections
Il Non-OECD 791 250
Il oescD 671
619 200
600 573
505 Liquids
Coal
400 354
100 Natural gas
Renewables
200
/_NTJe—aT-
0 | T | T | 0 ! ' ' '
1990 2000 2008 2015 2020 2025 2030 2035 1990 2000 2008 2015 2025 2035
Year Year
World energy consumption World energy consumption
by fuel
4
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1-2. Energy-related effects

Billion metric tons Dollars per barrel

20 Liquids 200 - History 2009 Projections
Natural gas High Oil Price
__Coal OECD g
15 150
Reference
10 100
Non-OECD
Low Oil Price
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1-3. Our task

Now there are sufficient amounts of oil reservoirs to satisfy
our current needs even if the utilization of oil is on the verge
of becoming uneconomical.

However...

We must think about how to develop new resources/methods to replace
the current resources or at least to compensate its consumption in some
percentage toward green and sustainable society.



1-4. Resources

Renewable energy

Solar
energy
Geothermal
energy

Biomass



1-5. Biomass
Biomass = Bio(Living thing) + Mass(Amount)

Biomass = Biological materials derived from living, or recently
living organisms.

Waste biomass Unused biomass Resource crops




1E EETIL i E R R E

1-6. Biorefinery

Conversion of biomass

Chemicals




1-7. Conversion of biomass

Char
> HydrocarbonC t lectivit
. Gasification Gas Mixture ©OST, SEIECTIVILY
Thermochemical (Partial air, ~700°C) (CO +H,)
Tar o
: » Oil Cost, selectivity
Pyrolysis Gas mixture
Starch/Cellulose (No air, ~700°C)
Biochemical to Glucose
(Enzyme) Glucose
Biomass » Degraded 45t selectivit
Supercritical products : y
( ~350-400°C,
, ~20 MPa)
Seeds to Oils
Agrochemical (Biodiesel) Chemicals
Extraction > Vi
( ) Minoral Acd Sugars Cost, selectivity
(HCI, H,50,)
Nood o £ Chemicals Green economical
: > 00d 10 Energy — ’sl]gars
Direct Aeterogeneous Process
Combustion catalytic process
(Heat)

10



1-8. Plant-derived biomass

Plants produce carbohydrates such as starch, cellulose,
hemicellulose, lignin.

Structure of starch molecules

Amylose

OH OH OH OH
0 0 0 0
N\ AOH OH OH OH
O 0 o) 0 o/
OH OH OH OH

Amylopectin 0 0

11

\OH

@@5% o

a-1,4 or a-1,6 linkages, constituent of
food materials

Structure of cellulose molecules

OH OH
e “&/O e _lo'-" -y mk“,.f-o OH o
° 4o OX/N/HO
c,\/@/oh_%\of HO = ow ©

H OH
“
H o]

o H OH
0 0 g0
/ HM/ K,_.\A/ m K,.\A/O
HO— HO
OH OH

OH

OH o’QOH ‘H {mCOH ~OH
o o oM o 0 0 o g 0
/z‘ ,
/ / /
HO HO HO HO
.l
H

HO,
0 Y v
O OH / /
| /\/ 0 O‘““r/\ \/OH o _O—__
O A o ]
j Y OH y o OH
HO HO HO HO

B-1,4 linkages, constituent of
wood



1-9. Plant-derived biomass

Intramolecular
HO,
HO
4 oy OH
¢ OH

Characterization tools such as
Intermolecular

o p L o X-ray diffraction (XRD),
?{ g /?’ NMR spectroscopy
HO' 'o“o o
Q_Hun

i are generally used to check the

..... crystallinity of cellulose.

