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The Lignin Platform: Dealing With Structural Complexity
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The Lignin Platform: Dealing With Structural Complexity

e What s it we seek to know?
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The Lignin Platform: Dealing With Structural Complexity

* What is it we seek to know? -
* Monomer/pendant composition

* Connectivity: linkages within and to other
components in the matrix

* Functional group type and density

* Macromolecular properties:
shape/aggregation/molecular weight

* Comprehensive approach to lignin structure
analysis needed

* No single technique suffices

* NMR is arguably the most powerful one
though, when it comes to obtaining
structural information




Lignin NMR

Several nuclei of interest suffer from low natural abundance: protons are essen-
| tially 100% 'H (~0.015% 2H); phosphorus is 100% 3'P; the major carbon isotope, 2C,
L - = is not NMR-active, while the 3C isotope is only present in 1.11% relative abundance.
! LI g n I n Consequently, “C NMR at natural abundance loses another two orders of magnitude

= in sensitivity. Also, the energy levels are even closer in C than in 'H (roughly a fac-

and L I g n a n S | tor of '/,), ?elsulting in an evgeyn smaller population difference between the glev)éls and
i causing yet another decrease in sensitivity. Sample sizes typically in the milligram

range are required to obtain good spectra in reasonable times. Despite this apparently
5 NMR of Lignins abominable sensitivity, the information content of NMR spectra is significantly higher
than for other spectral techniques. NMR alone can often fully identify compounds.

fohiRayghiand Larry L Landuces Structure and bonding patterns are readily elucidated even in complex molecules.
iy = Considerable gains in sensitivity have been realized through other approaches. A
Senchtviy SONMR Specissso 18 2-dimensional(2D) “C-!H correlation spectrum, for example, can now be acquired
Evok f NMR Methods 3 2 2
Protooasd FT-NMR 1% much more quickly than a 1-dimensional (1D) 3C spectrum [2]. Although a rela-
i % tively insensitive spectroscopic method, NMR still provides an amazingly detailed
Recent Advances in NMR: Inverse Detection, Gradients, and N A & . . . v 5
I g SRS 1 picture of lignin structure from a combination of experiments, if sufficient sample
RS s bl Gl L] g Intrduction t Proson NNIR of L ignins PP : L . :
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where AF = Ay,B (eqn 1.9) and kg is Boltzmann's constant. Evaluating this expression
at 300 K, one finds AE = 2.65 x 1075 ), kgT = 4.14x 1072 ), and AE/kgT =64 X 107,
Thus, the energy required to reorient the spins is dwarfed by the thermal energy kgT,
so that there will be only a small excess of spins in the lower energy level. For such
small values of AE/kgT, eqn 1.11 may be simplified using exp (-x) = 1 -x, to obtain the
relative population difference, or polarization, p

_Ng—ng AE

= 5 112
Ng +ng 2kgT ( )

With the above numbers, eqn 1.12 gives p = 3.200 x 107>, That is, for every
15,624 spins in the upper level there are 15,625 in the lower level. The polariza-
tion will be even smaller for 'H nuclei in a weaker field, or for spins with smaller |1{
(i.e. almost all other nuclei). This situation is in stark contrast to electronic spec-
troscopy at a frequency of, say, 10"® Hz. Here, AE is much larger than kgT at room
temperature and aimost all of the molecules are in the ground state, leaving the
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1D 1H and (quantitative)
13C NMR

Indulin AT Quantitative 13 NWR

Lignin NMR: Opportunities Abound

Multidimensional NMR:
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1D Lignin NMR: Limited Resolution Yet Quantitative

* (quantitative) 13C NMR:
powerful and historically
important tool for lignin
analysis

Quantitative analysis of -OMe, -OH, -
COOR, S/G, ArH, beta-O-4

* Semi-quantitative analysis of various
linkages, degree of condensation,
saturated aliphatics, etc.

Figure 2. C-NMR spectra of acetylated and non-acetylated bamboo lignin samples
(Reprinted from [28]. Copyright 2013 De Gruyter).
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See e.g. Balakshin, Capanema RSC Adv., 2015, 5, 87187;
Balakshin et al. Green Chem 2020, 22, 3985; Sun, Materials
2013, 13,6



Multidimensional Lignin NMR: Opportunities Abound

Multidimensional NMR:
COSY, TOCSY, HSQC ),

HMBC, HSQC-TOCSY, etc,
etc ....
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HSQC is the current go-to method for lignin structure
analysis; excellent for fingerprinting

Combinations of 2D NMR spectra and model compound
spectra provide a redundancy of information and allow
for unambiguous peak/structure assignments

Spectra can be multiplicity edited (i.e. distinguish
CH/CH3 and CH2 contours)

Not limited to 2D: e.g. 3D HSQC-TOCSY

Note quaternary carbons cannot be identified by HSQC



Aromatics
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Fig. 3. HSQC analysis of the lignin PSS1 isolated after pilot scale soda pul
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Phenylcoumaran ($3-5)
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Allows the ratio of S/G/H to be determined (be
careful with H), using S2/6, G2 and H2/6

* Allows the linkage abundance to be semi-
guantitatively determined (beware of
guantification limitations)

» Allows identification of end-units/pendants;
guantification of mobile pendants (e.g. p-
coumarates, p-hydroxybenzoates) is overestimated
due to differences in relaxation times

* Check your spectra carefully against the abundant
literature

Lauwaert, Lancefield, Bruijnincx, Verberckmoes et al. Sep. Purif. Technol. 2019, 221, 226



Lignin NMR: HSQC

AroTatics : HO, HO, H
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Lignin NMR: HSQC

Notation __ Chemical Shift (8 / ppen) Assignment
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* Check your spectra carefully against the abundant
literature

