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Introduction 1

* Petroleum supplies are finite.
« utilization of biomass mitigates the release of greenhouse gas emissions.
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David Martin Alonso, Jesse Q. Bond and James A. Dumesic. Green Chem., 2010, 12, 1493
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Introduction 2

Ethanol = Diesiall Fuels
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* Lignin utilization is to burn it directly for the production of heat and electricity.

David Martin Alonso, Jesse Q. Bond and James A. Dumesic. Green Chem., 2010, 12, 1493
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* 50% of its components are aromatic hydrocarbons
which can be a potentially attractive source of
fuels and chemicals

* Research on lignin deconstruction has recently
become the center of interest.

* No selective C-O bond cleavage with hydrogen.

Fedorov, A.; Toutov, A. A.; Swisher, N. A.; Grubbs, R. H. Chem. Sci. 2013, 4, 1640



Strategy of chemical depolymerization
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2-1. aryl C-O bond cleaverage of lignin
—>Hartwig’ work



Difficulty of selective hydrogenolysis of aromatic C-O bond

OMe R Ni OMe
aney ™ o . + MeOH
200 °C
H, 150 bar

66% 14% 16%

E. M. Van Duzee, H. Adkins, J. Am. Chem. Soc. 57, 147 (1935).

* Cleavage of C-O bond need high temperature and occur with poor selectivity.

40% OLi
OMe g Meli

60% L|
+ MeOLi

A. Maercker, Angew. Chem. Int. Ed. Engl. 26, 972 (1987).

e Expensive and difficult to conduct on a large scale.



History of aryl C-O cleavage reaction

(1) Wenkert’s Pioneer work ~unprecedent OMe replacement™

Ph . .
QMe PhMgBr * Simple phenyl ethers afforded low yields .
A (Ph3P),NiCl, (10 mol% * No reaction occurred with ortho substitution (strong steric
>
| P benzene, reflux effect).

20 e Alkyl Grignard with B-hydrogens.

Wenkert, E.; Michelotti, E. L.; Swindell, C. S. J. Am. Chem. So0c.1979, 101, 2246

(® Dankwardt extended the scope of this reaction.

PhMgBr (3 eq) pn Better ¢ donor was favorable.
| N NiCl,(PCys3), (5 mol%) * Non-nt extended conjugation, phenols,
Ph — PCy; (10 m°'%)» Ph « Alcohols, amines, N-heterocycles
tAmOMe, 80 °C
OH 80% OH

Dankwardt, J. W. Angew. Chem., Int. Ed. 2004, 43, 2428

@) Chatani and Tobisu extended the scope of ketone and ester.

Ni(COD), (10 mol%)

OMe Ph ° H
o PCys (20 mol%) Tolerance of functional group,
+ I : such as ketones and esters.
Ph/B\o CsF, tol, 120 °C * A base and bulky and electron-

57% o rich Phosphine ligand were
essential.

Smiasaki, T.; Tobisu, M.; N. Chatani, N. Angew. Chem. Int. Ed. 2008, 47, 4866

o



First catalytic reductive cleavage of aryl C-O bond

Ni(COD); (5 mol %)
PCy; (10 mol %)

OMe Me_ Me Miﬂe
Si._si~
R*@ *H 0

Toluene, 110 °C

R1
H

TMDS NN H
O ? 6 % L%J CDzMe
fJ 74 %
MeO OMe
L =PCys . NICOD), < isotope labeling experiment>
N lpcyg N OMe
2 e oz, | OO s GO e OO
Reductive I Oxidative E'asl- Etas- D
elimination 1 addition 94% (2a) 93% (2a-D)
L
|
Ni.
gifi 7 H ‘OMe

I_I'I

= ’”5"""?“"‘3
Fh@/f-l -SiRy

Nl
1L
i O I
- R4SiH
s

cg-Bonad
metathesis

An alternative to alkali metal

Ester, amide, acetal, tertiary amine,
heterocycle could all be tolerated.
Simple anisole needed ortho-directing

group.

