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Linkage Spirodienone
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Pretreatment

[ Kraft Process ]

[ Lignosulfonate Process ]

[ Organosolv Process ]

[ Many more ]

high pHs, NaOH, Na,S, 423 - 453 K, by MeadWestvaco,
and LignoBoost technology. 5-5’ bond typically
survive and even forming during kraft pulping process

pH between 2 and 12, sulfite with Ca or Mg as
counterion, product typically soluble in water or
high polar organics and amines, incorporating
sulfonate groups

Treatment of wood or bagasse, crushed to extract
juice or sap, forms separate streams of cellulose,
hemicelluloses and lignin, usually form derivatives

Many many many



6-0-4 Linkage




5-5’ linkage
Reduction Repolymerization
zC%Q . f;.

lw [*

N
(0]
203 9 EZ}Q:{_\
1 5
jzz_ OH

53: Tm

o
J 525 %—

é ~
/, yﬂ“ Oxidation
®

Fragmentation







Ruthenium

OH Table 2. C—0O Bond Cleavage of Various 2-Aryloxy-1-arylethanols
- = A p RuH,CO(PPhg) (1 mol%
ﬂOAl" OH u 2C ( 3]3( moa °) O
/I\/OAr' Ph-xantphos (1 mol%) " )l\ + ArOH
N . - A . Ar toluene (0.4 M) Ar” "CHy
1: poly(f-|O)-4'-glycerolaryl ether) 2: "g-[0]-4'-ethanolaryl ether' 2: 1.0 mmol 135°C, 4 h

Table 1. Ligand Screening for C—O Bond Cleavage of 2a

OH OH OMe
OH RUH,CO(PPhy)s (5 mol%) 0 ©)\/o ©)\/o©
Ligand (5 mol%) - + PhOH \©
F.h/l\/UF'h g Ph)LCHa 98% 88%

toluene (0.4 M)

2a: 0.2 mmol 135°C, 1.75h
OH OH OMe
yield (%)e-d o o
entry? ligand conv.,% (%) PhCOMe PhOH /©)\/ \© ©)\/ :©
1 none 45 5 6 MeO o5/ MeO
2 PPh,” 39 <1 5 ° 62%
3 PCy5" 27 4 5 OH OMe
4 dppm 11 0 0 O
5 dppp 32 0 <1
6 dppbz 32 0 0 MeO
7 dppf 37 5 6 OMe 89%
8 Ph-xantphos >99| >99 >99

“ Average isolated yield of the corresponding ketone based on two
“ Reactions were run in sealed tubes under nitrogen. » 2 equiv relative ~ duplicate experiments.

to Ru. © Yields and conversions were determined by GC/MS relative to

an internal standard. ¢ Average of two duplicate experiments.

Bergman and Ellman, J. Am. Chem. Soc. 2010, 132, 12554



Ruthenium

Scheme 1. Depolymerization of Lignin-Related Polymer

OH RuHy(CO)(PPhg)s (5 mol%) O
o Ph-xantphos (5 maol%) CH
1,4-dioxane (0.5 mL) 3
=]
3:015mmolin 176°C,3h HO™ o isolated
monomeric equivalents

M, = 4288, M,, = 7045

OH OAr
NNy L.Au
2 6 0
s W
0 RuHXL Ar' ~>_
5 J)—Ar ArCOCHs
Ar)l\’oml \ L,Ru—0
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Ar'OH L,Ru—H
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Figure 2. Mechanistic rationale for C—O bond cleavage.

 _-

missing

1: poly{ﬁ-[O]-d'-glyoemlar;I ether)

Scheme 2. (a) Blocking Formation of 4a Prevents C—O Cleavage;
(b) Hydrosilylation of 4a Yields C—O Cleavage

OCH, RuH,(CO)(PPhj)s (0.02 mmol) OCHs
N Ph-xantphos (0.02 mmol)
(@ Ph dotol
gtoluene (0.5 mL)
OPh 135°C, 4 h s _?:
8:0.135 mmol 0.65 mmol yie
<5% conv.  >99% conv. "HNMR
RuH,(CO)(PPhg)s (1 mol%) 9]
iPr)5SiH Ph-xantphos (1 mol%)

b g

(b) 4a + (1.5 equiv.) dgtoluene (0.4 M) Ph™ "CHy
135°C,6h 89% yield

THNMR

OH
- x w<(y
OAr

n

2: "B-[O]-4'-ethanolaryl ether"

Bergman and Ellman, J. Am. Chem. Soc. 2010, 132, 12554



Ruthenium

OH OMe OMe 0 OMe
8] O
O catalyst .
ﬂ
. el .
R: Ra

1:R, =H, Ry=H 14: R1=H Rp=H 17 4:R;=H,Ry=H
2. Ry = OEL, Rz = OMe 15: Ry = OEt, Rz = OMe 5. R4 = OEt, Rz = OMe
3R, = OH, Ry = OMe 16: Ry = OH, Ry = OMe 6: Ry = OH, R, = OMe

Scheme 3 Catalysed hydrogenolysis of 1-3.

Table 2 Catalysed hydrogenolysis of 1-3 (see Scheme 3)

Entry Substrate® Catalyst Gas® Conversion® 141516 17 4/5/6°
I 1 4 N, or Ar 100 97-98 93 0-3

1 2 4 N 100 a1 a0 7

m 3 4 N 100 54 68 21

Y 1 4 Ha a1 448 87 ]

v 1 . N, or Ar 100 95-99 93-97 0-3
VI 2 - N, 100 77 79 12
VII 3 - N 100 63 76 17
VI 1 - H, 100 at o5 0

X 1 f N, 29 7 10 19

020 M. *1 am. © Average % conversion/yield (by 'H NMR integration) of duplicate aq:nm]rnmx 45 mol% [Ru(H)x(CO) PPhy)y/xantphos] €5 mol%
Ru{H)a(CO)PPhs)ixantphos) (18).5 mol% Ru(H)(CO)N FPhs)s. £ Yield of PRCH(OH)CH; = 39%." Yield of PRCH(OH)CH; = 61%.

Table 3 Catalysed hydrogenolysis of 4-6 (cf. Scheme 3)

Entry Substrate” Catalyst Gas® Conversion® 14/15/16° 17
I 4 e H, 100 77-85 8880
I 5 e H, 90100 79-89 8899
m I de H, 77-91 6883 75-90
™ 4 e N 17-23 B-13 15
WV 4 £ Ny 13 8 13
W1 4 £ H, 63 118 16

20.20 M. ® 1 amm. © Average % conversion/vield (by 'H NMR integration) of duplicate experiments. ¥ 5 mol% [Ru(H)2(CO) PPhs)y/xantphos] 5 mol%
Ru(H),(CONPPh ) (xantphos) (18).5 mol% Ru(H).(CONPPh, ). £ Yield of 1 = 47%.

James, Dalton Trans., 2012, 14, 11093.
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Ruthenium

Table 4 Catalysed reactions of T and &

Entry Substrate” Catalyst Gas® Conversion® 17° 45
I 7 4 H, or Ar 71-81 11-15 17-23
i} 8 J H, or Ar 68-70 7-8 5-11
m 7 none Ha or Ar 9-12 0 3-7
v 7 - H, or Ar 24-32 0 9-13
Y 7 f H, or Ar 51-59 3-5 16-24
2020 M. * 1 atm. © Average % conversion'yield (by "H NMR integration) of duplicate experiments. 5 mol% 18. ©35 mol% xantphos. © 5 mol%
Ru(H),(CONPPh; ),
] OMe
0 cataly‘st
R H 135 °(: 20 h
! toluene-d
R, ¢
7:Ry=H,R;=H 4R1—H Rz =
8: Ry = OEt, Ry = OMe 5 R, = OEt, Hz = OMe

Scheme 5 Catalysed reactions of 7 and §.