Smit, Riddell, Bruijnincx et al. ACS Sustainable Chem. Eng. 2022, 10,

6012



Biorefineries typically produce technical lignins

Conventional fractionation processes

) Depolymerisation .
Native | ———— Technical

Lignin Repolymerisation Lignin
_—

cC-0
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Soda (P1000, herbaceous) Kraft (Indulin AT, softwood) ° Stru cture inva r|ab|y altered by

dp

biomass pretreatment

e Structure is changed considerably
Lignosulfonate (softwood) Organosolv (Alcell, hardwood) and in different ways

e Know your lignin: extensive
analysis is required
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Biorefineries typically produce technical lignins

e HSQC s ‘blind’ to much of the structure
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Figure 3. Influence of pretreatment severity on the nature of a processed lignin as revealed by HSQC NMR spectroscopy. |

Rinaldi, Ralph, Bruijnincx, Weckhuysen et al. Angew. Chem. Int. Ed. 2016, 55, 8164



Kraft lignin: a case in point

Chemical
Science '

* The actual structure of the technical lignins is
(in most cases) largely unknown

Kraft lignin

%60 mta produced per year
%x<20% assigned by HSQC
X|ncreased complexity

xMore C-C bonds and phenols

Lancefield, Bruijnincx et al., Chem. Sci. 2018, 9, 6348

See also: Crestini, Argyropoulos Green Chem. 2017, 19, 4104




Kraft Lignin: Structure Elucidation by NMR

Indulin AT Lignin

Aromatic Region
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= Quantification by HSQC accounts for up to ~40% of the aromatic units in kraft lignin
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Kraft Lignin: Structure Elucidation by NMR
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= |nsight into the chemistry of kraft pulping
Lancefield, Bruijnincx et al., Chem. Sci. 2018, 9, 6348



Authentic Model Compounds are Key
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= Access to high fidelity model compounds have been key to understanding lignin structure

Deuss et al. Chemsuschem 2020, 13, 4238



Fractionation Aids Quantification and Structure Elucidation

Crude 45 18 9
Mn=1176,PD =43 4 16 8
—1
EtOAc
N Mn=631,PD=15 . 4 o
£ = =
c <o( 3 12 g 6
g 5% MeOH/EtOAc =) =
g = =1. = . °
3 Mn=657,PD=1.2 gli 25 10 g 5
3 10% MeOH/EtOAC 2 5 8 £,
§ Mn=793,PD=1.5 =) )
2 1.5 6 3
- 20% MeOH/EtOAc
E Mn =1355,PD=1.6 1 4 2
©
% 30% MeOH/EtOAC 05 2 1
z Mn=1853,PD=1.7
0 0 0
" 10;3()“@ (;V'ESH )y 500 1500 2500 500 1500 2500
n= , =z N .
Relative Mn (Da) Relative Mn (Da)
MeOH Insoluble

10 12 14 16 18 20 22 24 26 28 30 Mn = 3396, PD =34

Elution Time (minutes)

Fraction analysis improved HSQC linkage quantification

large MW range and high polydispersity: Relaxation
characteristics of polymers means quantitative analysis is
biased toward low MW components (even with Q-HSQC)




Fractionation Aids Quantification and Structure Elucidation

Indulin AT kraft lignin

T M- 11C;lédso—43 iy
A T Unit®  CEL Crude MW adjusted” MW adjusted + HSQC,?
EtOAc

_ Mn=631,PD =15 A 38.5 7.0 9.8 10.3
£ B 13.0 1.6 2.8 2.6
g —— 5% MeOH/EtOAC C 3.0 1.6 2.1 1.8

a Mn=657,PD=1.2
g D 2.4 0.2 - —
3 10% MeOH/EtOAC X 5.8 1.8 1.7 1.6
5 Mn =793,PD =15 SR 1.0 24 2.0 1.8
2 20% MEOH/EtOA DHCA 5.2 4.7 4.6 4.1
el PR o IVie! C
3 M= 1355 PD— 16 ] 37 0.0 0.0 0.0
s S 2.9 0.0 0.0 0.0
§ 30% MeOH/EtOAc c 0.0 0.5 0.6 0.6
z Mn = 1853,PD =17 Z-EE 0.0 14 1.0 1.0
E-EE 0.0 2.8 2.5 3.1
100% MeOH

Mn=2000, PD = 2.2 SB1 0.0 b 1.5 1.9
SB5 0.0 6.5 3.8 —
MeOH Insoluble AG 1.4 299 3.8° —
10 12 14 16 18 20 22 24 26 28 30 Mn =3396,PD =34 Y% 1.4 0.8 - -
Elution Time (minutes) AV 0.0 0.7 - -
VA 2.0 0.4 — —
HA 0.0 0.8 — —
Ar 0.0 0.5 — —

Total°  84.3 453 386 35.2

. . . . o po ) 1 1 1
* Bias in HSQC NMR experiments can be significant, Native overestimated, end groups underestimated,
but does not affect overall balance of assignment kraft derived underestimated

~40%.



NMR of Model Compounds: New Insights from Synthetic Kraft Lignin

= What about the other 60% of kraft lignin?

=  Only ~15% -0-4 linkages or derived products, i.e. ¥45% still missing.

OH OMe S OMe ~9700°
Meojg){ﬁ[o\@\ NaOH, Na;S *HO©\L Phenol Content ~20%
s 61 i HO oH anin No Guaiacol Released
OMe High Molecular Weight
Lignin
OH OMe s OMe
MeOD){ri[O\@ NaOH, Na,S m +HO\©
T>SOH HO OH . o o .
o Omte * Identical reactive intermediates
Dimeric Hlodel from lignin and lignin model
OH OMe
MeO “5.0 oH . OMe compounds
Yo NaOH, Na,S +HO\©\
" OH HO oH (B-0-4),
n~9 OMe

Polymer Model



New Insights from Synthetic Kraft Lignin: Dimers

Early Stage Late Stage
O .. 1O / OH  OMe
mesas pesge
{
HO” ~Z HO HO ‘ Z H
- Kraft Conditions Kraft Conditions
MW =320.3 lw mg/mL lwo mg/mL
Dimer Dilute : Dimer Concentrated
20 20
] | [} 6
,,,,,, Diarylmethanes
I : : e 0-0' *
: 0, N Lso 10 > Il5
] I ‘\EMQ E - 'q,‘ Aliphatic Region
) ." f ' 0 b w
,...’,.]" |$ 40 \9/'3” “:p-p‘ | 40
", ! b
| Ui (M| h
'
l|l H 50 ) { 50
"
' | 60 "y ’0’ 60
0
L
70 ) 70 Oxygenated
1] |’| Aliphatic Region
X
W e - s
M, 440 : M_490
| M, 680 : |80 o M, 1160; |80
5 4 3 2 5 4 3 2

Kraft conditions = 0.25 M Na,S, 0.12 M NaOH, H,0, 170 ° C, 2 hours.