Hydrogen bonding in cellulose

12



1-10. Conversion of cellulose

13

OH
HO 9
H&/-O
OH

OH -
OH OH
HO Oﬂ HO OH
O HO O 0
OH
i OH J, OH

l Hydrolysis Chapter 2

OH OH
P

HO

OH OH

l Hydrocracking Chapter 3

OH OH

OH OH
: HO” "
OH OH

Cellulose

Glucose
Chemicals, fuels, foods, medicine

Sorbitol, Ethylene glycol
Chemicals, fuels, medicine, PET



Contents

2. Hydrolysis of cellulose

14



2-0. Hydrolysis of cellulose

Intramolecular
HO,
Ho HO
o'i,,. o ."
s o ] 4 OH
(] OH"'. o »

HO
= Ho :° Intermolecular
T \'.‘. +
e OH OHD e OHeanan HO. HZO, H \
os“ o
v ?’ﬁ > Glucose
Yo (+] c,m /
HO 9-."!". HO qH lllll
2 o HO. - .‘.. o -----
Om %
N o ., Intersheet
Q, %
HO' .‘140- o
HO' OHapyy Ho  oHme

Hydrogen bonding in cellulose

15



2-1. Hydrolysis of cellulose with solid acids

glucose water soluble by-products 0.01 M H,80,
= 100 :
Blank Formation of
SiO, . by-product
2 by-product
y-AlLO, E so0 t glucose
H-mordenite (10) Si/Al ratio=10 ;j’
H-beta (12) ] Si/Al ratio=12
: : Hydrophobic o # - - ~
H-ZSMS5 (45) Si/Al ratio=45 y P 0 0 24 48 ”
: C..
High stéablllt AC-SO,H
AC-SO,H SO3H group; g
Sulfated zirconia ] SO3H group
Amberlyst 15 SOs3H group =X
< s | glucose
0 235 50 g
Products yields / C-% i d
- - - - y-pro uct o
Cellulose hydrolysis over various solid acid catalysts at 0 ¢ % - :
423 K. Reaction conditions: milled cellulose 45 mg, catalyst 50 mg, 0 24 48 72
distilled water 5.0 mL, 24 h. Reaction time / h

16 K. Yanagisawa et al. Green Chem. 2008, 10, 1033.



2-1. Hydrolysis of cellulose with solid acids

Ball-milling of cellulose

| | ! I | | !

=
«
B ¥
2 Amorphous cellulose
w2
8 6" ||
E /
ol
N*"j W
10 30 50 70
2 theta / degree
XRD pattern SEM image

17 K. Yanagisawa et al. Green Chem. 2008, 10, 1033.



2-2. Hydrolysis of cellulose with amorphous carbon

Hydrolysis of Crystalline Cellulose by Various Acid

Catalysts®
maximum  surface yields of
functional density acidity area hydrolysis
catalyst groups mmolg ™~ H, m2 g~ products
H>SO,4 204 —11 — glucose: 10%
p-14
glucan: 38%
niobic acid acidic OH 04 —5.6 90 —
H-mordenite acidic OH 1.4 =56 480  —
Nafion SOz;H 09 —Ilto—13 <1 —
Amberlyst-15 SOz;H 48 —2.2 50 —
carbon material SOz;H 1.9 —8to—I11 2 glucose: 4%
(CHo6200.54S0.05) Amorphous carbon
High stability COOH 0.4 — p-14 gave high activity:.

glucan: 64%
phenolic OH 20 —

“ Catalyst, 0.3 g; cellulose, 25 mg; water, 0.7 g; reaction time, 3 h.

18 M. Hara et al. J. Am. Chem. Soc. 2008, 130, 12787.



2-2. Hydrolysis of cellulose with amorphous carbon

XRD pattern and Raman spectrum
| 1580,cm-1

1350 cm-

Amorphous carbon

Intensity / a.u.

{(2.0mmol g) é 2
o

Amorphous Ca.1nm
carbon, T 0 L |
10 20 30 40 50 60 1200 1400 1600 1800
20/ degree Raman shift / cm-

FTIR spectrum and 13C MAS NMR spectrum

C=0bend.OHbend.
1715ecm™' 1606 cm"” 130 ppm

e 05205 |
\ 1377 cm” 155ppm

SO, str. i

11040cm? |

i x2} 180ppm |

OH str.