OMe 0 OMe 0 OMe

HO o)

_ catayst . .

135 ”c 20 h H
9 0.20 M toluene-ds 17 4 7

Scheme 6 Catalysed mactions of 9.

James, Dalton Trans., 2012, 14, 11093.



Ruthenium

i
OMe

toluene
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thP\l OH 135°c 2h, Ar

OC’ L
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)

H OMe

toluene
PPh2 +
thF’\l OH 135°¢,2:h, Ar

oc/R

PPh3
18

v-OH poison
the catalyst

James, Dalton Trans., 2012, 14, 11093.



Ruthenium

Table 1 C-O bond cleavage of 2-(2-methoxyphenoxy )-1-phenylethanol catalyzed by RuHCI(CO)(PPh;); with and without KOH

OH OMe (8] OMe OH
o Flu-soume(E.Emol%l OH
@/ \© toluene(2ml) (;j)k + ©/ + ©’/K
125°C
2. 0.8mmol A =] c
Entry® Ru-source (2.5 mol%) KOH (530 mol%) Cons. [%}b Yield %" Time (h)
A B C
1 None Y 60 12 ] 10 12
57 15 9 15 24
62 13 11 15 36
70 15 7 16 48
2 RuHCI CO)(PFPh), Y 50 3R 15 0 12
74 62 39 0 24
93 80 75 0 36
95 71 65 0 48
3 RuHCI(CO)(PPhs); N 0 0 0 0 36
-4 Ru(H)-(CO)FPPh4)y Y 97 63 16 0 48

* Reactions were run in a Schlenk flask under an atmosphere of purified argon equipped with condenser
® Yields and consumptions were determined by GC relative to an internal standard

In Bergman & Ellman’s SI, condition entry 3 also afforded no reactivity

Li, Catal. Lett., 2015, 144, 1159.



Ruthenium

Table 4 C-0 Bond Cleavage of 2-(2-methoxyphenoxy -1 -phenylethanol catalyzed by other Ru-complex with and without KOH

OH OMa 0 OMe
Ru-source(2.5%) OH
Saash-— s ool
1257
2. 0.Bmmal A B

Entry® Ru-source (2.5 mol %) KOH Cons. (%)" Yield %" Time (h)

(50 mol %)

A B

1 RuH.(CO)PPh,), Y a7 63 16 48

N a0 12 13 48
2 RuCL({PPh;); Y 79 57 34 48

N 26 ] 0 48
3 RuCL{COD) Y 82 62 24 48

N 10 0 0 48
4 Ru(methally1),(COD) Y 79 56 26 48

N 10 2 2 48
5 RuCICp(PPh,), Y 54 24 16 48

N 8 ] 0 48
6 RuH,(PFPh,), Y 56 22 11 48

N 21 0 3 48
7 Ru4(CO,,) Y 56 34 24 48

N ] ] ] 48

? Reactions were run in a Schlenk flask under an atmosphere of purified argon equipped with condenser
* Yields and consumptions were determined by GC relative to an internal standard

Li, Catal. Lett., 2015, 144, 1159.



Ruthenium

OH RuHCI(CO)(PPha)s (2.5mol%) o

KOH(50mol%) + AroH
O..
Ar)\/ Ar > Juur)k

toluena(2ml)

125°C
0.8mmol A B
OH OMe
OH OH OMe e}
(0] (0]
\© MeO
OMe
A: 86%, B: 84% A: 80%, B: 75%

A: 66%, B: 45%

OH OH OMe
OH OMe
X
o (0] (0]
HO
MeO MeO HO
OMe

A: 30%, B: 4% A:80%,B: 77%
A: 0%, B: 14%

Li, Catal. Lett., 2015, 144, 1159.



Ruthenium

Table 3 C-O bond cleavage of 2-(2-methoxyphenoxy)-1-(3.4-dimethoxy)phenyl-1,3-propanediol

OH  OMe O  OH O o
o RuHCI(CO)(PPhs)s (2.5mol%) OMe H
KOH(100mol%) . . .
MeO” 7 HO Toluene2ml) ~ pMeO MeO MeO
OMe OMe OMe OMm
A B

125°C o

7. 0.4mmol C D

Ru-source (2.5 mol %) Cons. (%)° Yield %" Time (h)
A B C D
RuHCI(CO)(PPhs)3 95 4 18 5 N¢ 12
94 6 26 7 N¢ 24
89 6 26 8 N¢ 36
91 4 53 11 N°¢ 48

* Reactions were run in a Schlenk flask under an atmosphere of purified argon equipped with condenser
" Yields and consumptions were determined by GC relative to an internal standard

¢ Minor and not quantitated

Li, Catal. Lett., 2015, 144, 1159.



Ruthenium

o OMe

Emc-l% Ru*
135 "C 20h OMe

DAc bluene-da
4 MeO (dimer of 9)

Ru(H),(CO)(PPh,)(xantphos)

MeO

Scheme 2 Products of the catalytic hydrogenolysis of 4. See Scheme 5 for a representation of 10

Table 1 Catalytic hydrogenolysis of 4 (Scheme 2) and 9 (Scheme 5) after 20 h

Entry Substrate® Catalyst Gas® Consumpn.”® 5 o T g kL 10

I 4 Ru* AT 100 9 20 25 24 17 <39"
In 4 Ru* H; 100 27 42 19 18 9 =314
m 9 Ru* AT 5 E: 13 0 0 - 72
1A 9 Ru* H; 26 15 23 0 0 - =63
W 9 MNone AT &1 0 =2 0 0 - 75
vl 9 Nong H; g2 0 =2 0 0 - T
*020M

¥ 1 atm

 Average consumption and vield (average of duplicate experiments) determined by 'H NMR integration
* Overlapping signals prevent determination of yield; the upper limit is given, based on mass halance James, Catal. Lett., 2015, 145, 511.



OMe

\© 5 mol% Ru* 7 8
135°C, 20 h
hlaﬂ/@)\(zﬁc toluene-dy o OMe
OMe o

4 | - "AcOH" *@ +2H,

§ m

OMe
9

James, Catal. Lett., 2015, 145, 511.



Ruthenium

Table 1: C—O and C—C bond cleavage of 1.5"!

OMe 5% catalyst OMG
Me 160°C,4h
C- 0 bond C—C bond
cleavage cleavage
- o1l ; o7
Entry Precursor Yield of 2a [%] Yield of 3a [%] | (L1: bdepp) 11 (L2: triphos) I (L2)
1 | 28 4 e[ PPhy e PPhy
2 [ 14 21 PPl o s PP, oy oH
R ~R
3 ” 5 24 PhoP= | ~H PhP="{ ~cl
co co
4 v 26 15 IV (L2) V(L2)
5 ' 4 66

[a] Only the products containing the phenolic ring are shown. For
a complete list of products from the reactions, see the Supporting
Information. [b] Reaction conditions: 1 (0.1 mmol), ortho-xylene
(0.5 mL). [c] The yield was determined by GC with dodecane as an
internal standard.