Dimers and polymers mimic kraft chemistry remarkably well



New Insights from Synthetic Kraft Lignin: Dimers

OH OMe OH OMe
MeO, o NNOH MeO, 0. N~oH
---------- > e em————
HO H HO HO H HO
Me Me
MW =3203 Kraft Conditions Kraft Conditions Kraft Conditions Kraft Conditions
"~ [10mg/mL 10 mg/mL 100 mg/mL 100 mg/mL
Dimer Dilute I Dimer Concentrated
) | 20 " a 20
,,,,,, Diarylmethanes
: ' . ------
| . 0-0' )
e 0, 4! 30 1o > I {0
| | 1 | op’
fw il % it L " U ) Aliphatic Region
gy 2
,‘:._},_:l, | % W e | b
} ol B
'
" ; ‘h
(N}
by gl
|Il 3 50 i { 50
"
it
| i ; | ] !
' 60 " ¢ 60
[ o’
| ,‘uﬂ :
70 | 70 Oxygenated
| ! W 1 Aliphatic Region
!
N e .:
: M, 440 :
| i M, 680 : [80 it 80
5 4 3 2 5 4 3 2

Kraft conditions = 0.25 M Na,S, 0.12 M NaOH, H,0, 170 ° C, 2 hours.

Dimers and polymers mimic kraft chemistry remarkably well



New Insights from Synthetic Kraft Lignin: Dimers

OH OMe OMe
Mmm()\@ NNOH Maoj@)j/ \© N NOH
HO HO HO/@/V\ HO r-coﬁg/\A
Me e
MW =3203 Kraft Conditions Kraft Conditions Kraft Conditions Kraft Conditions
" |10 mg/mL 10 mg/mL 100 mg/mL 100 mg/mL
Dimer Dilute ! Coniferyl Alc. Dilute . Dimer Concentrated Coniferyl Alc. Concentrated
| | 20 " w« 20 N I m;.v 20
') J h
............ Diarylmethanes Diarylmethanes
' . I 4 ------ 0-0 I (O < 0-0}
\ ) 0. Y ’n" 30 10 y 113 @ 0’ 30
Col 4 ' ,k D ey R b g
' ' ' 1 0 ' L g
el ' ; ot p. Q) s b "‘.vw Aliphatic Region
SR ML :°: o ' YIRS R
N 40 RO (R 40 G G | 0 - - 40
r A it 18 1 SR ;oA (O | I |U| wo
I ' [
1 }
s U " ‘A b
I'. i 50 "oy .. 50 , 50 ' 50
" M .
| s ’.
' 60 (] 60 (N 7 60 | oD 60
| i 0 [ g
| & » e
x 70 70 | 70 70 Oxygenated
| ‘ |" Aliphatic Region
[
e . M 440 ‘ M 500 ' M, 490 ! ‘M. 910 |
H H H H H : s :
| i M, 680 ; & i M, 780 180 v ! L e P i M, 2530; [0
5 ) 3 2 5 4 3 2 5 4 3 2 5 4 3 2

Kraft conditions = 0.25 M Na,S, 0.12 M NaOH, H,0, 170 ° C, 2 hours.

Dimers and polymers mimic Kraft chemistry remarkably well
Coniferyl alcohol cannot account for all condensation



Kraft Lignin: A Synthetic Chemist’s Approach

~ @

OMe OMe

-3 Novel Linkage ;ﬁ\

; o] .0

e

:\, ’../
o HO 3 OH
«° OMe OMe

New Intermediates
L J
6 5 4 3 \— HO 4
OMe

Native Lignin

70

=  Structural insight from smallest Mw fraction: new lactone isolated

®» |Lactone revealed a new mechanism of condensation
Lancefield, Bruijnincx et al., Chem. Sci. 2018, 9, 6348



Kraft Lignin: A Highly Diagnostic New Linkage

/j/\{‘&/\ 20 20
|
07~ NP oH
Me gMe
z 30 EY
3' ’ f
[P e ( """" [ g 1! """"" H40 -
\‘ 2
"""iiﬁi_"3 """""""""""""" b4 g ) eater e saraenie
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ’V‘,,‘.._ﬁ,,~,‘,,‘ —
50 ! 50
60 60
70 - 70
_______ '\‘A'M';’”"g'Yiéid“:"si""""i"" L et
i M 660 M, 440 |
Pom7o [ M, 680 i[5
5 4 3 2 5 4 3 2

oo

o
OMe OMe

8 Novel Linkage ;ﬁ\

_0 _O
o

= HO o OH
ol OMe OMe

New Intermediates

)&

Native Lignin

70

= A minor, new lactone linkage is highly diagnostic of a new homovanillin condensation pathway



B) Indulin AT (SA031)

48 46 44 42 40 38 36

Softwood

rs50

70

r80

Kraft Lignin: A Highly Diagnostic New Linkage

C) Indulin AT (In Kind)

48 46 44 42 40 38 36

Softwood

r50

r60

70

r80

D) Raiz Eucalyptus

48 46 44 42 40 38 36

Hardwood

50

r70

E) Celbi Eucalyptus (Heavy Black Liq.) ~ F) Smurfit Kappa (Black Liq.)
40 40

0

48 46 44 42 40 38 36

Hardwood

r50

60

r70

r80

0 i

48 46 44 42 40 38 36

Hardwood

50

60

70

80

G) BioChoice

o
09

48 46 44 42 40 38 36

Softwood

= This lactone is detected in all Kraft lignins analyzed; mechanism is generally applicable

rso

r60

r70

r80

A) Authentic Compound

=3
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o __0

: .,_,‘ N
H( ?\0?{
OMe Me
&
4

o_0

:
,
OMe OMe
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Labeled Model Compounds: The Fate of the Other [3-