1.0

Absorbance

§(0.4mmolg") I

L 1 1 i
1000 300 200 100 o]

l ¥ 4000 3000 2000
Wavenumber/cm-! . . 3/ppm
ca.1nm SO3H group, polycyclic aromatic carbon

atoms, phenolic OH, COOH group

Elemental analysis and cation-exchange
experiment (CHo0.62200.540S 0.048)
19 M. Hara et al. Nature 2005, 438, 178.

M. Hara et al. Angew. Chem. Int. Ed. 2004, 43, 2955. M. Hara et al. J. Am. Chem. Soc. 2008, 130, 12787.



2-2. Hydrolysis of cellulose with amorphous carbon

Conversion ofcellobiose /%

0w b 100 Om 100
(b) B Cellohexaose
| . ® Glucose
20 \ 1 80 < 20 } 1 80
\ m Cellobiose & S
40 - ® Glucose | gp § E 40 1 6o
5
60 - 140 8 < 60} 1 40
@ ‘u
= 3
80 | \.\ 120 S 8ot 120
n
1000/ - - 0 100 S IS
0 10 20 30 0 5 10 15
Reactiontime/ h Time/h
Hydrolysis of cellobiose with the Hydrolysis of cellohexaose with the
carbon-based solid catalyst carbon-based solid catalyst
(catalyst 0.1 g, cellobiose0.12 g, (catalyst 0.3 g, cellohexaose 5.25 mg,
water 0.7 g, 363 K) water 0.7 g, 363 K)

With amorphous carbon glucose was obtained in good yields.

20 M. Hara et al. Langmuir. 2009, 25, 5068.

Yield of glucose /%



2-2. Hydrolysis of cellulose with amorphous carbon

Adsorption of cellobiose and cellohexaose

| (b) . |
100 } Ambertyst -15 100 ’_——i} Amberlyst-15
Nafion NR50 Nafion NR50
Niobic acid ai“ca-gu P_F:Oﬁed Nafion Silica-su pported Nafion
s 80 | & H-mordenite i H-mordenite
;-: 7 - Amberiite-IRC76 2 g0 Amberlite-IRC76
= Carbon-based solid acid =
'% 80 L S 60t Niobic acid
£ £
S g
S 40 = 40 + L
—Carbon-basad solid acid
O 3
20 20 -
D L i (| 1 D 1 1 t 1
0 5 10 15 20 25 0 5 10 15 20 25
Time/h Time/h

Concentrations of (a) cellobiose and (b) cellohexaose in
cellobiose and cellohexaose solutions in the presence of various solid
acids at room temperature (298 K).

The carbon-based materials were capable of incorporating
cellobiose and cellohexaose. And, niobic acid which has a
high density of OH groups was also capable of it.

21 M. Hara et al. Langmuir. 2009, 25, 5068.



Concentration / %

2-2. Hydrolysis of cellulose with amorphous carbon

Adsorption of glucose and 8-1,4-glucan Adss%ption of H20
—— Amberlyst-15
100 700 |- —e— Carbon-based solid acid
-70) 600 - —&— Silica-supported Nafion
80 e —— Nafion NR50
° 500 | —— Niobicacid
° —&— Carbon*
60 £
s 400
—o—glucose @
40 | ——o—cellobiose g 300 F
=¥~ cellotriose E
—&— cellotetraose < 200 |
20 | —¢ cellopentaose
—e— cellohexaose 0T M
0 : I I 0 1 1 | 1
0 1 e 3 4 5 00 02 04 06 0.8 1.0
Time /h Relative pressure (P/Py)

Concentration of 5-1,4-glucan and glucose in each aqu-
eous solutions in the presence of the carbon-based solid acid at room
temperature (298 K).

Water vapor adsorption isotherms (293 K) for various
solid acid catalysts. *Carbon is partially carbonized cellulose (pre-
cursor for the present carbon-based material) before sulfonation.

Although glucose was not adsorbed on the The carbon-based materials were capable
carbon materials, the amount of B-1,4-glucan of incorporating a large amount of water
adsorbed on the carbon material increased into the carbon bulk.

with increasing chain length of B-1,4-glucan.

22 M. Hara et al. Langmuir. 2009, 25, 5068.



2-2. Hydrolysis of cellulose with amorphous carbon

Catalyst features

(2.0 mmol g) 3”“”3 Y

» 23 M. Hara et al. Langmuir. 2009, 25, 5068.