Klankermayer, Angew. Chem. Int. Ed. 2015, 54, XXX



Ruthenium

OlMe OMe 5% Ru’
O OMe 5% L2
<2% C-C bond cleavage  + <2% C-O bond
xyl., 16 h cleavage
OMe 160 °C
OMe OMe 5% 'Ru’
8] OMe 5% L2
<2% C-C bond cleavage  + <2% C-O bond
O~ “ome Yo 16 cleavage 5 mol % [Ru(Cl)(H)(PPh3)]
OMe  OH 59 Ry’ OMe with 5 mol % triphos
0., OMe 5% L2 OH
=2% C-C bond cleavage +
xyl.. 4 h
oM OMe
6 160 °C 2a: 39%
OMe HO 5% 'Ru’ OMe OMe OMe o
@,0 B OMe 5% L2 ©/o OH @,0 )l\gom»a
\L \I\ + + l +
OH OMe x:l'é;::h OH H "0 OMe
7 3a: B4% 2a: 14% 3a" 2% 3c and 2b: quantitative
(using RF 3a)  [2b is formed after thermal cleavage
of the tertiary alcohol (loss EtOH)]
Ohe OH 5% 'Ru’ OMe (o]
) OMe 5% L2 @,GH ,L©:0Me
<2% C-C bond cleavage  + -
xyl., 16 h
OH OMe OMe
8 160 °C 2a: 89% 2b: quantitative
[2b is the product of the elimination of acetone from
1-(3 4-dimethoxyphenyl)-3-hydroxy-3-methylbutan-1-one (2e).
A contral reaction confirmed that 2b is obtained when 2e is heated to 160 °C for 16 h.]
OMe (o] 5% 'Ru’ OMe OMe OMe o] OMe (o]
) OMe 5% L2 @,o ©,o ©,o|-| )l\©:ow|e @,D\)KQ:OMa
L, O, : +
xyl., 16 h
H OH H ~O oM M
9 © 160 °C 3a: 2% 3a" 0% 2a: 20% 2b: 1% © 16: 36% Ohe
8] OH (o]
OMe [0}
. HJK@:OMs . Kgcwe +EtJ\©:oMe . OMe o onte
|{ | +
Ohe OMe OMe OMe
3b: 2% 30" 0% 2¢: 7% 2d: 0% 17.7% = OMe

Scheme 2. Reactivity of [Ru(Cl)(H)(PPhs)s]/Triphos towards analogues of substrate 1. The dotted
bonds denote the bonds that will be broken. Reaction conditions: [Ru(CI)(H)(PPhs):] (5 mol%o).

substrate (0.1 mmol), ortho-xylene (0.5 mL): cat/L mixture was preheated for 2 h at 140 °C.
Klankermayer, Angew. Chem. Int. Ed. 2015, 54, XXX



Ruthenium

Table 3: Reactivity of [Ru(Cl) (H) (PPh,),]/triphos towards substrates with
various aryl substitution patterns "l

5 mol % [Ru(Cl)(H)(PPh3)]

DH 5ﬂ!6 'Ru' OME D . .
a o B 59% L2 @01 HJI\@:cmna with 5 mol % triphos
P
R/"’ oH T 60 w O o ome
variation of fragment B:
Entry Substrate Yield of  Yield of OMe OH
3a[%]9  3b[%]9 . o o) 13 o4 B
OMe OH OH o
0 OMe OMe  OH
1 @’ ‘(KC[ 177 75 o ove
OH OMe 6 14 75 -
variation of fragment A: OH OEt
OH OMe OH OMe
MeO 0 OMe o]
5 \©’ o - %6 7 15 14 -
OH OMe HO™ MeO OMe
OMe
H OH [a] For a complete list of products from the reactions, see the Supporting
0 OMe Information. [b] Reaction conditions: [Ru(Cl)(H) (PPh;);] (5 mol%),
3 n - 63 substrate (0.1 mmol), ortho-xylene (0.5 mL); the catalyst/L mixture was
OH OMe preheated for 2 h at 140°C. [c] The yield of fragment 3a or 3b was
OMe OH determined by GC with dodecane as an internal standard.
o OMe
4 12 - 26
OMe OH OMe

Klankermayer, Angew. Chem. Int. Ed. 2015, 54, XXX



Vanadium

Table 1: Ligand effects on degradation of lignin model compound 1.F
O

OMe
| HO
OH OMe EtO Cl
D\@ 10% [V], air OMe 2 3 @
o] OMe
CD.,CN O
EtO OH 80°C 24 h o —Nhﬂ_ﬂp
OMe o N=
1
EtO OH 4 5
OMe
Entry Vanadium Conversion 2 [%)] 3 [%] 4 %] cl
catalyst [%6]
Bn O 'I'_[j(-\]n
1 none 0 - - - ?—6{' =N, 0 O
2 VOSO,xH,0 34 2 2 6 -“;.:,:D 6 Hdﬂf “OMe
3 VO(acac), 79 13 22 3 0" OH, o
4 VO(OiPr), 82 5 1 45 Ph  Ph
5 5 86 6 6 59 =t R=H n=1 8
N 9 N= 2 9
6 6 66 13 14 41 ;'-.,-': =tBu 1 10
7 7 55 3 _ 37 Bu o O tBu 2 M
8 8 >95 61 45 27 By Bu 7
9 9 86 70 62 &
10 10 95 65 50 18
1 11 =95 82 57 7

[a] Conversion and yields were determined by 'H NMR spectroscopy

versus an internal standard. Toste, Angew. Chem. Int. Ed. 2010, 49, 3791
Toste, ACS Catal. 2013, 3, 1369



Vanadium

_N\g/o
tBu O/ “OMe
OH OMe 10% 11 tBu
o N,
CD,.CN 2 ’ N
EtO OH 80°C, 24 h 60%  64% 3%
OMe 4 70% conversion
Pale purple precipitate funnad
G
Proposed siructure . _N“”‘D“ ‘ :Q*!‘Bu
of precipitate f‘ \D’/ﬁ N=

Scheme 1. Degradation of 1 under anaerobic conditions.

OH o OMe m:";'rﬂ
- 2 3 4
EtO OH Bﬂ%%fcgr:h 80% 58% 1%
OMe 4 >95% conversion

Scheme 2. Recovery of the reactivity of V" complex 12 under aerobic
conditions.

OMe
| HO
EtO
OMe 2 3
O OMe
(0]
EtO OH 4
OMe

Toste, Angew. Chem. Int. Ed. 2010, 49, 3791

Toste, ACS Catal. 2013, 3, 1369



Vanadium

OH 10% 11 q\‘z 3 @y o’ OMe
4 + Me a'r o OMe
cn CN 0 Bu 11
MeO 13 80°C. 24 h
OMe OMe BB%

OMe OMe 1D% 11

o)
CD.CN
EtO OH 80 °C, 24 h
Me 119

OMe 1a 12% conversion
OH OMe 10% 11
0 air
2 3 4b
CD,CN
t0 OMe 80°C, 24 h 71%  54%  10%
OMe 1qp =05% conversion
O
10% 11 ,Q)J\L
CD.CN
m 80°C, 24 h EtO oA
OMe 16 - -
55% cenversion 50%

Scheme 3. Reactivity study of analogues of 1.

Toste, Angew. Chem. Int. Ed. 2010, 49, 3791
Toste, ACS Catal. 2013, 3, 1369



Vanadium

OH OMea 10% 11
D air (] OMe
2 3 4 8]
EJDAI:
EtO OH 80°C.24h 93%  T0% 3% g OH
OMe 1 >095% conversion (80%) OMe 4
1 mmaol

Scheme 5. Conversion of 1 on 1 mmol scale in a solvent without
nitrogen atoms.

10% 11
air
EtDAt:
BO°C,24h

OMe  =g5%; conversion

(@] Ohe
0 Q
Ei0 HO
OMe 2 o 3 OMe
83% 63% {61%)

Scheme 6. Conversion of trimeric lignin model compound 18.