0-4s
eo OH o OMe veo OH o OMe i OH % OMe ey OH = OMe
O30 RONAS 0 OO

B-Labelled Dilute v-Labelled Dilute p-Labelled Concentrated y-Labelled Concentrated

' 20 20
[ ] ©
OH OMe ' hls0 q - 5 -
o '\ ' @ | u‘ Aliphatic Region v‘j
\' \
g ) ol | I
HO HO I o
OMe o i " 50 ’ 50
¢ o
OH OMe 2 0 G
\ .l () W
(@) | 0,
Mw e OHR
| \ 70 70 Oxygenated R
HO HO wl ‘ Aliphatic Region f
OMe i : .,‘W’ K 80
HSQC ! o
i ek SN AW 170 170 170 170 Carboxyl/ %OH/R
Carboxylate
190 190 190 190 )
» 210 210 30 i Carbonyl \gl?f
HMBC : <
5 4 3 2 5 4 3 2

* (- andy-carbon labels end up in >150 unique new chemical environments

= Fate of the B—0-4 seems intractible: another way in which Kraft lignin is recalcitrant

Lancefield, Bruijnincx et al., Chem. Sci. 2018, 9, 6348



The Lignin Platform: Dealing With Structural Complexity

e What s it we seek to know?

Sl *Gymnosperm/
v« . Softwood

* In planta lignin structure elucidation
» Species/mutation dependent variation
* Valorization opportunities

.‘,,' _;H-L
AR



Lignin NMR: HSQC of whole biomass

* Wood degradation by D. Squalens (white rot fungi)

spruce 2w birch 2w

spruce 4w bir4w

Daly, Lancefield, Bruijnincx, de Vries et al. Environ Microbiol 2018, 20, 4141



spruce 2w

spruce 4w birch 4w

Isolate the lignin by
enzymatic treatment using
cellulase/hemicellulase
cocktail

Measure solution HSQC
NMR

Difference spectra provide
insight into the complexity

Lignin NMR: HSQC of whole biomass

A) Control B) 4 Week Fungal Treatment C) Difference (A-B)
Aromatics Aromatics
S 68.8% $58.2% Decreased
8 oy 8 o InB R
$'6.3% o @ $'1.7% ) i
G12.5% G15.1% A a #
$:6 6.0 f,’::‘ H $:G46 R o 8 Increased A gh H
Xy 0 s Xy e sD InB Xy * g
................. : v By
Linkages (per 100 C9) : Linkages (per 100 C9)
A62.4 Aa AS559 A 3
Y 00 ) 0 ¢ Ax g A
B25 ¢ Cy B238 ¢ Cy L (v
ces8 e cr7.2 0 :
A2 S$Da S A2 SDu 3 , s
sp29 AP = sD28 AP o & .
y s B "o :
Ca qﬁ; ) Ca c\‘ Ca * QA
Ba Ba
S“ !8- sz.c § S” §
s o) S o s, g
(o] o "1
G, G, ¢
s SD. : @ SD. #
[o% o 4
Gu Gﬂl -
Q SD, < Q@ SD, 8 ]
e T T L T B
7 6 5 4 3 PP 7 6 5 4 3 e rd 6 5 4 3= P

OMe

o4 4 N

2 6 2 6 2
: ?Hh O_\ MeO O Q H?
Me OMe MeO OMe Meo 3 W HO"Meo

X
S (Syringyl) S' (Syringyl) G (Guaiacyl) SD B-aryl ether (B-0-4) phenylcoumaran (B-5) resmol (B-B)  cinnamyl alcohol
Spirodienone

Daly, Lancefield, Bruijnincx, de Vries et al. Environ Microbiol 2018, 20, 4141



spruce 2w

spruce 4w

Directly measure the
whole biomass sample by
gel-state whole cell wall
HSQC NMR

Lignin NMR: HSQC of whole biomass

Birch Control Cell Wall Gel State

Birch Fungi Treated Cell Walls Gel State

Aromatics Aromatics ®
S 63% cp S 56% cp
S o% S 19%
G 28% G 25%
........... - P
Linkages (per 100 C9) CHMEALY, : L Linkages (per 100 C9) CNR,+ ANR,
A 526 i %0 A 518 %
B 26 - 8 20
ca9 Ca6
X,
23-dr-O-Ac--D-Xylp (2) d XRO 2,3-di-O-Ac-p-D-Xylp (2) el
23-4-0AHDXyp 3), "r CRa 15 X, k"c:: 236H0AHOXYIp B) wr,
2-0-Ac-f-D-MaND (2) e - *‘;:("4""5 20-APOMIND(2) et ©
. c N
Aa e, CNR, Aa *
X4, %
20-Ac O Xylp (2) LB R, 20K p0XH D
30AcHOXylp 3] N4 5 3:0-AcH-0Xylp (3) X+ xe s Xl
AT 1)+ CNR, e 1)+ CNR,
AG i My c(? Kfc-ua‘ ’§ AGh_ MMy cd 13 =
@ 9 CR+CR, " MaR, g Y ) R CRL M, §
Ca & ‘ O Ca ? ° 5
t ASB - i s -
ASP = ASP ASf € (1-3)-3DGip =
XR,;0-DIAPR o &, R 3 XR,:a-DXylp (R CR,: 3O-Glep (R) 8
MGA; 4.0-MeGA ooy "":V MGA; 40-MeGkA kS ‘“‘"’V
KR, DKy B XR,: BOXp (R
\b — \ ro—
2-0-Ac-f-D-Manp 20-Acf-0-Xlp L100 2-0-Ac-p-D Manp. 20-Ac-f-D-Xylp L100
s, 3-0-Ac-f-D-Xylp s, 3.0-Ac--D-Xylp
b 3-O-Ac-f-D-Manp n 3-0-Ac-p-D-Manp.
‘ (14) (O-Xylp ' PrL-Araf =" (124)-pOXylp
S'se //«:v&ww S've (1+4)-BO-Manj
e ATy pcip o 1B G ) B G123 pOCkp | G (17-POGRPINRY
€ (14)-p-DGlep.
o l o°
> alAnf s al-Anf
G, +G, G,+G,
L] F120 @ F120
[Prine > Pyidne @
7 6 5 4 3 7 6 5 4 3
®,-"H (ppm) ®,-"H (ppm)