2-3. Hydrolysis of cellulose with carbon-supported

ruthenium
Entry Catalyst Yield based on carbon (%)  Total yield (%) Conv. (%)b
Glucose Oligomers

1 Blank 46 (19) 14.1 (58 22.6 24.2

2h Blank 49 (22) 49 (22) 17.3 22.5

3 CMK-3 15,9 (30) 22.1(41) 47.3 53.6 High

4 2wt% Ru/CMK-3 23.8 (43) 16.2 (29, 48.0 .9 tlgb'l't

5h 2 wt% Ru/CMK-3 20.4 (43) 3.0 (6) 35.1 475 Stapllity

6 5wt% Ru/CMK-3 25.9 (42) 10.3 (17) 43.7 62.2

7 10 wt% Ru/CMK-3 31.2 (47) 5.1 (8) 41.8 67.6
M_!L_llﬁgsxﬁ_llémg (2mmol, 50mM based on glucose unit), catalyst 50 mg, water 40 mL, 503 K, <1 min.
h 463K, 2 h. 2.8 MPa, Hot compressed water

CMK-3 converted cellulose to oligomers and glucose along with hot compressed water.
Ru was more effective to increase the glucose yield than CMK-3.
Ru species on CMK-3 worked as an acid catalyst to hydrolyze B-1,4-glycosidic bonds of
oligomers to yield glucose from the result of hydrolysis of cellobiose at 393K.

24

A. Fukuoka et al. Applied Catalysis A: General. 2011, 407, 188.



2-3. Hydrolysis of cellulose with carbon-supported
ruthenium

TEM image of 2 wt% Ru/CMK-3, and particle
size distributio

SAXS pattern and XRD pattern

Ru/CMK-3-W
F 3
« S
> RUCMK-3-W| >, RINCMI-2
.a .E,
3 RUCMK-3 | &
= = CMK-3
40
05 1152253 10 30 50 70 90 » 30 1 11 + 0.2 nm
26 (°) 26 (°) £ o
35 20 -
o]
© 10 -
0 b L] L] L 4 L ] L

0O 05 1 19 2 25 3

: . Particle diameter (nm)
A certain type of Ru nanoparticles

25 A. Fukuoka et al. Applied Catalysis A: General. 2011, 407, 188.



2-3. Hydrolysis of cellulose with carbon-supported
ruthenium

Fourier transforms of k®—weighted
3.06 A 1.98 A Ru K-edge EXAFS spectra

OH, / OH, 0~L “’I Ru-0
HOL | P \|, |/0H Ru-Ruis

_Ru th% Ru/CMK-3
HO/l\/|\/|\/ \OH "
(i)

Carbon support RuO2 - 2H20

/(7\ Ru-Ru,.4

RuO2 (1/3)
Reported structure of RuO2 - 2H20 (iv)

3.10A 2.01A W RSN\ RuCls (1)
OH, / OH, |OH, (vi) Q—R”‘R”m' Ru (1/15)

\l/ \l/ \I/\

—

FT (a.u.)

Ru Ru Ru 0 1 2 3 4 5 6
OHZ OH2 OHZ Ru/CMK-3 was similar to RuOz2 - 2H20.

26 A. Fukuoka et al. Applied Catalysis A: General. 2011, 407, 188.



2-3. Hydrolysis of cellulose with carbon-supported
ruthenium

Catalyst features

3.06 A 1.98 A

OH, / OH, OHZO‘LOHZ
HO\ o ,"O\ P i /OH

Ru Ru Ru Ru
-~ \O/ \\ ~ \0/ \OH
O’Hg OHQ ’)Hg OH2

Carbon s\ it

One-dimensional chain RuO2 - 2H20 may give a Brgnsted acid.

structure The dissociation of a water molecule
coordinated on Ru could give a vacant
site with Lewis acidity.

