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Motivation

-+ Ecology friendly
Sustainability
CO, neutrality: climate change
Wild fire protection

= Economics is challenging
» Low price for fossil resources
* Low heating value
» Costly post-processing

Can we control the
lignin oil composition
through changes in the

lignin biosynthesis ?
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W Lignin structure . ] .
preserving Catalytic steps Specialty chemicals
' E——

Lignocellulosic
biomass

Lignin first bio-refining approach

Enzymatic/Catalytic steps
—— fuels, base chemicals

I:> carbohydrate pulp

k Higher value stock chemicals




Lignin structure o

o4 OH HO  oH
MeQ
7/ 8 MeO OMe OMe
VIB model: HO o o) o)
. 6 2 OMe OH
* Linear polymer 5 3 MeO
_ HsCO™ 4 OH OH o OH

* Saturated C3 units OH MeO.

 OH in”7"(a) position
« Random S,G distribution
« Random linkage distribution

» 8-8 pinoresinol is proposed as initial

lignol dimer MeP
* |In trees: few H units present
=> Structure implies " Ho oM "
non-enzymatic radical coupling dz

OMe
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Lignol Metabolism Well Known

HO__O
PAL
C4H
——) Carbohydrates ——) NHy  ——)

Phenyl alanine
PhCC(NH2)C(=0)OH

» Enzymes involved in synthesis (metabolic)
process are well known (e.g. Neish 1968)

» Genes responsible for enzyme production
are identified

» Genetic modifications possible to

suppress/enhance production of specific

Lignin growth:

oxidative coupling of lignols with
phenoxy group of lignin chain.
How ?

HO o) HO__O
_ C3H Z
OH
OH
OH . Caffeicacid
p-coumaric acid t-p,m- (HO) hC=CC(=0)OH

t-p-HOPRC=CC(=0)OH
4CL
4CLE
CoA

]
S O
=
= HCT
C3H :
OMe
OH
OH
feruloyl Coniferyl aldehyde
p-coumaroyl- CoA t-p-HO,m- M PhC=CCHO

CoA
CCR CAD
CAD
OH

lignols
g Z
Lignols: O
—_
At i H p-Coumaryl alcohol Coniferyl alcohol
— . - . t-p-HO,m-MeOPhC=CCOH
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Hydroxyphenyl Guaiacyl

Me

syringyl aldehyde

t-mm-(MeO)2,p-

HOPhC=CEHO
CAD

OH

=

MeO O OMe

OH
syringyl alcohol
t-mm-(Me0)2,p-
HOPhC=CCOH

S unit
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Currently accepted model: Radical Recombination

aYa)

MeO ; H0, 8-8 >8-04 > 8-5
uuuuuuuuuuuuuuuuuuuu e
OCHj3; N
H3CO$OCH3 S (8 0 4) G E CH20H
[0}

Dehydrogenation Polymers
Racemic mixtures
suggest non-enzymatic
reactions

HO 5
g OCHj
0

Lignin linkages OH
OH S: 8-0-4 (only) 7 ya&:
' G: 8-0-4 (dominant) 6
2
H,CO OCH, 8-5
g Hco” f 3
H: 8-5 (dominant or only) OH

(0}
H3CO. @ OCH;,3
o Ho! LN $-(8-0-4)-8
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Polymer chemistry model: Radical Addition

Polystyrene
OH
_ L ey D
50%‘ é = 0/‘;)/\(: -
OH ’ O ‘
v

QM calculations performed to
address the following questions:
» Is radical recombination more

H OH " H
Ho 7 OMe ’
MeO OH
OH  OH o OH

selective than expected ?
» Can initial radical addition step
explain the preference of linkages

Typical lignin structure

N

T 1 M not lignin-like observed ?
GHENT .. .N : = except for start structure » |ldeas for new model ?
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A few words on the calculations

Previous studies Our study (in progress)

> DFT based calculations » post-HF based calculations
» CBS-QB3 level of theory is well-established

reliable, low risk for no artificial results

» Minnesota functionals as best level
» thermodynamic control of overall process

» Spin densities and orbital polarizations > Looking at TS and intermediates

> Able to study large molecules » Restricted to small model compounds

» so far not very convincing results on selectivity questions

OH OH
H3CO '
—>
7 = 7
HO HO

————

Qi = ﬁ too expensive okay

GHENT Bl B 2x13 heavy atoms
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Large No of products expected from Recombination