Alvarez-Bercedo, P.; ;Martin, R. J. Am. Chem. Soc. 2010, 132, 17352



Hartwig’s work ~Nickel-catalyzed hydrogenolysis of Aryl Ether~ 1

HO
-~ T
| .- -. (traces, ~1%)
+  Ni({COD)» + F’T<:>_.:3 m-xylene,

1|::-Ell 120°C, 16 h

(1 equiv.) (0.2 equiv.) (0.4 equiv.) —= O + O
CONVErsion: ca 1% The yields were based on the _
amount of PCys, assuming that |:> 44% 7%
only one cyclohexyl group of the products of the C-P bond
phosphine ligand is converted to cleavage in PCy;

the hydrocarbons.

_ . .- - . +
Ni{COD). PT<:>-'3 Et3SiH toluene, O @

140°C, 16 h
(1 equiv.) {2 equiv.) (125 equiv.) A% S6%

Harsh condition lead to reduction of catalyst itself.
More tight ligand was necessary.

Sergeey, A. G.; Hartwig, J. F. Science 2011, 332, 439-443



Hartwig’s work ~Nickel-catalyzed hydrogenolysis of Aryl Ether~ 2
Ni(COD), (20 mol %) y Pr = by

OR
1 Ny L HCI (40 mol %) S N_ N
R'— + H, - RI—- ~
Z NaO'Bu (2.5 equiv) = pr
1
R = Alkyl, Aryl m-xylene, 120 °C L T
Me
/@HO\@\ @_\,n@ * Excess base is needed for
FiC OMe e desired reactivity.
87 % 85 %
Addition of AlMe; (1 equiv); .. e AlMe3is needed to
: ~ oM : _OMe l‘“DMe activate C-O(alkyl)
"Bu Ph
99 % 65 % 96 %

b. The reaction of alkyl benzyl ethers promoted by AlMe

Alkyl Benzyl Additive Yield of
Entry Ether 1 equiv. Arene, %
4 /@/\DME - 0 * relative reactivity was found to be Ar-OAr
&a 'Bu AlMes g9 > Ar-OMe > ArCH2-OMe

Sergeey, A. G.; Hartwig, J. F. Science 2011, 332, 439-443



Hartwig’s work ~Nickel-catalyzed hydrogenolysis of Aryl Ether™~ 3

20 mol% Ni(COD),

OMe R 40 mol% SIPr HCI OMe OMe
O N H, 'BuONa, m-xylene _ OH HO
4-0-5 lignin linkage model R=H 68 % 63 % 19 % 22 % (16 h)

R= OMe 66 % 15 % 47 % - (48 h)

MeD
MeO j@ 5 mol% Ni{COD); MeO
© :©/\D + H, 10mol% SIPrHCI _ j@/ ° j@
'BuONa, m-xylene
MeO {1 bar) Y

80 °C, 16 h . :
a-0-4 lignin linkage model 99 % 99 %

Hartwig validated the synthetic utility on depolymerization of lignin model.

but the catalyst loading and temperature for the current reaction are too high
for the reaction to be applicable on a large scale

these reported molecular catalysts are sensitive to large concentrations of
water, which is costly to separate from raw biomass.

Sergeev, A. G.; Hartwig, J. F. Science 2011, 332, 439-443



Mechanism of Ni-NHC Catalyzed Hydrogenolysis of Aryl Ethers

20 % Ni(COD),

Agapie and coworkers
40 % SIPrHCI
Hs (1atm)

O.-R
D>
NaO'Bu, m-xylene

R=D 120°C
R = (CH2)4sCHz

Qo

X=90%D
X=90%D

Since the mechanism above does not require H2 for
the conversion of aryl ether to arene, the catalytic
trials were also performed in the absence of H2; <5%
conversion was observed.

NaOCH;R
C)I’g v .0l CY3 o*

Nl

NaCl

B-hydride
elimination \f

OG

5

C oxidative
C‘yrsp\Ni--:';:c) dehydrogenation vaR \ ’H - addition Cng‘\
CysF ? CFaP CySP |-| R
6 Hy

Inactive n-ie.®

Ni catalyst ,
Cornella, J; Zarate, C.; Martin, R. J. Am. Chem. Soc.