Toste, Angew. Chem. Int. Ed. 2010, 49, 3791
Toste, ACS Catal. 2013, 3, 1369



Vanadium

oH QCH; 10 mol %
H4CO o ) catalyst
= + air
. 100 °C
OH 48 h
OCH;
5_1302
catalyst= yYo)oPr); (6)
0
00
=\ NI
\ !N—f‘u'-D'F’r (3)
0
0
entry catalyst  solvent  %conv. 7 8 9 11 12 13
1 6  DMSO-ds ~75% 39 6 7 7 12
2 3 DMSO-ds >95% 65 S5 14 2 4 11
3 3 pyr-ds ~B85% 27 14 29 <1

minor products
OCH3

0
H;CO D@
“OH

OCH,
?_1 3{:2

3

0 OCH
H4CO 0
+ .

OCH;
8-1%c,

OH

H,CO . OCH»

unable to
quantify by H
NMR

HO___O

OCHs

9.13c, 10

X

H™ OH

H4CO OCH,4 H4CO OCH4

1 12-13¢C, 13

Baker, Gordan, Thorn, Inorg. Chem. 2010, 49, 5611
Hanson, ACS Catal. 2011, 1, 794



Vanadium

o OCH3z  (dipic)V¥(O)O'Pr)
H3CO o (10 mol %E
. 100 °C
OH DMSO-dg
OCH;y 48 h
T-WCE
OCH;,
’ W@ é E:j”““a
OCH
OCH 3
7 gt 12-"3::,
14% 7% 19%

~40% conversion

nonphenolic

Baker, Gordan, Thorn, Inorg. Chem. 2010, 49, 5611
Hanson, ACS Catal. 2011, 1, 794



Vanadium

CO\'?'/OM"-‘ 6)\0
=N O
~~

NS |
oV NA;
I tBu | N | QiPr
(8]
0 OH OH OCHs
HyCO OcH; | HCO ~ s  HCO o) 0 OCHj
I g : ey T
HO ’ air, 80°C HO OH NEt, o )
OCH (10 mol%) *
OCHs ’ air, 80°C OCHs
13 -2b 3 13C -1b 6 13 7
e (el 48h for cat. [7Cal
o) OCH, OCHj
H3CO 0 HsCO 0
+ : N .
HO OH HO OH
OCH3 OCH;
[PCl-8b [1°C,]-8b
phenolic 1 equiv 5 in pyridine at 80°C, 40%, 38%, 20%
10 mol % 5 in pyridine at 80°C for 48h, 30%, 34%, 27%
1 equiv 4 in CD,CN at 80°C for 48h, 28%, 43% 10 mol % 5 in EA at 80°C for 48h, 44%, 45%, 14%
1 equiv 4 in pyridine at 80°C for 48h,  30%, 41% 10 mol % 5 in 2-MeTHF at 80°C for 48h,  26%, 45%, 11%

10 mol % 4 in pyridine at 80°C for 48h,  32%, 44%

Hanson, Angew. Chem. Int. Ed. 2012, 51, 3410



Vanadium

OH OCHj 4 o o ocH
3
HsCO O CD,4CN HyCO j: rco o
D (o] * *
X 80°C, 48h *
HO OH HO HO OH
OCH3 OCHjs OCHs
13,
[1 302. D1]-1 b (7Cal-2b [1302]-311
1 equiv 4, 56%. 83% for [*3C]-1b
o 2b: 14%, 8b: 35%. 2b:28%, 8b:43% for [13C]-1b
= N\\\!{ _0
SN[ ToPr
| 0
OH OCHs 5
H;CO o) 5 HyCO o) 0 OCHs
D * e 0]
x air + D .
HO OH L 1 equiv 5, 6: 54%, 7: 57%, 8b: barely no.
[Ds]-pyridine oC 13
OCHs 80°C Hs 6:40%, 7:38%, 8b: 20% for [13C]-1b
['3C,, D4J-1b 6 ['3Cy, D4J-7

Hanson, Angew. Chem. Int. Ed. 2012, 51, 3410



Vanadium

OH
H3CO o

OH
OCH3
[*Cg-1e

OCH;

+ air

[ °
=N__|_0

V.
| SN[ ToPr
0

5 (10 mol%)

[Dsg]-pyridine
80°C, 48 h

0 OCH; 0 OCHs
H4CO o@ HaCO 0
> . >
N .
OCH OCH;
[*C.l-8¢c ['3c,1-9
(55%) (10%)

65% conversion

Hanson, Angew. Chem. Int. Ed. 2012, 51, 3410



Vanadium

Hanson, Inorg. Chem. 2012, 51, 7354



Vanadium

o) OCHs
H3CO. *O
OH
OCH;
12-3¢c,
(27%)
OH OCHs o o
OCHs
H,CO o 4 HsCO . HiCO .
¢ \© + g (10mol %) _ -, HO
o on
OCHs 8h OCHs OCHj
10_1302 13_13(:2 14-13C2 15
9 0
~84% conversion (26%) (14%)
Ox M Oy, OH
ng *
H3CO OCHg HaCO OCH;
17-3¢C, 18
(4%) (4%) (6%)
i QeHs o} OCHs

4
H HaCO ,0© _ (10moi%)_ MO "O@
* + —_— .
HO OH toluene-dg H
Hi‘f@@i OCH 100 °C © OCH oA
070 : 48 h 3

Q 11-8c,

~20% conversion

Hanson, Inorg. Chem. 2012, 51, 7354



Vanadium

substrates: products:
4 0]
OCH,4 OCH3| o) 0
HsCO H5CO H5CO HsCO
. . 3
OH

OCH3 OCH, OCH,4 OCH,4

=H (10-13Cy) X=H (12-13Cy) 13-13C, 14-13C,

= OH (11-"3Cy) = OH (19-"3C,)

H._O HO.__O Q
0 OCHj
O
HasCO OCH; H 1+
H,CO OCH;  HsCO OCHg o) *
16 18 20 21-3¢,
percent yield
entry substrate catalyst % conv. 12 13 14 16 18 19 20 21

1 10-C, 34 65 Lss 0| 0 0
2 10-C, 4° 84 [2z 26 14 ] 4 6
3 11-8¢, 3¢ 100 L2z 30 34 |
4 11-1%C, 4 20 | 19 trace trace |

“Conditions: 10 mol % catalyst, pyridine-ds, 80 °C, 48 h. bConditions: 10 mol % catalyst, toluene-dg, 100 °C, 48 h.

Hanson, Inorg. Chem. 2012, 51, 7354



Vanadium

nonphenolic phenolic
D
10 . . .
[N O benzylic oxidation C,-C; cleavage and
o) L

benzylic oxidation

C;-O cleavage and benzylic oxidation
benzylic oxidation

N
m}&m decompose decompose

Hanson, Inorg. Chem. 2012, 51, 7354



HO
MeQ~ f OMe

HO
f OMe

HO

OH OH OH
Subunits: 1 - syringyl (S 2 - guaiacyl (G) 3 - p-hydroxyphenyl (H)
0 O
ooy ,¢L -
Uz (50 psi) MeO OMe
MeOH, rt -~ 1 MeO OMe =N__ N=
Co
6 12 o o
catalyst additive t 6 12 10 4
entry  (mol %) (mol %) (h)y  (%)* (%) (%) Catalysts: Q
1 - - 16 0 7 93 ° R - —
2 40100  pyr(1000 16 82 <5 0 - =N M= VREER e
3 8a(10) DBZP(15 16 50 5 28 o— "o b N~
4 8a(10)  pyr(100) 16 79 10 traces 8
5 8b(5) - 16 39 32 6 R R
6 9a(10) - 16 67 20  traces
7 9a(5) - 5 61 25  traces Q R= N XN
8 9a(2) - 3 34 31 35 tBu =N N= tBu ¢ NCHyF
9" 9a(10)  pyr(100) 16 11 29 60 _ *fx d NPh
10 9b(5) - 16 54 0 40 0 o R___N,Bn \ e CH,
11 9¢(5) - 1 4 19 0 R 9 Bu =4 \_ng
12 92 - 16 6 30 0 \
13 9d (5) - 2 65 22  traces
14 9e(5) - 16 75 19 0
15 9f(5) - 16 46 0 44

“Yields are given for isolated material unless otherwise specified.
" Yields determined by '"H NMR analysis. “Mol % based on substrate;
pvr = pyridine, DBZP = dibenzylpiperazine.