Difference (Control - Treated)

60
Aa \*. v
D
,
! 180
®. =
3
Q
&
LAd 1]
S Asp &
i 2}
|
: " a L100
S & - ol
\‘* ad
o~ o
e
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Eie — = INCrEAS
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7 6 5 4 3
®,-"H (ppm)

Daly, Lancefield, Bruijnincx, de Vries et al. Environ Microbiol 2018, 20, 4141



Lignin Linkages
HO, 0, HO, o)
2 6 2 6 2 6 2 6
5 5
MeO’ OMe MeO' OMe Me © M .
0,
b4 > 4 rd b4
S (Syringyl) s 1] G ) G 1
Me HO,
OH (_.Vw \ OMe 3 Ar
MeC (o] 3
Ao HOMeO Ar

OMe

A B
[i-aryl ether (-O-4)  phenylcoumaran ({3-5)

Carbohydrates

CNR

Cellulose
B-D-Glcp-(1-4)-[-8-D-Glcp-(1-4)-],-D-Glep

HO/ MGA

HOTo
H,CO
HO

o
HOfo NI
4-O-methylglucuronoxylan

[-D-Xylp-(14){-f-D-Xylp-(1-4)] L:H-Xylp-(124)-1.D-Xylp
S

!
[4-0-Me-Ja-D-Glcp
N o
R AN
G OH HoO JOH
. Hoo o
oH] «a . -
Wq “&Q/ NO&/
H Mannose (Man) OH
Galactose (Gal)

-L-arabinofuranose
(Aran

o A
ko OM
¥
n M 'OH
OH|

Lignin NMR:

Birch Control Cell Wall Gel State

Birch Fungi Treated Cell Walls Gel State

HSQC of whole biomass

Aromatics
S 63% cp
5 9% o

Linkages (per 100 C9)
A 526
B 26
Ca9
23-4-O-Ac-H-D-Xylp (2)
2,3-d-0-Ac-D-Xylp (3),

20-A¢-H-D-MaNp (2) e &
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S 56%

S 19%

G 25%
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Daly, Lancefield, Bruijnincx, de Vries et al. Environ Microbiol 2018, 20, 4141



Lignin NMR: HSQC of whole biomass

PROTOCOL | . pRoTacoL

« Ball-mill grinding jar: Z1O, (zirconium dicxide), 50 ml, 1.113 kg
(for Retsch); ZrO, with steel casting. 20 ml (for Fritsch)
« Ball bearings: 10 X 10 mm, ZrO,

50 mM
° ° ° - DMSO-d, + Centrifuge (e.5. Thermo Scientific, Sorvall Biofuge Primo centrifuge)
* Pyridine-d, (99.5% D is acceptable for wood, dicots; 99.94% D isuseful for  « NMR spectrometer: 400-700 MHz, preferably fitted with a cryoprobe
ole plant cell wall characterization usin EEETEEER
+EDTA 6 mM 5 men, capable of "C and 'H irradiation and detection, and preferably
*DMSO optimized for 'H-detection (proton coils closest to the sample)

. + N-methylimidazole (NMI) 8 CAUTION It s very harardoss n case of skin 0 . N\(R acquisition and processing software (c 5., Bruker Topspin 3.x)
e contact (v, Ingastion, ar mM-‘“-'\n B « NMR tubes, S mm outer diameter (Nete: inexpensive or lower-quality
i + a-amylase formis (1, y tubes may be used, as tubes are not spun in the instrument and the NMR

L1; Sigma-Aldrich, cat. no. A-3403) ncwidths from these samples are suffici cobe quality is
32,05 Sgma-Alrich, ridths from these samples are sufficiently broad that the tube quality

; DLy ol egigble mporance)
- tiring plate
1 Tm2 2 MENT - o
Shawn D Mansfield', Hoon Kim?, Fachuang Lu” & John Ralph S sprsis SRS e e S
? 2 -uo«-unxma (capable of attaining boding) * 03 s PP )
Wiky mill with 40 pim ey o sicadar © + Rotary evaporator (¢.g. Heidolph Collcgiate Laborota 4000)
+ Freeze dryer (g, SP Scientific, \u‘lnl-nﬂlmoblk 3588) KEAGENT SETUP
- R < 5% Joo 2 S + Oven (capable of maintaining 50 °C + ~2°C) Each sample 200 and 1,500 mg. i5h
'Department of Wood Science, U y of British C Vancouver, Canada. *US Department of Energy (DOE) Great Lakes Bioenergy Research Center and + Sanicator (e.g,, Emerson s o Do ks oot s
s R S . . 3 i i 1 cleaner model 3510) :
Wisconsin Bioenergy Initiative, University of Wisconsin, Madison, Wisconsin, USA. Correspondence should be add d to S.D.M. (shawn.mansfield@ubc.ca) or + Anplewior rmacsperm) sd wpen (Fopul
R. (jralph@wisc.ed  Ball mil (c.5, Retsch model no. PM100 ar PM200 (or PAUOD, bet milling tremuloide 113 kemaf bast fiber (4
J.R. (jralp! c.edu). conditions may be different); Fritsch Planetary micro mill Pulverisctte herbaceous pl L (ie., from the
7 premium line) Poaceac family))"
PROCEDURE

Sample setup ® TIMING ~5 d
1| Allow plant biomass to air-dry until a constant moisture content is attained (approximately 2-3 d at ambient
temperature).

2| Grind the dried plant biomass in a Wiley mill fitted with a 40-um mesh screen and obtain the flour that passes through
the mesh.