2013. 135. 1997

FIHMe

Mechanism Mechanism NOT
consistent with consistent with
labeling EtUdIEE labeling studies
> [Ni7] -
Da
AL

*Ha T '
(N H serambling

EH
HO™ ™R

Kelley, P.; Lin, S.; Edouard, G.; Day, M. W.; Agapie, T. J. Am. Chem. Soc. 2012, 134, 5480-5483



Mechanism of Ni-NHC Catalyzed Hydrogenolysis of Aryl Ethers 3

AGey 35.8 sub: Ph-O-Ph
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sure 1. Computed free (electronic) energy profiles of the rate-determining oxidative-addition steps with and without the base in the solution. The

erisk indicates that the reader should see the text and ref 24a for a discussion of this estimated value. The small ligand (NHC) is used.

rate-determining oxidative addition of the C-O bond takes place to afford a new and
stable [Nill(NHCpr)(Ot Bu) (Ph)(OPh)]- intermediate

Liping Xu®, Lung Wa Chung'#, and Yun-Dong Wu ACS Catal. 2016, 6, 483-493


http://pubs.acs.org/author/Xu,+Liping
http://pubs.acs.org/author/Chung,+Lung+Wa
http://pubs.acs.org/doi/pdf/10.1021/acscatal.5b02089#cor1
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Mechanism of Ni-NHC Catalyzed Hydrogenolysis of Aryl Ethers 2

Lo Y . Ts13,
N ’ 17.9 ‘ i
. .r’ : "",' |
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. . IN26
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Figure 7. Computed free (electronic) energy profiles for hydro-
genolysis of benzyl ethers in the absence and presence of AlMe,. The
real ligand (NHC,,) is used.

Liping Xu®, Lung Wa Chung'*, and Yun-Dong Wu ACS Catal. 2016, 6, 483-493
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Summary 1

* Inthe field of cleavage of aryl ether, Ni is very promising.
* Hartwig achieved selective cleavage of aromatic C-O bonds using metal and the
cheap, mild, and atom-economical reductant hydrogen .

* but the catalyst loading and temperature for the current reaction are too high for
the reaction to be applicable on a large scale



2-2. alkyl C-O bond cleaverage of lignin
->Stahl’s work



Strategy 2

aliphatic
C-0O bond

p—0-4 linkage

45-62%
oM
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Ellman and Bergman Lignin C-O bond cleavage with Ru

OH RuH>CO(PPhs)s (5 mol%) 0
o Ph-xantphos (5 mol%) HO
C - o O
toluene (0.4 M)
135°C,175h
f-0-d-ethanoaryl ether =09% yield =09% yield

RuH2(CO)(PPh3)3 is known to be competent for both Dehydrogenation and C-O activation
chemistry and was chosen as the starting point for catalyst development.

Jason M. Nichols, Lee M. Bishop, Robert G. Bergman,* and Jonathan A. Ellman*J. AM. CHEM.
SOC. 2010, 132, 12554-12555



Ellman and Bergman Lignin C-O bond cleavage with Ru 2

OH RuH,(CO){PPhg); (5 mol%) 0
O Ph-xantphos (5 mol%) CH
1,4-dioxane (0.5 mL) 3
m 175°C, 3 h HO

3: 0.15 mmaol in _
monomeric eqauivalents 899% isolated

<Mechanism study>

OMe
o C-0 cleavage conditions
1® -

Ar

OAr
Rul,

)\/D.ﬂr' - oAl | oar
Ar Ar Ar o

Jason M. Nichols, Lee M. Bishop, Robert G. Bergman, * and Jonathan A. Ellman*J. AM. CHEM.
SOC. 2010, 132, 12554-12555



This method can not be applied to real B-O-4 linkage

OH OMe

o RuH,CO(PPh;); (5 mol% HO
Ph-xantphos (5 mol%
OH tol, 135°C, 20 h OH

2-6% 3-4% 2-5%

0

OMe Ph,P,
toluene 58 m‘@
PPh2 + OC;RL{lIIO +
Phy \I (_)H 135°C, 2 h, Ar PPh,
oc/T” }
PPh; é
18 20 34% 21 31%

Adam Wu, Brian O. Patrick, Enoch Chung and Brian R. James®*, Dalton Trans., 2012, 41, 11093—
11106



O 7
PPh, >~
PP | y  ~PPha-Hy
OC/TU ~H
PPhs
18

O O
s o
OC;Ru' {le) 2

0 \Pth

20
Proposed mechanism for formation of 20 and 21 from reaction of 7 with 18

Scheme 9

Adam Wu, Brian O. Patrick, Enoch Chung and Brian R. James®*, Dalton Trans., 2012, 41, 11093—