Bozell, Org. Lett. 2013, 15, 2730



HO._%
5 mol % 9¢_
R OMe ﬂfﬁ, "‘;f} uua

e

H=H.UME 12{FI-DHB]| 13{HIH}
5 6 12/13
cairy  Subsinale ® e o
H
1 "':K;(‘im 16 - 72 11
Qe
14
OH
2 16 83 - -
HO
O
15
OH
3 24 51 - 22
HO
OMa

?EI

81

80

10

traces

traces

traces

“Yields are given for isolated material. " 10 mol % of catalyst used.
“Yields relative to 2 equiv of product formed. “14% 2.5-DMBQ
isolated." © 30% aldehydes.”™

Bozell, Org. Lett. 2013, 15, 2730



"

Co
21
O # OH (8]
H,O + NR3 /L\ o] ;
OMe OMe MeO OMe
o) C.° o]
O. .
3 O MeO OMe 6
02 22 Q, 0
! 23 OMe
Poplar 10 wt % 9¢ 6 - + 12 + 13
'T'RS NR3 o|-| lignin  \eOHDMSO MeO

Co O3 (50 psi) o
t, 72 h
-0, _ 31
Ratio: 13 : 1 : 10 . 5
3.5% overall mass isolated
Me

R3N CO o
o OH

L

Me OH
0 o

25

28 \

Bozell, Org. Lett. 2013, 15, 2730



OH OMe

OH
°\© 5Wt% Zn/Pd/C MeO i
. > B +
OMe MeOH, 150 °C OMe OMe
2 h, 100 % conv.

Yield (%): 85 85 <5

'b OMe

OH

H Spillover
> > : HO * HO
Pathway (a)

OMe OMe
cool‘ heat /
2+ o)
1§ &
on s

~Ar
pdil OH
OMe
Zn?* = solvated zinc ions Activated substrate

Abu-Omar, Chem. Sci. 2013, 4, 806



Zinc

Table 1: Selective catalytic benzylic oxidation of lignin 3-O-4 models.

OH DDQ (5 mol%) 0
(MeO) R tBUONC (10 mol%) (MeO) R
MeO 2-methoxyethanol MeO
OMe 80°C, Oz, 14 h OMe
1a—e 2a-e
(0] OMe (0] OhMe o} OMe
MeO HO MeO HO"MeO MeO HO
OMe OMe OMe
2a, 95% 2b, 92% 2c, 91%
o) OMe o)
MOPRs “
MeO HO'Me0 MeO
OMe OMe

2d, 86% 2e, 95%

Table 2: Selective catalytic benzylic oxidation of a lignin [3-O-4 model
polymer.

eo) oH cat. DDQ 0 0
e cat. tBUONO
-AO HO solvent A or B -/\0 HO
OMe 80°C, O, 14 h OMe
3 4
SG=1:1
Entry DDQ tBUONO  Solvent Conversion [%]"
[mol%]  [mol %] systeml total G S
1 5 10 A 50 64 35
2 10 10 A 74 83 64
3 5 10 B 69 81 57
4 10 10 B 91 100 82
5 15 15 B 97 100 94
6 20 20 B 99 100 98

[a] A=2-methoxyethanol, B=2-methoxyethanol/1,2-dimethoxyethane
(2:3). [b] Conversions were determined by comparison of the integrals of
the aromatic cross-peaks characteristic of oxidized and unoxidized
structures in the 2D HSQC NMR. Error analysis indicated the standard
deviation for these measurements was less than 0.05. See the Support-
ing Information for more information.

Westwood, Angew. Chem. Int. Ed. 2015, 54, 258



Zinc

Table 3: C—O bond cleavage of oxidized 3-O-4 model compounds 2a—d
and 4.

0 (OMe) )
ZniNH,4Cl
(MeO) Dj@\ 2-methoxyethanolH,0  (MeC) OH
R HOMeo R? 80°C R
OMe 15 min OMe
R' = Me or polymer chain R'=MeorH
RZ = H or polymer chain
Substrate Product Yield® [96]
0 OMe 0
o oH
b
Meo H MeO 88 (92)"
OMe OMe
2a 5
0 OMe o
g5 :
MeO HOMeO MeO 84
OMe CMe
2b 5
(o] OMe 0
MeO 0@ MeO on
MeO HO MeO 81
OMe OMe
2c [

o OMe o
1]
) OIID MeO on
MeQ HO MeO MeQ 90
OMe OMe
2d

iMeO} OMe
f.\ T
0 HO o]
(LM& Mel OH
HO 23
COMe

[a] Yields of isolated products. [b] Yield of the isolated product from
a one-pot reaction.'®

10 wi% DDOABUOND

%%i

2-methoxyethanolDME (2:3) 1O
_ 80°C, 14 h, O, OMe
birch 7,0.5% 8, 5%
lignin then: Z/NH,Cl, H,0 o
B0°C, 1 h
SAME POT MeQ
HO
OMe
9, 0.5%

Scheme 3. Depolymerization of lignin to phenolic monomers.
DME =1,2-dimethoxyethane.

Westwood, Angew. Chem. Int. Ed. 2015, 54, 258



@/u\/o R oondlttons (::l)H( HO
) 7@
R2 70 °c
3aa 4 under 02
) Yield” (%)
Catalyst Amine 4
Entry (10 mol%) (equiv.) Solvents 5 GE
1 CuCl "~ T seleclive - )
2 CuBr oH Palcohol ||
3 Cul Ar Osar oxidation Ar)k[o‘wa retro-aldo
4° Cul [ TTUTRYO “CH0
5 Cul OH OH
B Cul 1 lignin mgdgls 2
7 Cul 4a (5) MeCN Saa: 81 65
8 Cul 4a (5) DMF 5aa: 67 60
9 Cul 4a (5) DMSO Saa: 71 59
10 Cul 1a (5) MeOH 5aa: 9 0
11 FeCl; 4a (5) Toluene Saa: 21 12
12 RuCl; 4a (5) Toluene 5aa: 29 14
13 Cul 1b (5) Toluene 5ab: 79 66
14 Cul 4e (5) Toluene 5ac: 73 69
15 Cul ad (5) Toluene 5ad: 63 57
16 Cul de (5) Toluene 5ae: 62 55
17 Cul af (5) Toluene 5af: 56 56

? Unless otherwise noted, the reactions were carried out using
2-phenoxyacetophenone (3aa) (0.1 mmol), amine 4 (0.5 mmol), and
catalyst (10 mol%) in solvents (0.25 M, 0.4 mL) at 70 "C for 8 h under an
oxygen atmosphere (1 atm). ” Isolated yields. © The reaction was per-
formed under an air atmosphere (0.21 atom of 0,).

amines 4
0O H-N ) H-N 0
)I\/O“Ar* : da ab
bond cleavage
3
Me
H-N H—N
\—Ph
4c 4ad
n-Bu /J
H—N\ H-N
n-Bu
de a4t \