56 6.8

= No significant energy barriers AH?%8 [kd/mol] O 0-
= All products but peroxide are exothermic linkage 2x p-C=CPhOe p-C=CPhOQe + p-t-HOCC=CPhOe
= Dominantly formed 8-8 product only
8-1 -90 -87 N/A
second most stable
, . 8-3 107 -106 -101
= High exothermicity does not allow
reverse rxn at room temperature 204 [ 183 iS50 a1 }
» No foundation found for “8” rule 33 -82 -79 N/A
= Large product spectrum expected in 3.0-4 97 96 93

DHP experiments

» results for larger model compound confirm
those obtained for vinyl phenoxy radicals
— e
L - HE B » exception: 8-O-4 bond formation is more favorable

GHENT .
UNIVERSITY l-\.pl | due to H bond formation 813



More complex Model compounds support conclusion

OH OH OH OH OH
G Gl G —
MeO MeO MeO MeO MeO
Oe O (e} o O

1

04-04  04-3 04-5  04-1 04-8
3-04 3-3 3-5 3-1 3-8
504 53 5.5 5-1 5.8
1-04 1-3 1-5 1-1 1-8
8-04 8-3 8-5 8-1 8-8

» Use of larger model species
Increases complexity

* ... but does not change the
basic conclusions: too many
plausible product channels

-18.3

— o not stable I S
Tl 1 S~ a0 "
EE N ) o { o

————
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Note: enthalpies in kcal/mol units
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Addition mech: Thermodynamic control of pathways

Observations Enthalpy

= Substantial energy barriers kd/mol

= Lowest barriers for 8-3, 8-O-4 and
8-8

» Explains involvement of “8” site

130 8-5

— 127 5-0-4 d \ o

107 1-8 \ o @

92 5-8 ’
Ve,

T, 1 M /\Q .
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» Most products are endothermic
» 8-0-4 and 8-8 product are

Z
exceptions (exothermic) ~
» Only a small spectrum of products +

expected in DHP experiments

= Reversibility + (lack of) aromatization

explains formation of few linkages




Conclusion: new proposal for coupling mechanism

Radical addition with involvement of HRP (horseradish peroxidase)
Calculation results show

» Recombination mech. not supported
no differentiation between pathways
* Highly exothermic products
=> no reversibility
« Addition mech. Is okay
thermodynamic + kinetic control =>
correct linkages if no propagation

* HRP involvement could lead to valid
mechanism

« 180 labeling could help to clarify where
the OH groups of H,0, go.

Bioengineering should focus on coupling step
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GLOSSARY

Dehydrogenation polymer (DHP): oxidative coupling of phenolic compounds, e.g.
lignols, to dimers or oligomers; expression used by

Metabolism:

Metabolomics:

Horseradish peroxidase (HRP):

GHENT
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plant biologists
chemical reaction sequences in biologic systems
systematic scientific studies of intermediates and
products (metabolites) formed in cells; sum of

metabolites: metabolome

group of enzymes using H,O, as oxidizing agent
protein which binds heme as redox cofactor
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Enzymes in Lignol Metabolism
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C3H = coumarate 3-hydroxylase

C4H = cinnamate 4-hydroxylase

4CL = 4-coumarate:CoA ligase

CCR = Cinnamoyl CoA reductase

CAD = Cinnamoyl Alcohol Dehydrogenase
CSE = caffeoyl shikimate esterase

COMT = caffeine acid O-methyltransferase
CCoAOMT = caffeoyl-CoA O-methyltransferase
F5H = ferulate 5-hydroxylase

HCT = hydroxycinnamoyl transferase

CoA = coenzyme A
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Important Molecular Structures and Trivial Names

HO_ _O HO__O HO__O HO__O H. O H._O H. O OH OH OH
E\ iNH2 /i S Z = = = S = =
OH OMe HO OMe MeO OMe OMe MeO OMe
OH OH OH OH OH OH OH OH

Phenyl alanine Cinnamic acid Caffeic acid Coniferyl _ . svrinavl p- ) syringyl
o aldehyde 5lhygroxycomferyl a:/dehgi’ie coumaroyl  Coniferyl alcohol
p-coumaric acid aldehyde y alcohol alcohol
—_
I 1 /M
H N [
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