11106



Toste’s Lighin C-O bond cleavage with Vanadium

D@ 10% [V], air OMe 2 3
O OMe
EtO OH CD,.CN
o 9]
1
EtO OH

COMe 4
Entry Vanadium Conversion 2 [%) 3 [%) 4 [%]
catalyst [%6]
1 none 0 - - -
2 VOSO,xH,0 34 2 2 6
3 VO (acac), 79 13 22 31
4 VO (OiPr), 82 5 11 45
5 5 86 6 6 59
6 6 66 13 14 41
7 7 55 3 - 37
8 8
9 9 86 70 62 8
10 10 95 65 50 18
11 11 > 95 82 57 /

—N?O:Q R
~ 05§ 61 45 27 d v o R=H n=1 8

0, is needed because under
N, condition, catalyst 11

precipitated to become 12
{Bu

—Nﬁﬂvop {Bu
e
Budﬂ LEJN

fBu 12

cl Bn O rahdn

154 -N.9,0
=N 5,0 § N
V R O  OMe
D DH
_N ||./ 2
R=tBu 1 10
tBu 2 1M
{Bu

Sunghee Son and F. Dean Toste*. Angew. Chem. Int. Ed. 2010, 49, 3791 -3794



Toste’s Lignin C-O bond cleavage with Vanadium 2

O OMe 10 m-:::_l% V] O OMe
air
:
EtO OH CHLCN EtO
OMe 80°C,24h OMe
0% yield 0% yield
84% recovery of SM
10 mol% [V]

OMe OMe
o air
@ > Almost SM
EtO OH CH3CN
OMe 80°C, 24h

Sunghee Son and F. Dean Toste*. Angew. Chem. Int. Ed. 2010, 49, 3791 -3794



Toste’s Lignin C-O bond cleavage with Vanadium 3

OH

HOAr! 0 1

r' or H,O 1 Ar/l\[{]ﬁlr

1
OH
'-}"H HOR
LﬂvIKDH or
17a ﬁ
O LY

e~
o)
H
Ar)Jm Ark(l’].ﬂ.r*'

OH OH
L,,\lr‘"“' -OAr B (IJH “y
D L”VW
o]
Ar” ™=
Ar- T

OH

L —

Scheme 4. Plausible mechanism for vanadium-catalyzed non-oxidative
cleavage of 1.

Sunghee Son and F. Dean Toste*. Angew. Chem. Int. Ed. 2010, 49, 3791 -3794



Stahl’s Chemoselective aerobic alcohol oxidation in lignin

(o) H
HO o H
o

retro-aldol
HO OMe »

OMe [O] OMe OMe
— 2 4

Scheme 1. Simplified Proposed Catalytic Cycle for the Metal

MeO HO
oM Free Aerobic Oxidation of Alcohols
e dehydration
1 — 0 ek b > O H
o o NO 20 9 OH
OMe 3 A
6

112 0y

MeO MeO R)LR'
OMe OMe NO, H+ 7(NjT +H+

A) Stoichiometric C) Metal-Free Catalytic
Oxidants Aerobic Oxidations

1. CrO4/H,SO, 14. TEMPO/NaNO,/HCI

2. [pyH]*[CrO,CI] (PCC) 15. ACNH-TEMPO/HNO,

16. MeO-TEMPO/HNO,/

3. DMSO/(COCI), HCI
(Swern)

17. AcNH-TEMPO/HNO,/

4. Dess-Martin HCI
periodinane (DMP) 18. AcNH-TEMPO/HNO,/

5. [TEMPOJ*BF HEr
19. AcNH-TEMPO/HNO,/

HCI

6. TEMPO/bleach (pH 9)

20. AZADO/HNO,/HCI P 2°

0 10 20 30 40 50 60 70 80 90 100
Yield (%)

7. TEMPO/AcOH

0 10 20 30 40 50 60 70 80 90 100
Yield (%)

Alireza Rahimi, T Ali Azarpira,¥ Hoon Kim,* John Ralph,f and Shannon S. Stahl*
J. Am. Chem. Soc. 2013. 135. 6415