21 A. Fukuoka et al. Applied Catalysis A: General. 2011, 407, 188.



2-4. Hydrolysis of cellulose with simple activated
carbons and trace hydrochloric acid

OH B OH

OH OH
HO 0 HO o o HO OH
OH OH OH
L OH Jn OH Mix-milling 0.012% HCI aq.
» » HO 0
+ HO OH

OH
Activated carbon
(K26)
88%
High stability

Carboxylic acid, phenolic groups from
TPD measurement

(catalyst 50 mg, cellulose 324 mg, water 40 mL, 453 K, 20 min)

28 A. Fukuoka et al. ACS Catal. 2013, 3, 581.



TOF (h)

2-4. Hydrolysis of cellulose with simple activated
carbons and trace hydrochloric acid

40

OH OH
"OH 9) Catalyst / O
»180.4'407 A -OH—Y-D-HOO aeris O
\ H,0 OH
30 F OH Cellobiose Glucose
20 F
10 | “——“—ﬂ
0
H O\ ,O O\ _OH O OH . OH O LOH
(pKa= 100
) (4-2) (3. 0) (41) OH (2 9)
(4.6)
29

Salicylic acid gave a high TOF.

The catalytic activities can be
explained by two factors.

One is pKa.

The other is the structure of acids.

(TOF = mol of glucose produced in
the catalytic reaction — blank/2 mol
of catalyst « reaction time)

(catalyst 0.5 mM, cellulobiose 25
mM , 443 K)

A. Fukuoka et al. ACS Catal. 2013, 3, 581.



2-4. Hydrolysis of cellulose with simple activated
carbons and trace hydrochloric acid

Catalyst features _
Activated carbon

(26)

Phenolic groups form hydrogen bonds with hydroxyl groups of a cellulose
chain, and that adjacent carboxylic acids have an opportunity to hydrolyze
glycosidic bonds.

Interaction predicted by spartan’08

OH
HO B s
OH OH
I\
H O

H—O O

30 A. Fukuoka et al. ACS Catal. 2013, 3, 581.



2-5. Short summary of 2 chapter

OH
HO O
H&/ /%, Cellulose
OH
OH
Acid |te StablliE
l Hydrolysis Chapter 2

Adsorption

OH OH
/\/k(kéo Glucose

OH OH

l Hydrocracking Chapter 3

OH OH

HO OH Ho/\/OH Sorbitol, Ethylene glycol

OH OH

31
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3-0. Hydrocracking of cellulose

Intramolecular
6 HO, - l HO
0"‘"’ (o] OH,'.
c? : \‘;? ﬁor‘l
o o
oH* 24 +
e R H,O, H «
.’<

o & " . Intermolecular
i A > Glucose

5SS eEsN ’
N ) j Hydrogenation .

. Wy‘” T \> Sorbitol

M E 7 Ethylene glycol
Hc?f"ﬁ?\“?, :Q \ Intersheet
HO ‘."ho o

Hydrogen bonding in cellulose

33



3-1. Hydrocracking of cellulose with supported metal

40 T Sorbitol 25%

Mannitol 6%

_»—

30 1

20 1 Supported metal gave good

results and led to the formation
10 of sugar alcohols from cellulose.
o 1 1 1 1

Hydrogen gas was pressurized in

Yield / %

o the autoclave with a supported
If\ & metal catalyst.
igh &8
stability

Conversion of cellulose into sugar alcohols by supported
metal catalysts. Reaction conditions: cellulose (0.48 g), Pt catalyst

(0.21 g), Ru catalyst (0.11 g; Pt, Ru 2.5 wt %), water (60 mL), initial H,
pressure at RT=5 MPa, 463 K, 24 h.

34 A. Fukuoka et al. Angew. Chem. Int. Ed. 2006, 45, 5161.

A. Fukuoka et al. ChemSusChem 2008, 1, 969.



3-1. Hydrocracking of cellulose with solid acids

HZSM-5
HBeta
HUSY(SiFAI=20)

HUSY(Si/Al=30)

Si0,
_ Various solid acids gave only
SAE20 low activit
2 . y.
T HUSY(SIAI=40) No sugar alcohol was observed.
o
HUSY(Si/AlI=15)
SI0ALO, The metql promoted the
hydrolysis of cellulose.
FEM-16
HMOR
Zro,
g-AlLO;
0 0.5 1 1.5 2 25 3 3.5 4

Glucose Yield / %
Solid acid catalyzed conversion of cellulose into glucose. Condi-

tions: cellulose (0.16 g), catalyst (0.068 g), water (20 mL), hydrogen pressure
(5 MPa at RT), 190°C, 24 h.