3| Extract the ground material by either (option A) Soxhlet extraction or (option B) solvent extraction. Samples with high
protein content, such as immature tissues o photosynthetic material (e.g., Arabidopsis, immature grasses), should be
subjected to a more extensive olvent extraction™*” (option (). Extraction is essential to isolate the cell wall and remove
the (i that may appear as ‘pseudo-lignin’ in the samples and distort the
estimation of cell wall components Unless there is an interest in characterizing the extractives’ composition (by gas
chromatography-mass spectrometry), the material is simply discarded.
(A) Soxhlet extraction
(i) Extract the ground material overnight (minimum of 8 h) with 95:5 acetone/water on a Soxhlet apparatus (~70 °C).
Note that boiling chips may be used to control solvent boiling.
(B) Solvent extraction
(i) Add 200-1,500 mg of plant material to a 50-ml conical centrifuge tube.
(i) Add 40 ml of water and sonicate for 20 min.
(i) Centrifuge the samples for 10 min at 3,480 r.p.m. (~2,800g) at 21 °C.
(iv) Remove the solvent by decanting or aspirating and discard it.
(v) Repeat the water addition, sonication, centrifugation and solvent removal two additional times.
(vi) Add 40 mL of 80% (vol/vol) ethanol and sonicate for 20 min.
(vii) Centrifuge the samples for 10 min at 3,480 r.p.m. (~2,800g) at 21 °C.
(viii) Remove the solvent by decanting or aspirating and discard it.

. . . . (ix) Repeat the addition of 80% (vol/vol) ethanol, sonication, centrifugation and solvent removal two additional times.
[ D I I | d I | I | t I d 6 - D M S O d 5 - (x) Add 40 ml of 100% acetone and sonicate for 20 min.
ISsolve milieqd cell wall material In (4 Centifgethe ample o 1 min o 3480 . (2,805) a2 °
(xii) Remove the solvent by decanting or aspirating and then discard. Hatfield”"* has found that aspirating the liquid off

py (4:1) to give a uniform gel for NMR analysis () Gt e o el

(i) Add 200-1,500 mg of plant material to a 50-ml conical centrifuge tube.

e Collect biomass sample, remove extractives by
solvent wash; dry

@ © 2012 Nature America, Inc. All rights reserved.

e Ball mill

NATURE PROTOCOLS | VOL.7 NO.9 | 2012 | 1583

* Run your HSQC
Mansfield, Ralph, Nat Prot 2012, 7, 1579



Lignin NMR: HSQC of lignin-derived product mixtures

Reaction coordinate

Aliphatic region Oxygenated Aliphatic ] 55 |Aromatic region 109
4 .
@D isation  (3) Stabilisati lignin , @ Rl
R 1 .0 |
- YPY-OH 6 b
Catalyst . Monomers e~ » x:&’ oo a, ¥ f . W= 1
R . W 2rom ] i'w G
<2 P o e tho: D mwsv»on 0 A
® Lo = i o VA,
@ pRse aPyoH @ w J i
WK A { sy 2 114
# 3 w o
e J
-3 BPY-OH

app P
o "8 P o |©
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EY Catalyst Dimers g Pl o
k { .,. b o "f‘) ° d )
o4 i \ A ‘ 40 75 [ P 129
e ¥
o L. ol y
‘} : PyoH - o
RCF batch reactor Catalyst Oligomers j & ROOCH, 50 €0 . 129
[ ve

()

Ar-0CH, 4 85
Current Opinion in Biotechnology ',! ’ .
g

. . v 3
Sels etal. Curr. Opln. Biotechnol. 2019, 56, 193 4 35 3 25 2 15 1 usw 6 s 4 3 2% T8 7a 72 7 es ss 4 ¢ sl
VVVVVVVVVVVVVVV - r B1 i S'S ‘
Spirodienone (F) Dibenzodioxocin (D)

* Lignin derived products (e.g. From pyrolysis, RCF,
liguifaction, etc) are complex

* Extensive characterization is again required

Sels et al. Chem. Sci. 2020, 11, 11498




The Lignin Platform: Dealing With Structural Complexity

e What s it we seek to know?

g«% . ¢ Technical lignin structure elucidation

. E * Biorefinery operation dependent variation

Valorization opportunities




Lignin NMR: Opportunities Abound

e Structure analysis: functional groups * Heteronuclear NMR: 31P,
19F

) oo

@ > N N

& o Guaiacyl OH = Carboxylic
$ Is : ‘ NF 'yt
OH

* (Mw-dependent) insight into functional group
density and type is essential for (mechanistic)
understanding of lignin formation and
properties and to guide further valorization




(Lignin) NMR: 31P NMR

e Structure analysis: functional groups

O CDCly
Lignin-OH + CI—R E—
e Pyridine

i 9
g PROTOCOL & oo o™
prOtOCOIS https://doi.org/10.1038/541596-019-0191-1 4_(\ /}_f\ /)_-(O\

Aliphatic and
carboxylic hydroxyl

p-Hydroxyphenyl C, substituted

Determination of hydroxyl groups in biorefinery Syringyl Guaiacy!
resources via quantitative >'P NMR spectroscopy

Xianzhi Meng®', Claudia Crestini®%*, Haoxi Ben®, Naijia Hao', Yungiao Pu®?,
Arthur J. Ragauskas®"*°* and Dimitris S. Argyropoulos®®*

Nat Prot 2019, 14, 2627



(Lignin) NMR: 31P NMR

Very versatile method; examples of analysis of

whole biomass, pyrolysis oils, tannins, LCCs a

O CDCl, O
* Pyridine/CDCl;(1.6/1) Lignin-OH  + m—a()i W_O_P\oi + Hcl
e TMDP

* Cr(acac); as relaxation agent
* IS: NHND, cholesterol, cyclohexanaol, ... ‘

e Little sample is needed and acquisition is
relatively fast

Syringy! Guaiacyl p-Hydroxypheny! Cs substituted Aliphatic and
carboxylic hydroxyl

Crestini, Ragauskas, Argyropoulos et al. Nat Prot 2019, 14, 2627



(Lignin) NMR: 3P NMR

Structure analysis: functional groups

TMDP hydrolysis product

o ) CDCl3
Guaiacyl Conbeonll' & S Pyridine

I (@)
Internal Standard L |

+ HCI

Aliphatic OH
H
p-hydroxyphenyl @

jU C5 substituted

150 149 148 147 146 145 144 143 142 141 140 139 138 137 136 135 134 133 132 131 130