Scheme 1

NHAE NHAc
OH >(Jj< rcomtemp O
+ + + +
R"’LH N CHCly R"ll‘ﬁ N
o BFs H OH BF,
1 2

Table 1. Relative Rates of Oxidation of Primary Alcohols to the
Corresponding Aldehydes by 1 in CH:Cl; (Scheme 1)

entry alcohol rel oxidn rate
1 ©/\°H 1.0 Scheme 2
2 ,[(:]/\DH 5.8
MeO H'., r‘/——\ R'u
; gOH 0.09 CH-H O=N + NHAc —= CH + HO-N NHAC
0N HO HO+
4 /©/\°H 0.77
F
R R
) 0.76 . )
5 Z~-OH o 5 H =0
° W““ 64 H f :»,l H
OH
3 - OH

! H.}.OH
7* 0.11 N N
g NN, 0.08 >[TJ< >Q/\I<
/\)\,OH 0.04 NHAG NHAC
10° >|\,0|-| 0.01

=]

Joseph C. Qiu, Priya P. Pradhan, Nyle B. Blanck, James M. Bobbitt,* and William F. Bailey*.
ORGANIC LETTERS 2012 Vol. 14, No. 1 350-353



Stahl’s Chemoselective aerobic alcohol oxidation in lignin 2

OH AcNH-TEMPO (5 Tol %) O .
R 3 Hﬁgi {10 mol a;o} R, - * Electron rich substrates
4 a 4 . °
) CHONHO (181) g afforded higher yields.
2 R 1 atm Oy, 45°C, 24 h 2 Rs
3
7ad 8a * Phenol did not disturb this

reaction.

o el
O
MeO OMe . . .
OMe * this oxidation method also
MeO
OM 8d, 87%

8a, 92% exhibits good reactivity and

b =
(10 g scale: 94%] 8b, 87% Bc, 82%

similar chemoselectivity

[ =]
HO o . .
/@/K/ 5 /@ with real lignin
- O
OMe MeO OMe
Ba

3, 96%
08% 8f, 77% (5 g scale: 96%) MeO

(7% dicarbonyl) OMe OH 8g, 43%
(74% total, incl. 16% vanillin

HO HO and 15% vanillic acid)
0 s f
OMe OMe i :

vanillin (R = H) .
MeO OMe ' MeO vaml“?;g%m :
8h, 87% Bi, 91% (at 60 *C) R '

Alireza Rahimi, T Ali Azarpira,¥ Hoon Kim,¥ John Ralph,¥ and Shannon S. Stahl*
J. Am. Chem. Soc. 2013, 135, 6415



Stephenson’s photoredox strategy for lighin degradation.

o Ir(ppy) 2(dtbbpy)PFg (1 mol%) &
CH»
x)'kl/ - I% R,OH
R, DIPEA (3 eq.), HCO,H (3 eq.) R,
visible light, room temp.
CH4CN
ki
entry substrate f;:‘; products” entry substrate l;;‘“; products”
e i L4} e e
1 Bli% RO g 250 HRY
o Loh 0« UL "0
§ Ha 6 18

2 4 Hﬂﬂgﬂ\ Mot isolated M P : e /55, ' i

2 - v} ks ] o

5 p et s I Tl

3 mj\’tﬁ 24 Mo reaction 7 | " = HO L ine CH .

3 7 901% 95k

o fn T = . We l-
4 HM\/@ 12 A HD\."@ A mjﬁé 24 ﬁ/‘u\ﬂ REE(
4 Mot isolated B0 M EH v 100% 0%

John D. Nguyen,¥ Bryan S. Matsuura,¥ and Corey R. J. Stephenson. J. Am. Chem. Soc. 2014,
136, 1218-1221



Stephenson’s photoredox strategy for lighin degradation 2

L]
_ _ | R R
7" T [4-AcNH-TEMPOIBF, i reat (1mol%) AT
O )
i - A
R “)H/ A > OMe
Z Ay Silica, CHoCly, rt Ry DIPEA (3 eq.) HO
- - HCO5H (3 eq.)
visible light, rt
CH4CN

bstrat oxid. red. time
substrate time (h) (h)

O e anas
o0 o0
15 léy :
fftall e i OR 1 /BR
9 85%  83% ©)\[ reat ©)@§[
OH OH
O

OH Oihde /@j’\l\a EME
-|
Mm 18 20 Itall H @
10 81%

‘. . RHLE ©)J\[H
o : RG°
ol ikl Cifdle +
A0 Mmm ||c\© OH ©)‘\LOH
- 15 14 oo o ,;
@_
)\N