35

A. Fukuoka et al. Angew. Chem. Int. Ed. 2006, 45, 5161.
A. Fukuoka et al. ChemSusChem 2008, 1, 969.



3-1. Hydrocracking of cellulose with supported metal

HO
0]
HO
\Transmo/
metal
(OH) H H =~ H-  (OHY)

Carrier

» 36 A. Fukuoka et al. Angew. Chem. Int. Ed. 2006, 45, 5161.
A. Fukuoka et al. ChemSusChem 2008, 1, 969.



3-1. Hydrocracking of cellulose with supported metal

Time course of the hydrogenation of cellulose

100

R

13

N

Q

E

@

© 60

o

c

£

o

£ 40

&

=

= 20

T

R S S

> 0 LOYPreY
0 4 8

Reaction time /h

37

OH OH
OH OH
HO 0 HO o 0 HO OH
HO o O HO o o)
—&— Sorbitol OH OH
--#- Mannitol o n M
Rate-determining | Slow
—&~ Glucose | step Y
—i— Cellulose
OH
Y OH OH
HO (o) —_— /O
HO OH = HO" ¥
OH OH OH
l Fast
OH OH
12 16 "o OH
OH OH

A. Fukuoka et al. Green Chem. 2011, 13, 326.



3-1. Hydrocracking of cellulose with supported metal

OH -

HO 0 HO
Hoé&.o

OH

Transfer hydrogenation

HO” ™\

OH -
OH OH
o O oHo oH Ru/AC gave
O Ho [ o)
OH good results.
l J, OH
OH OH
N (o]
e HO/\: =
OH OH

OH OH
Sorbitol 34%
Mannitol 9%

OH

OH OH

(catalyst 50 mg, milled cellulose 324 mg, water 30 mL, 2-propanol 10 mL, 463 K, 18 h)

38

A. Fukuoka et al. Chem. Comm. 2011, 47, 2366.



3-2. Hydrocracking of cellulose with supported metal

Entry  Catalyst EG
1 0.6% Ru/AC (0.1508 g) + HWO, (0.0508 g) 33.8
2 1.2% Ru/AC (0.1503 g) + H>WO,4 (0.0500 g) 54.4
3 1.6% Ru/AC (0.1509 g) + H>WO,4 (0.0500 g) 52.5
4 2.4% Ru/AC (0.1507 g) + H,WO, (0.0506 g) 36.0
5 4.0% Ru/AC (0.1506 g) + H>WO4 (0.0506 g) 19.4
6 1.2% Ru/MC (0.1010 g) + H>WO,4 (0.0524 ¢)  58.5
7 1.2% Ru/AC (0.1502 g) + H,WO,4 (0.0154 g) 22.2
8 1.2% Ru/AC (0.1507 g) + H>,WO,4 (0.0304 ¢) 40.6
9 1.2% Ru/AC (0.1500 g) + H,WO4 (0.0413 g) 48.7
10 1.2% Ru/AC (0.1504 g) + H>,WO, (0.1037 g) 43.8

Hydrolysis of cellulose (cellulose 0.5 g, water 50 g, 518 K, 6 Mpa H2, 30 min)

High
stability

In the presence of atungsten-based catalyst, ethylene glycol became the major product.

39

T. Zhang et al. Chem. Commun. 2012, 48, 7052.
T. Zhang et al. Acc. Chem. Res. 2013, 46, 1377.



3-2. Hydrocracking of cellulose with supported metal

Catalyst features Heating in H,

ﬁm) Temperature-controlled

phase-transfer catalyst
Insoluble\—/Soluble

Cooling in air XRD pattern

HXWO3 k “ 6 min

M

M

M

woO 12h

3

Intensity (a.u.)