0
R—O-F
o
R: lignin side chain

o p,()
oK

Syringyl Guaiacyl p-Hydroxyphenyl C, substituted Aliphatic and
carboxylic hydroxyl

ppm

Indulin AT (Lancefield, Bruijnincx et al. Chem Sci 2018)

Crestini, Ragauskas, Argyropoulos et al. Nat Prot 2019, 14, 2627



(Lignin) NMR: 31P NMR

Structure analysis: functional groups

TMDP hydrolysis product
Guaiacyl \\
Internal Standard ﬂ

Aliphatic OH

C5 substituted

| \ p- hydroxyphenyl
|

A

a | ’—“’

,,,_.// \wfv/ ~ \Mw/‘ N AL

ppm

Indulin AT (Lancefield, Bruijnincx et al. Chem Sci 2018)

150 149 148 147 146 145 144 143 142 141 140 139 138 137 136 135 134 133 132 131 130

Reproducibility needs careful attention (error bars
vary from person to person and lab to lab

TMDP is expensive (and sometimes not available)

Samples need to be relatively pure (free of ash,
aldehydes, sugars, sulfur species, ...)

S and G condensed cannot be separated



(Lignin) NMR: 3P NMR

nature
protocols vty 0 o e

PROTOCOL

Determination of hydroxyl groups in biorefinery m
resources via quantitative 3'P NMR spectroscopy

EMBED
% A 1 % % 2% 5 3 1 A a aivales Chemistry
Xianzhi Meng®', Claudia Cresti , Haoxi Ben®, Naijia Hao', Yungiao Pu®®, P mn)nnlﬂ\l) D e e s
Arthur J. Ragauskas®"*** and Dimitris S. Argyropoulos®®* $1243 wnd 81000, or equivalend)

S -

*Glass Pasteur pipette (Sigma-Aldrich, cat. no. Z628018, or equivalent) ¥y B in & & 7 2184Views

*Glass desiccator (Sigma-Aldrich, cat. no. SLW1591/02D, or equivalent)

*NMR tubes (Sigma- Aldrich, cat. no. 2272019, ox equivalent)

«Stirving plate (Sigma-Aldrich, cat. no. CLS6795420D, or equivalent)

#Stir bars (Sigma-Aldrich, cat. no. Z126942, or equivalent)

*NMR spectrometer (eg. Bruker Avance Il HD 500-MHz with 5-mm BBO probe, capable of
"'P detection, or equivalent)

*Vacuum oven (VWR, modd no. 1400, or equivalent)

Related Videos

Extraction of Lignin with High
B-0-4 Content by Mild Ethanol
Extraction

Software
*NMR acquisition and processing software (Bruker Topspin 35pl7, or equivalent software such as
MestReNova and Vamr])

Reagent setup

Solvent A

Prepare 10.0 mL of a solvent mixture (solvent A) compased of deuterated chloroform and anhydrous
pyridine at a volume ratio of 1:1.6 (vol/vol). Salvent A can be stored at room temperature (20-25 °C)
for up to 4 weeks over molecular sieves in a sealed container that has a hole cap with a polytetra-
fiuoroethylene (PTFE)-lined silicone septum. Wrap the cap of the container with moisture-resistant
Parafilm. A CRITICAL Anhydrous pyridine is normally stored in a crown-cap bottle that has a hole in
the cap and a PTFE-faced rubber liner under the crown-cap. It needs to be dispensed from the reagent
bottle under inert atmasphere (g, Ny). Insert a needle connected to a Schlenk line or regulated low- 31
pressure N, source equipped with a laboratory Drierite gas-drying unit into the septum to fill the space itati i ianit i
above the liquid with the inert gas inside the bottle. Use another glass gastight syringe as an outlet to Quantitative *'P NMR Analysis of Lignins and Tannins
withdraw the liquid from the container.

Mizoroki-Heck Cross-coupling
Reactions Catalyzed by...

Monitoring Protein-Ligand
Interactions in Human Cells by
Real-Time Quantitative

DOL: 103

91/62696-v

IS solution

Prepare a solution of chromium(IIT) 24-pentanedionate (Cr(acac)s) by using solvent mixture A at a
oncentration of ~5.0 mg/mL, sealed from the atmosphere. Add NHND to the Cr(acac), solution ata
concentration of ~18.0 mg/mL (~0.1 M). Record the actual weight of NHND., This solution will be
referred to as the IS solution. Record the actual weight of the entire IS slution (containing both Cr Dve
(acac); and NHND). Store the IS solution over molecular sicves in a sealed container oquipped with a l

PTFE lined silicone septum, and wrap the cap of the container with moisture-resistant Parafilm.
ACRITICAL For *'P NMR analysis of tannins or other types of substrate that need a loagterm
experiment or extended sample stoeage, It is recommended to use cholesteral as the IS. In that case, add
cholesteral to the Crlacac), solution at a concentration of ~38.67 mg/mL (~0.1 M). Record the actual
weight of cholesterol and the entire IS solution

Pt Quantitative 31P NMR Analysis of Lignins and Tannins

Sample setup @ Timing -24 h

1 Place the lignin or the tannin sample into a vacuum oven at ~45 °C and allow it to dry until a Wil 2 an U _ ~ —_—
constant weight is attained (~24 h) Dimitris S. Argyropoulos®, Nicolo Pajer’, Claudia Crestini

2 Codl the samples to 25 °C in a glass desicator over anhydrows cakium sulfate.

NMR solution setup @ Timing -30 min-12 h
3 Transfer ~0.1 mL of the IS solution (see Reagent setup’ section) into a 4-m. glass vial equipped .
with a PTFE-lined silicone septum. Record the actual weight of the 0.1 mL of IS solution. J . V|S . Exp . (1 74) e62696
4 Add ~30 mg of pre dried lignin or tannin sample from Step 2 into the sme vial. Record the actual 1
weight of the samples to the nearest 0.1 mg.
5 Useaglass gastight syringe to add ~0.5 mL of solvent A (sce Reagent sctup’ section) into the same
vial with constant stirring, using a magnetic stirrer. Note stir the solution ovemight (~12 h) to fully
dissolve the lignin or tannin samples if necessary (depending on the nature of the sample).