11 84% 93%

products”

John D. Nguyen, ¥ Bryan S. Matsuura,¥ and Corey R. J. Stephenson. J. Am. Chem. Soc. 2014, 136,
1218-1221



Stahl’s Depolymerization of oxidized lighin (Redox-neutral cleavage)

HO
o Ji ] /gj
o o
HCO,H:H,0
OMe addItIVe ©\
12 - 15h
M
e0 110 °C
OMe
2

Entry M (2 equiv.) Additive 3 (%) 4:5 (%) 6 (%)
1 Zn - 6 76:0 69
2 Al - 49 0:39 36
3 Mg - 51 0:45 24
4 Fe - 49 0:31 24
5 Mn - 19 0:74 63
6 - 18 Q:77 64
7 HCO,Na (3 equiv.) 0 0:96 87

Absence of a reducing metal showed good resulit.
Even better yields with 3eq NaCO,H.

Alireza Rahimil, Arne Ulbrich1, Joshua J. Coon1,2 & Shannon S. Stahl, Nature, 515, 249 (2014)



Depolymerization of oxidized lignin (Redox-neutral cleavage) 2

HO Lignin HO__ Lignin
(o)
Ho o o
OMe Cat., O, | N OMe
MeO MeO Z
(0]
O\Lignin SLignin soluble .
fraction low molecular-mass aromatics
HCO,Na
extraction with AcOEt
110°C.24 h
29.7%
Insoluble
fraction
20.7Twi%h Q;TF* :LIR Oy P
Il Syringyl I : H = [lf’-‘%;]
M Guaiacyl MeO” ~F “OMe ~F “oMe "
p-Hydrocyphenyl OH OH OH
— [ Dimears and trimers BR= C{OMe[13.1%) B= ClOMe [6.7%) E= OH (4.0%)
: . o ; - H (8.5%) H (3.5%) C{O)Me (0.196)
4. 4wt a.awty, M Polymeric materal OH  (7.9%) OH  (2.9%)
S:G:H =1.6:1.0:0.24 . ]
Syringyl Guaniacyl

* Unoxidized lignin in the reaction resulted in only 7.2wt% yield.

Alireza Rahimil, Arne Ulbrich1, Joshua J. Coon1,2 & Shannon S. Stahl, Nature, 515, 249 (2014)



Depolymerization of oxidized lignin (Redox-neutral cleavage) 3

a 0. _H
HO _ )
o : #; | ] [ ” g ] o M~E
S M HCO-H L R 0 o X o OMe
I ome _HCONa 7" O OH
PN —> OMe —» OMe — » = + g
| Fast “ = Slow I Moderate u
7 ome “Aome 7 ome o
OMe OMe DOMe OMe
2(0.2 M) 3 13 5 6
b 1001
BO 1
X I./r‘\r-h._.l\‘\-
|
£ 60 1 | IIII 1““'1—__.___%
- 11 T
T o ——
> a0\ ':
#
20 1
1 +—o—% *—»2
D T T T T T T T T T 1
0 a0 160 240 320 400

Time (min)
K,/K,=9.3 0.2
* Oxidation may be attributed to E2 elimination reaction.
* This mechanism accounts for the effect of buffered reaction medium.

Alireza Rahimil, Arne Ulbrich1, Joshua J. Coon1,2 & Shannon S. Stahl, Nature, 515, 249 (2014)



Problem of lignin separation



problem during biomass pretreatment processes

Ash, others

OH
OH | 0
o O_~HO_ O
g OH
0" YHO” O 0
HO O ! OH O
OH

OH OH
é:o: o)
© OH - OH ot
Lignin HO o)
H
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Interunit C-C bond formed through lignin extraction inhibit lignin depolymerization.



Formaldehvde inhibit interunit C-C bond .
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Formaldehyde inhibit interunit C-C bond 2.
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Monomer yield:
7-26%
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Summary

* Lignin deporymerization method have developed rapidly for ten years.
» Hartwig developed reductive C(sp2)-O bond cleavage.

e Stahl method showed highest monomer yield from real lignin from
 Main problem now is how to separate lignin from lignocelloce.