10 20 30 40 50 60 70 80 90

20()

40 T. Zhang et al. Chem. Commun. 2012, 48, 7052.
X. Zuwei et al. Science 2001, 292, 1139. T. Zhang et al. Acc. Chem. Res. 2013, 46, 1377.

Blue to yellow



3-2. Hydrocracking of cellulose with supported metal

OH

HO O
HO :

41

OH

OH -
OH OH
Oﬂ( HO OH H2W04, Ru/C OH
o HO oH 0 o) > HO/\/
OH dn OH
H,0, H*
H2, Ru
OH
o Retro-aldol condensation oH
OH
Heating in H, Cooling in air
SLE
Insoluble

T. Zhang et al. Chem. Commun. 2012, 48, 7052.
T. Zhang et al. Acc. Chem. Res. 2013, 46, 1377.



3-3. Short summary of 3 chapter

OH

o OH
HO HO
HO -0 OH Cellulose
OH
N OH
Acid |te StablliE
l Hydrolysis Chapter 2

OH Adsorption
OH OH
”Eo'goz OH ~—— HO/\_/k(k¢° Glucose
OH OH OH
l Hydrocracking Chapter 3 Redugibility
OH OH
HO OH HO/\/OH Sorbitol, Ethylene glycol
OH OH
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4-0. Future outlook

Oxidation with 8 8

radical chemistry

\
@ ) u k=
7 i

Lignocellulose Chemicals, fuels,
energy etc.
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4-1. Chemoselective metal-free aerobic alcohol
oxidation in lignin

» 45 J. F. Hartwig et al. Science 2011, 332, 439.
S. S. Stahl et al. J. Am. Chem. Soc. 2013, 135, 6415.



4-1. Chemoselective metal-free aerobic alcohol
oxidation in lignin

Chemoselective alcohol oxidation

AcNH-TEMPO (5 mol%)
o HNO; (10 mol%)

OMe HCI (10 mol%) OMe
CH;CN/H,O (19/1)
OMe 45 °C, O, (1 atm), 24 h OMe
OMe OMe
94 %
C-C bond cleavage
Q 2 M NaOH O« -©H
OMe H,0, - OMe
THF/MeOH (1/1) OH
OMe 45°C,10 h OMe
OMe OMe
88 % 42 %

AcNH-TEMPO

46 S. S. Stahl et al. J. Am. Chem. Soc. 2013, 135, 6415.




4-1. Chemoselective metal-free aerobic alcohol
oxidation in lignin

OH AcNH-TEMPO (5 mol %) 0
R HNO3 (10 mol %) R NAc
! R4 HCI(10mol %) Ry
R, CH3CN:H,0 (19:1)
1 atm Oy, 45°C, 24 h
R3 R3 N
|
(o)
© (¢ AcNH-TEMPO
MeO OMe
a 92/ This reaction was
2, 92% 9 0 8d, 87%
(10 g scale: 94%) 8b, 87%" 8¢, 82%° OMe

applied to many lignin

Q HO C model compounds.
© (0]

OMe M°° OMe OMe Moreover, it was also
3, 96% i i i
MeO 86, 86% 8 77% 5 g oo %) MeO applied to real lignin.
OMe (7% dicarbonyl) OMe OH 8g, 43%
(74% total, incl. 16% vanillin

HO HO and 15% vanillic acid)
o | :
O/Q O O/@ : 0 R :
OMe OMe ! :
: vanillin (R =H) |
e0 OMe MeO OMe ! vanillic acid !
OMe

- R = OH) !
o E I ( )
8h, 87% 8i, 91% (at 60 °C) - :

_____________________________

41 S. S. Stahl et al. J. Am. Chem. Soc. 2013, 135, 6415,



4-2. Photodegradation of target oligosaccharides

Oxidative cleavage

|-|o/O o)% B HO/O 0—%_
H
o) H
HO. / hv | Ho/ ’ﬁ)
—_— B\ OH ® —_—
0 B~g OH 0 SN o)
Qg A | Qo=
\.N\/ﬂk) Qib. ®\/lo o
O L _—
"0 6. 0% HO = 5%  HO %,