NATURE PROTOCOLS| VOL 14] SEPTEMBER 207926272647 warw nsture comyrgrct 2635

Nat Prot 2019, 14, 2627



(Lignin) NMR: 1°F NMR

Structure analysis: functional groups

(Mw-dependent) insight into functional group
density and type is essential for (mechanistic)
understanding of lignin formation and
properties and to guide further valorization

Scheme 1. Hydrazone Formation with 4-
(Trifluoromethyl)phenylhydrazine®

CF, CF,
HoN.
27 NH
X
+ —_— +
R "Ry N,NH HN\N+ 9
| |
CF
8 R1)\R2 R1/kR2

“For nonsymmetrical ketones, both the E and Z isomers are typically
observed.

Constant, Weckhuysen, Bruijnincx et al. ACS Sustainable Chem. Eng. 2017, 5, 965;
see also Lachenal et al. Holzforschung 2001, 55, 286



(Lignin) NMR: 1°F NMR

* d6-DMSO MeOL_ A Ao
e 4-(trifluoromethyl)phenylhydrazine T
* Cr(acac)3 as relaxation agent o
* |IS: 1-methyl-4-(trifluoromethyl)benzene :
* Little sample is needed and acquisition is
relatively fast
But:
* Reproducibility needs careful attention e
* Reactions are not as clean as with 3P L, i
reagent 8 . - © + © +
R™ R WNHHN H0
CFs P_ o

Ri” Ry Ri™ 'Ry

“For nonsymmetrical ketones, both the E and Z isomers are typically
observed.

Constant, Weckhuysen, Bruijnincx et al. ACS Sustainable Chem. Eng. 2017, 5, 965



(Lignin) NMR: 1°F NMR

* d6-DMSO Hydrazine 2 rescs S — Alcel — Indulin}

* 4-(trifluoromethyl)phenylhydrazine A ) H%CX;%\%H ] s

* Cr(acac)3 as relaxation agent | e Q)‘

* IS: 1-methyl-4-(trifluoromethyl)benzene [ 1 @ i \j "

e Little sample is needed and acquisition is “ Conjugated {jj
relatively fast

But:

* Reproducibility needs careful attention

* Reactions are not as clean as with 31P 86 8B 590 692 904 596 508 600 02 604 606 608 610 -61.2
reagent e

Constant, Weckhuysen, Bruijnincx et al. ACS Sustainable Chem. Eng. 2017, 5, 965

Table 2. Carbonyl Group Quantification in Humin and
Lignins by '"F NMR“

polymer mmol function/g of polymer wt % CO per Copo”
humin 2.35 6.6
Indulin Kraft lignin 0.60 1.7 10.8
Alcell lignin 1.17 33 209



1D 1H and (quantitative)
13C NMR

Indulin AT Quantitative 13 NWR

Lignin NMR: Opportunities Abound

Multidimensional NMR:

TOCSY, HSQC,q), HMBC,
HSQC-TOCSY, ....

3.3x n*
zoom ' L
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Heteronuclear NMR: 31P,
19F

) oo
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Lignin: The Analytical Challenge

Analytical challenges in lignin valorization are manifold:

= Structure variation: crop, seasonal, process-
dependent variations in key lignin parameters

= Structure dynamics: how do we get online/real time
information on, e.g., depolymerization?

biomass

Rapid lignin analysis by ATR-IR

pes—
s s 4 T . oz .
: & . P § 3
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Predicted

w

p-0-4

products




Lignin: The Analytical Challenge

GPC HSQC NMR 31p NMR
Y Z:gi.::d A:vl Region = - ) P ——
: s 3 ‘ M \
;T:i
> < F" 10 A2 1 16 18 20 22 24 26 zs 3¢ 60 B“: 5. a. 0 ¥ "
/ Elution Time (minutes)
= Different botanical origin and ... structurally different technical
refining technology give... lignins and lignin fractions

M, B-0-4 / = Sample load becomes an issue
content, [OH]
etc

,I'. = Rapid analysis by ATR-IR with chemometric
5 analysis can reduce that heavy burden

Lancefield, Bruijnincx et al. ChemSusChem, 2019, 12, 1139



Lignin: The Analytical Challenge

GPC HSQC NMR 31p NMR
) Oxygeied Alkyl Region - - — W\‘<
i |
. . ia y [ e "“ [ . _“
> < F" yfz 1 16 18 20 22 24 26 zs 3¢ 60 B“: 50 4. 0 o e e v-;:u v » ¥ .
= Different botanical origin and ... structurally different technical
refining technology give... lignins and lignin fractions
: = Previously: e.g., hydroxyl group content, S/G ratios,...

of different technical lignins

Mw, B-0-4 o o
C‘tf_’“te“t' [OH] e.g., Boeriu, Gosselink, Ind. Crops Prod. 2004, 20, 205
etc

,.I" = Now expanded to linkage abundance and molecular
. weight information




Predicted

Predicted

Excellent prediction of:

Kraft Lignins as Showcase Sample Set: Linkage Abundance

= linkage abundance
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Lancefield, Bruijnincx et al., ChemSusChem 2019, 12, 1139



Rapid and Complete Lignin Analysis by ATR-IR

Quantification is comparable to
standard GPC and HSQC NMR

FTIR

s ot

When calibration set is in place,
analysis of new samples is rapid and

free of o pe rator-bias Traditional: FTIR+Chemometrics:
% Time Consuming V" Fast
x  Extensive O =/ Simple
Instrumentation v" Widely available
x  Expertise required v' Excellent predictive

x  Expensive ability



Lignin: The Analytical Challenge

Rapid reaction analysis by operando ATR-IR

Analytical challenges in lignin valorization are manifold:

= Structure variation: crop, seasonal, process-
dependent variations in key lignin parameters

biomass products

= Structure dynamics: how do we get online/real time
information on, e.g., depolymerization?
Khalili et al., Chem. Methods 2021, doi.org/10.1002/cmtd.202100041; ChemSusChem 2021, accepted
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