Loh, Chem. Commun. 2013, 49, 11439



e YO DT OO ST

0 0
2aa with 4b 5ab, 76% 6a,69%

i
2{ :
Ci
-

4

Sba, 68% Tha, 17% 6a, 72%
3ba with 4a o (0] llvBu OH
el I e (O
o Ohde 8_ \© nBu
s ox J@)L O - . ! 0 :
aa with 4e 5ae, 61% sa’
- et _— B A ae, 61% 58%
3ce with 4a
OMe O Che OMe O O OM
gs - Ly LT
o
saiuine OMe 6d,54% OMe  2dd with 4a OMe 5da,56% 6d,59%
O OMe o
5 MeO m m O m \@ MBO:Q)‘WN
MeQ 10
Tea, 27% 6e, 51% OH o}
300 wh 44 2ec with 4a MeO 5ea,58%

oK oY O magelee

. o 6a,65%
2aa with 4a 50a,81% Loh, Chem. Commun. 2013, 49, 11439



Copper

1 2
RL .R o

R R Retro-aldol N »
/K/O PR reaction ot OAZ2 _ HNR'R Al OAr?
Ar' - CH,0 - H0
B OH 2 OH
HNR'R? A
- H,0
0
O, |[Cu] .
3
v
1 2
RL: R
Ar1)|\/OAr2
[cur—o0°
c
ll Path-Il
R! + R? 1, R2 Cu”
N » R‘KII’R H,0 0 HNR'R? o R
oAR — > — H™ —— N.
A'1)\( A2OH AN L HNRIR? NJW( 0, Ar‘)k[( R?
OH [0} 0O O
F G H 5

Loh, Chem. Commun. 2013, 49, 11439



CuBr (10mol%)

OH OMe Phen (10mol%) HN O
KoCO3 (2.2 equiv)’ 4a (5 equlv)’

MeO OH Toluene, 90°C Sea, 48% o 6c, 41%
1ec 0O,, 1.5h 02, 6h
””J@*
N
: b
MeO
7ea, 28%
OH OH CuBr (10mol%)
Phen (10mol%)
W MeO DEAD (2.2 equiv)
K,CO,4 (4.4 equuv) 4a (10 equlv)
o) 2L0;
Sea, 43% + 6¢, 55% + Tea, 22%
Mvss S o Toluene, 90°C 70°C ° °
€ MeO 0,, 1.5h Oy, 6h

Loh, Chem. Commun. 2013, 49, 11439



OH OCH,

CucCl
HsCO 0 TEMPO
] + 02 _,-l'
- pyr-s
OH 100 °C
OCH, 40 h
5-%c,
~89% conversion
H. _.O HO. .0 OH
. . ©/DGH3
H;CO OCH; HsCO OCH;
11 13 10
43% 13% 7%
o] OCH, o
o HaCO 0 H,CO
s + * +
H™ ~OH OH
OCH, OCH;
12'13':1 ?-13132 3_1302
7% 1%

OH OMe

OMe MeO o\©
o)
fl :
o)

OMe K\O

OCHs

7 could only afford 8 under
the reaction condition

Hanson, ACS Catal. 2011, 1, 794

Baker, Adv. Synth. Catal. 2014, 356, 3563



H4CO o) 0
| o
OH DCHa O + +

H,CO U\@ CuOTfITEMPO OCH;
= 11 (46% 12 (21%
HO OH 05, 2,6-lutidine (10 equiv.) ( ) [ )
OcH toluene 0 OCH; OCH3
3 100°C, 18 h H,CO 0 0
1b 100% conversion &
HO OH O
OCHs;
13 (5%) 4b (9%)

Figure 4. Aerobic oxidation of 1b mediated by stoichiometric Cu(OTI)/2,6-lutidine/ TEMPO.

HsCO o] 0 OCH,
e
o + +
H QCHs 1? ngge. 12 (12%)
H;CO o 10 mol% CuOTHTEMPO @2
. T 0 OCH; 0 OCH;
HO OH Qs, E,G-quut::'ln:n{e 10 equiv.) HsCO o HsCO 0
OCHs 100 °C, 18 h ¥
1b 98% conversion HO OH HO
OCH, OCH;

13 (44%) 14 (7%)

Figure 5. Copper complex-catalyzed aerobic oxidation of 1b.

Hanson, ACS Catal. 2011, 1, 794
Baker, Adv. Synth. Catal. 2014, 356, 3563



Iridium

HO

coumaryl alcohol

o
MeO. x> !

3 6 B
HO"4™%
coniferyl alcohol

OH

sinapyl alcohol

e . CObond o 0 o oMe
2° Oxidation pp12 ~eOA™  cleavage M€ H
69.2 kcal/mol > > N
& Kealimo HO | HO OH
Ho / owue 55.9 kcal/mol
U504
Bl - 56.7 kcal/mol
HO 7 "OH HO OH OMe

C-O bond
+ OMe + AN Ar?  cleavage MeO HO
g * —_— +
Sensitive functional groups 1° Oxidation 0P H HO H X0

Stephenson, J. Am. Chem. Soc. 2014, 136, 1218




Iridium

Table 1. Substrate Scope of Visible-Light-Mediated C,—O
Bond Cleavage

m%ﬂ;‘a"""!“{’ﬁgy;‘:;&“' Im'v].

.Drequry), Dequi 0

xj\ﬁjﬁz 2 - Jl\_’F!" + ROH
visible light, MeCHN, RT X

R1

>
d,

5
tim
entry substrate (h}e products” 85% 88%
MeO. H
o : s S et o)
”ﬁ MeCr H
1 " 12 85% 76%
1 88% 89%
Me, u
0 Hcl 7 48 HO H
OMe
95%
2 u-ﬁ’@)l\’m‘ 4 ..,Q/Oj\ Not isolated 90%
2 77% 0 Me
Et He
o OMe 8 24
M
3 % 24 No reaction 30% 70%
3

“Yields of products isolated via column chromatography and based on

) Hb\/@ . Hj\ m\,@ an average of two runs.

4 Not isolated 83%

Stephenson, J. Am. Chem. Soc. 2014, 136, 1218



Iridium

Table 2. Two-Step Degradation of Lignin Model Systems

[Ir{ppy)a{dibbpy)|PFe @jj
(1.0 mal %) R
H [4-AeNH-TEMPOIEF, DIPEA, (3.0 aqui) !
|:R

(1.0 equiv) HCOH (3.0 equiv) .
R silica, DCM, RT > isi > Eme
R! : B R’ visible light, MeCN, RT H
oxid. red.time
substrate . roducts’
time (h)  (h) P
H Me Mﬂ/@j\ Me
H
M 516 O
? 85%  83%
H 6E mﬁil\o §
Bea s I catis
10 81%  80%
” U S
M H
) Ny 15 14 o
11 84%  93%

“Yields of products isolated via column chromatography and based on

an average of two runs.
Stephenson, J. Am. Chem. Soc. 2014, 136, 1218



Nickle

.0 5-20% Ni(COD)s. HO
@ 3 @ . H 10-40% SIPr-HCI N L
., >
P Az NaO'Bu, m-xylene, = S
FI1/ \Hz (1 bar) Temp, Time FI1/ \R2
Entry Diaryl ether Ni, mol% T °C Time, h  Conversion, % Arene, % Phenol, %

.0 20 120 16 100 99 99
@“ \© 10 120 32 87 82 87
3 5 120 32 59 59 54
Me ~.0 Me
4 \© \©’ 20 120 16 100 96 99
MeO. -0 OMe i
5 \© ‘©/ 20 120 16 94 88" 86t broo—
IEI%/N
\.0
6 /@ O 20 120 48 100 o7 a9 Pr IPf
Me Me SIPr-HCI
o)
7 /@ \Q 20 120 48 74 72 73
Bu Bu
o)
8 /@ \© 10 100 16 100 878 99
F4C
.‘\ID
9 /@ \©\ 10 100 16 100 g7l 92
FsC OMe

"0
10 @' 3 \O 20 120 16 100 gl 80*
OMe
Me Me
11 ©~q°\© 20 120 32 85 85 85

*Anisole (65%) and benzene (23%). 13-Methoxyphenol (83%) and phenol (3%). Trifluoromethylbenzene (64%)
and toluene (23%); benzene (4%) as a side product. &Trifluoromethylbenzene (68%) and toluene (19%). ||Anisole
(4%) as a side product. JPhenaol (17%) as a side product.

ny =

Hartwig, Science, 2011, 332, 439



Nickle

Table 2. Hydrogenolysis of alkyl aryl ethers.