.00 0_ 0 HO OH
HO * 0 — HO~§\_?<0-O' — *
OH OH HO

43 K. Toshima et al. Angew. Chem. Int. Ed. 2010, 49, 10096.



4-2. Photodegradation of target oligosaccharides

Association constant (K,) for anthraquinone derivative with different diols

RO OMe
- o RO -0 OH
_0._OMe HO \; HO °
RO 0 R 6. o OR HO OH
T R=H HO OMe  ROL -\’ "9 O
rRo”  OR OH )/ R=H %
— RO OR HOC
Ka—.170 Ka=7 Ka=174 Ka=1 OMe
Degradation y.32% Degradation y.79%
OH
HO-_HO
OH
HO O HO 0 HO OH Ho AP CO5H
HO HO Q HO OMe
HOOM HO O @] AcHN: 0 OMe
e OMe OH OH HO OH
K,=6 Ko=8 K,=1 K,=5

(glycoside 1.0 nM, catalyst 1.0 nM, 10% MeCN/0.1% phosphate buffer, 298 K,
10 min, UV lamp 365 nm 100 W)

49 K. Toshima et al. Angew. Chem. Int. Ed. 2010, 49, 10096.
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5. Summary

Although great progress has been made in conversion of cellulose, the
efficient transformation of real biomass to important bulk chemicals is
still in its infancy.

1. Development of cheaper but more efficient and robust catalyst

2. Development of powerful in situ characterization techniques

3. Achievement of industry-academia-government collaboration

are essential for green and sustainable society.
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Appendix Derivatives of glucose and applications

OH 0 OH OH
OH OH
; OH
N._ HO Q 9 HOT T HDWOH
HO™ ™~ HO OR S on HO\)J\ &4 OH O 1,6-hexanediol
~ OH recursor to plastics
Ogeglmns alkyl glucoside  levoglucosan  glycolic acd 9'”““"'“ acid ? Pt

pr ecursor to pharmaceuticals ¥~ Surfaca‘anf 5 \ precursor to PGA _, chelating agent
\‘\ OH / W
butyl acetate butanol \ J',r precursor to plastics
fuel
sofvent

\M: - — ~_ \ / glucose > \ \Q’/

| HO o 0
lyethyl alkanes 2 S-dimethylfuran
m:?a.si:': " \ formic acid fuel fuel

3 ) Jﬁﬁr M O

ethyl acetate itaconic acid OH p-xylene
- HO .
solvent co-monomer, foods l precursor fo p‘l'asr;cs
e 0 suceinic acid O

HO\/I—L plating, foods
SN O g
: \VJ\

polyp}ropylene OH HOM -valerolactone

plastic acrylic acid / OH - amlnalavuhmc acid

precursor to acrylates agrichemicals

O o
0
) D’f\}‘p Q/ AN
n n butenes

Palyhydroxycarboxylates FPBS 2-MeTHF precursor to fuels

plastics biodegradable plastic solvent and plastics
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Appendix Derivatives of sorbitol and applications

N~~~ «— HO
hexane

OH OH
OH OH
H — » HO
OH OH 0O OH
m l
hexatriene

precursor to plastics

sorbose
C4-Cg alcohols
precursor to alkyds

(o] OH OH
OH
HO
-—

HOWOH
0O
\ \ﬂ/ m o
0 1,4-sorbitan
/\},OH
polysorbates w

OH
detergents, emulsifiers
0

2-ketogulonic acid
OH
sorbitan fatty acid esters
emulsifiers, insecticides
=X

OH
OH < E
HO 0
e} \/\S_fo
0] 0
] 0] —
o )OJ\ / OH\L 5 HG oh
o 0 R isosorbide 0 ) o
brain and eye pressure reducer, ascorplc apld {vitamin C)
isosorbide diesters diuretic agent, o antioxidant, foods
plasticisers medicine for Meniere's disease o
/ \ O/\\/O
0]
ONO,
W W °
N
ONO; 0 PEIT
PIC isosorbide dinitrate poly{isosorbide oxalate
plastic medicine for angina pectoris plastic

plastic
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