20% Ni(COD),,
OAlk 2
40% SIPr-HCI
__AU% SlFr-Hul
@/ + Hs NaO'Bu, m-xylens, + AIkOH
H (1 bar) Temp, 16 h
Entry  Alkyl Aryl Ether T, °C Time, h  Additive Conversion, % Arene, % AIKOH, % A

(1 equiv.) @,0© . O\\:‘OMB N @/_;.L’OM&
R S Ve
1 » OAlk Alk="Hexyl 120 16 - 100 95 98 R R R R
2 Alk = Methyl 120 16 - 89 ng*
3 80 16 100

88

Alk = Methyl AlMe; ng B )
0. . 20% Ni(CCD),, HO Me
OMe @/ ,, @ . /@f OMe , \,, _40% SPrHCl @ K ‘@ . /@’
mdm- —O‘;B—P
4 120 16 - 72 72 nq Bu Ma1 7 Lfb.:?m{)éyll.lene, o
5 OO 100 16 AlMes 100 29 ng (1 equiv) (1 equiv) (1 bar)
Conversions Yields
100% 1% 99% 99% 0%
6 . OAk  Alk="Hexyl 120 32 - 85 85 85
- = - 20% Ni(COD),,
7 /@’ Alk=Methyl 120 32 60 59 nq s<OMe Fome, . oz.‘; St . "
8 Ph Alk = Methyl 100 32 AlMes 65 65 ngq NaO'Bu, mrylens,
Temp, 16 Bu
*ng, not quantified. (1 equw) (1 equiv) (1 bar)
’ Conversions Temp. Yields
. 87% 1%, 120 °C 86% 0%
Table 3. Hydrogenolysis of benzyl ethers. 100% 1% 80°C 97%" 1%
“In the presence of 1 equiv. of AlMe;
OR? D
""" 20 mol% Ni(COD),, e . .OMe 20% NCODY, HO
3 5 9 .
(R, _40moi%SIPrHCI (N reon @ \© . /@ M @ R @ . D
// NaOBu, m-xylene, // ) Bu ] 120°C, 6 Bu
; (1 bar) 120 2C, 16h ; (1 equiv) (1 equiv) (1 bar)
R R Conversions Yields
100% 5% 94% 94% 2%
Entry Alkyl Benzyl Ether Ni, mol% Additive Conversion, %  Arene, % R20H, % Fig. 2. (A) Relative reactivity of aryl and benzyl ethers toward hydrogenolysis of C-O bonds catalyzed by
(1 equiv.) Ni(COD), and SIPr. Selective hydrogenolysis of (B) diphenyl ether in the presence of 4-tert-butylbenzyl
> oPh methyl ether; (C) 2-methoxynaphthalene in the presence of 4-tert-butylbenzyl methyl ether; and (D)
1 /@f 10 _ 100 o9 03 diphenyl ether in the presence of 4-tert-butylanisole.
Bu
2 /@ﬁ*bm 20 - 1 0 0
3 Bu Et 20 AlMe; 100 99 ng*
~oMe 20 - 0 0 0
20 AlMes 100t 96 nq
*ng, not quantified. 132 hours.

Hartwig, Science, 2011, 332, 439



@* U \©/ ‘@’ O Ni(COD),/SIPr-HCI
NaOBu, m=xylene,
(1 bar)

120°C, 16 h
1 equiv.
HO OH HO HO OPh
SRR CEER R G]
1.9 equiwv. 0.3 equiv. 1.7 equiv. 0.09 equiv.
B OMe R OMe OMe
o} 20% Ni(COD OH HO
L onaowSierner
2 *BuONa m-xylene,
(1 bar) 120 °C Time
Models for the R = OMe 66% 15% 47% - (48 h)
4-0-5 lignin linkage R=H 68% 63% 19% 22% (16 h)
o
5% Ni(COD MeO
MeQ o + H, _10%SIPrHCT
2 'BuONa, m=xylene, m-xylane
MeO (1 bar) 80 C
Model for the
©=0-4 lignin linkage
OMe OMe
OH
. + numerous
BuONa, m-xylene, products
100°C, 2h

Model for the 80%

[3-0-4 lignin linkage

Fig. 3. Hydrogenolysis of (A) bisim-phenoxyphenyllbenzene. (B) A model of the 4-0-5 linkage in lignin.
(€) A model of the a—0-4 linkage in lignin. (D) A model of the p—0-4 linkage in lignin.

Hartwig, Science, 2011, 332, 439



Metal-Free

OMe
OMe NaOH, NaySO; OH
OMe OH OH ©/ j)\cf ball rnlllhzg '513.3 Hz),
cngvallicai. ==
HO OMe Z on
arythro-1a MeO o OMe OH
OMe  OH OH 57
0., OMe OMe 57 HO OMe
Me MeO OMe
HO OMe erythro-1e o
threo-h 2a OMe OH o
OMB 8]
OMe 84
e @z J\ED @/
1f
2a
mrﬂﬂ-’ib OMe oH OH
o OMe
oMo ovte @: MeO OoMe  (60)
CFI'CE ﬁ::r : ool
threo/erythro-1g 2¢
threo-1¢ U“EU OH orte oH
OMe OH OMe OH e @ \)\C( MeO OMe  (90)
oL, O e, o
HOMeO OMe Th 2
erythro-1d 2

?Use of 0.2 mmol of 1, 3.5 equiv. of NaOH, 1 g of Na,S0O,, 30 balls, 720 min, 13.3 Hz. ” Determined by GC using 4-methoxyphenol as an internal
standard. The values given in parentheses refer to the amount of isolated phenol obtained from reactions performed on a 0.8 mmol scale.

Bolm, Green Chem. 2013, 15, 160



Metal-Free

OMe _ R3 OR? OMe - R® OR? i
oY OMe  NaOH, Na SO, OH OMe
LR ball milling (13.3 Hz), 1°

il .3 Hz), 4
R107 RS OMe 2h RS R OMe |
Mechanochemical degradation
OMe OH OMe O OMe OH
@omom ©/o j)\ED:OMG @of\@onﬂe
HO OMe 0 OMe ? OMe
62% 4 16%
OMe O OMe OH OMe OH
©/Oj)\®[OMe @Oﬁ@OMe @OmOMe
HO OMe HO OMe HO OMe
50% 15% 30%
OMe OH OMe OH
0 OMe o) OMe
76% of B-0O-4 was cleaved
5 S .-lignin
HO OMe lignin HO ©)

56%

Bolm, Green Chem. 2013, 15, 160



Metal-Free

H
HO_
HO /Q oM ohe
~ e
M
¢ © oMe 2 'y

o OMe ——
HO
Z>0OMe 0 Q
OMe o O H o
’ 2 . % dehydration OMe
OMe
OMe
OMe OMe
OMe 3 s
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Metal-Free

A) Stoichiometric
Oxidants

1. CrO4/H,S0O,
2. [pyH]*[CrO,CI} (PCC)

3. DMSO/(COCI),
(Swern)

4. Dess-Martin
periodinane (DMP)

5. [TEMPOJ*BF ;- 2°
6. TEMPO/bleach (pH 9)

7. TEMPO/AcOH

B) Metal-Catalyzed 329

Aerobic Oxidations

©6(2°)

8. Cu(OTf)/bpy/TEMPO/ .

NMI m2(1°)

9. CuBr/bpy/ 4(1°)
MeO-TEMPO

10. Pd(OAc),/DMSO
11. Pd(OAc),/Mephen |G

12. Fe(acac),/phen/ I -

K,CO,/NaOH 1°
13. Fe(NO,),/TEMPO/ - 2°
NaCl | v
0 10 20 30 40 50 60 70 80 90 100

Yield (%)

C) Metal-Free Catalytic

Aerobic Oxidations

14. TEMPO/NaNO,/HCI .o
15. AcNH-TEMPO/HNO, 2
1 o
16. MeO-TEMPO/HNO,/ 2°
HCI 1°

17. ACNH-TEMPO/HNO,/ | 2
HCI

18. AcNH-TEMPO/HNO, [N 2
HBr 1°

19. AcNH-TEMPO/HNO,/ | 2
HCI

20. AZADO/HNO,/HCI — 2

10
0 10 20 30 40 50 60 70 80 90 100
Yield (%)
R R =H, MeO
AcNH
L &4
0- O
R-TEMPO AZADO

Stahl, J. Am. Chem. Soc. 2013, 135, 6415



Metal-Free

OH AcNH-TEMPO (5 mol %) 0
R HNO3 (10 mol %) R
1 Ry HCI (10 mol %) ! Ra
" SO
Rj 2 ' Rs
Ta-i 8a-i
0
0 o]
" 9 0
MeO OMe
OMe
Ba 92% Bb 87% 30. 829%° OMe ad, 87%

(10 g scale: 94%)

HO
J@* oue
OMe MeO OMe
8e 98

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

(7% dicarbonyl) OH ag’ 43%,

(74% total, incl. 16% vanillin

HO HO and 15% vanillic acid)
o i i
o /Q o) O/Q : O R '
OMe OMe i :
: vanillin (R = H) |
e0 OMe MeO OMe | MeO A oy |
OMe OH ; OH !
8h, 87% 91% (at 60 °C) e ;

Os_OH o

2 M NaOH (0.5 mL) © on

0 H,0, (0.88 mmol) N @,
OMe  1HF MeOH (1:1) OMe

50 °C, 10h

OMe OMe
OMe

3 conversion = 100% 9 (88%) 10 (42%)

Stahl, J. Am. Chem. Soc. 2013, 135, 6415



Metal-Free

0 H
1 ,Q HCO,H:H,0 D ;L /@ /é f
addltwe @\
12-15 h
110°C
©2 (0.2M) 4 5 6 (guaiacol)
Entry M (2equiv)  Additive 3 (%) 4:5 (%) 6 (%)
1 n - 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 0:77 64
7 - HCO;Na (3 equiv.) 0 0:96 87

Stahl, Nature, 2014, 515, 249



Metal-Free

h HO Me
0 O
0 NaCO,H (3 equiv.) ©
OMe HCO,H:H,O (10:1)
> + oM
o o e
. o 110°C R R T
i R
2,7-9

s 5,10-12 6 (guaiacol)
Lignin®* model compound Product: NMR vield (isolated yield)
22R=R"=0Me,R"=H Non-phenolic model 5: 96% (92%) 6 87% (81%)
7:R=R"=H,R =0H p-Hydroxyphenyl unit (H) 10: 93% (89%) 6 82% (73%)
8:R=0Me, R"=0H,R"=H Guaiacyl unit (G) 11: 92%(90%) 6 89% (84%)
9:R=R"=0Me, R"=0H Syringyl unit (S) 12: 93%(91%) 6 90% (88%)
C HO
HO OQ NaCOsH (3 equiv.)
HCO4-H:H,0 (10:1)
OMe » No C-O cleavage products
110°C
MeO
OMe

Non-oxidized lignin model (1)

Stahl, Nature, 2014, 515, 249



Metal-Free

a Lignin Lrignin©™ Soluble

HO 0 HO O fraction Low-
molecular-mass g4 .2wt%
HO 0 O o HCO,H:H,0 aromatics
Cat.,O
2 OMe HCOsNa

Extraction with ethyl acetate

ref. 14 110 °C, 24 h
Oli .
OMe OMe owern | 20.Twt%
Lion _0 o Insoluble Ivmers
gnin Ligninox fraction poly
b -
1.0 AcO
% : AcQ D,“
Q -
o 0.54
= i
o MeO “OMe
g _
o - .0
ol
u r r | r é r T r T 1 ID L] r T r 1I5 r T r | -Elﬂ r r T r

Time (min)

Stahl, Nature, 2014, 515, 249



Metal-Free

1]

100
80

Yield (%)

40
20

o.__H
Me
HCO,H o o
© HCONa O © © OMe
. a
OMe > OMe ——> OMe — > . OH
Fast Slow Moderate
DME‘ OME O'ME O‘ME
OMe OMe OME OMe
20.2M) 3 13 5 6
h 100 7
=3
=]
il
=
&
0 BID 1I;.iﬂ 2::1[] 32I[] 4[IJD
Time (min)
d
23t 100 3->[13] =5
— —_— | 11{] ﬂc
25 °C 3 8
= 60
= 40]
=
Eu.
2
40 a0 120 160 200 0 40 B0 120160 200 240 280 320 0 10 20 30 40 50 60
Time (min) Time {min) Time (min)
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Metal-Free

f
0]
HO HCOMa CHg

Q (3 aquiv.)

o HCOHHO MeO 8]

HD  Ome L DiMe
110
o e\
OMe OMa
- —4 ~1
vy =1.12 =104 M min ou

vp =0.12 x10~* M min

kg =9.3 0.2

HCOH
HCOMa -
OMo MNa ; HCO5H
Formylation 4\ OMe Elimination
OMe ‘B {rate-limiting
OMa Me step)
Ohea
Me Me
Q at —HCO,
DM L] ]
OH H,0 OMe
+ g
Me Hydrolysis OMa

OMe

Stahl, Nature, 2014, 515, 249
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Answer Key

R, .R?
RLN,R2 Retro-aldol N|+ ia O -
reaction OAr? HNR'R 1
Al2 - 1 - Ar
Ar1 /l\/o R CH20 Ar /‘\[ _ Hgo
HNR'R?
-H,0
0 X i |
2|[Cu] OAr )l\ r1 H._OAr
1 1 -
A o At \g/ —= » APOH
R
v 7. Amide | 6
1 2
R‘ﬁl’R o o Pathdl
Al OAr? . o i o)
— Al oAR ——» OAr2 _HNR'R?
ICu"]—o’o -Cu" o -HNR'RZ Ar' 2=
c Path-I ~o0 H o
l D =
l Path-II
1+ R2 1, R2 Cu®
OARR — ™= | = H — = N.
Aﬂ)\( -Ar?OH Ar' 1 HNR'R? Ar1J\n/ 0, Aﬂ)kf( Rf
OH o) 0o 0]
F G H

5
Loh, Chem. Commun. 2013, 49, 11439



Answer Key

PPh |

PPh, o\ “l

\*(\t L ‘s v RI.I“ “‘G"“'—"f

-'{" IIIIII Hu L ““.'f
P ‘\,

PPN n/‘

Vi 1 activation  H, or H, equivalent
H, H, or H, equivalent
@ o
R e W
..... Rul-+O—LH /—A \(— R0y
PhyP “'4" N OAr PPN N

OAr
Bh, o Bh, o

vilk AT 4 e ix AT

intramolecular at the
hydrogen ) MN12-L/def2-TZVP

@
0]

..-"' it

1
transfer

© o IPCM(xylene) level:

Ar” 2
ol 3a' :I\ N H)J\Ar ﬁ'\"hz o _| cl ﬂG‘“"’“{ITS{lx—K}l-'Iwn;._
en H™ "OH 3b 1 ,{ Rl H 16.6 kecal mol™
H2™ hydrogenation PhyP E; l OAr
v 2
AI”G H Ar
X
3a OH
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