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Methodology for the quantitative analyses using NMR Spectroscopy:

'H NMR spectroscopy was applied for both qualitative and quantitative analyses. For
quantitative analyses, the integrations of selected chemical shifts were measured and then
normalised against the TMS peak. For example, the response factor for the hexamer was
calculated by first dissolving three different known masses of the hexamer (10.8 mg, 20.5 mg,
and 30.3 mg) in CDCl; (0.5 mL), using the same quantity of TMS sealed in a glass insert for
all the samples. These samples were run through the NMR instrument (16 scans proton NMR
method) and the relative areas for the desired proton environments were achieved from the
integration of the resulting spectra. A plot of normalized peak area against the moles of the
compound gave the response factor. The response factor for each proton environment of

interest in the hexamer molecule was calculated using this methodology.

Figure S1 shows an example of one of the calibrations obtained, with the proton signal at &

4.18 ppm. The response factor (gradient) was found to be 44867.
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Figure: S1 Calibration of the hexamer using 'H (peak at chemical shift (5)= 4.18 ppm)
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After calculating the response factors for all the chemical shift (8) of interest, the samples after
RICO reaction, which contains unknown moles of the started material were analysed. Using
the response factors, potential bond conversions for each inter-unit linkage were calculated. To
estimate the potential conversion, the number of moles of the starting hexamer, the moles of
the products and the moles of the product used in the NMR sample were used. Then, the actual
number of moles of the hexamer within the sample was calculated using the response factors.
This can then be scaled up to the total moles of hexamer in the total product mass. Finally, the

potential bond conversion was calculated using the equation given below.

. . (moles of hexamer att =0) - (moles of hexamer after time t)
Potential bond conversion (%) =

moles of hexamer att =0
Table S1 give the data after 30 min reaction.

Table S1 Estimation of potential conversion of different bonds using 'H-NMR after 30 min

RICO reaction of the hexamer.

Moles of Mol P 1l
'H Chemical | Bond | NMR "des of ”";’”“
. shift sample "y °
Normalize products | conversio
RF d Area o (ppm) (x10°) (x107) n
- 1 0 TMS - - -
4486 | 0.2598 4.18 B-0-4"(B) |5.79 3.24 80.3
7
5225 | 0.2395 4.98 p-0-4° (@) | 4.58 2.56 84.4
4
6220 | 0.4112 5.09 p-5’ 6.61 3.70 77.5
6
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Figure S2 Calibration plots for the peaks at 6 5.09 ppm as well as 6 4.98 ppm.

2D NMR methods:

Heteronuclear multiple-bond correlation (2D-NMR) techniques such as HSQC and HMBC
methods were used to quantitatively analyse bond conversion in hexamer. The methodology is
similar to the above method, however, with an additional step of calibrate the axis and set the

parameters to zero before integrating the TMS signal and normalising the peaks.

3P NMR methods:

For quantitative analyses using 3'P NMR method, the samples were phosphorylated using
different chlorophosphite reagents initially. Then, 40 mg of the hexamer or the dry material
after the reaction was accurately weighed and dissolved in 400 pL of a solvent mixture of
pyridine and CDCl; (1.6:1, v/v). 200 pL of the internal standard N-hydroxynophthalimide (11.4
mg mL-") in the solvent mixture and 50 pL of a stock solution of relaxation agent (11.4 mg
mL-! of Cr(acac); in 5 mL of the solvent mixture) was added to the NMR tube. Typically in
lignin analysis, a 25-s pulse delay is considered appropriate for quantitative 3'P-NMR.
However, for the hexamer lignin model compound, it has been proved enough to use d1=5s,
after confirmation of no change of signal for a range between 5 s and 15 s. The mixture was
phosphorylated with 100 uL of 2-chloro-1,3,2-dioxaphospholane (DP) or its sterically hindered
analogue 2-chloro-4,4,5,5-tetramethyl-1,3,2- dioxaphospholane (TMDP) depending on the OH
groups to investigate. DP is better to distinguish between primary and secondary alcohols of
the phenyl chains, carboxylic and guaiacyl phenolic hydroxyls, while TMDP is better to

distinguish between guaiacyl and syringyl.



Using the known quantity of the internal standard, the amount of OH groups can be calculated

using the 3!P signals (corresponding to the OH groups).

Area of the peak
Moles of OH group = X moles IS
area of the IS

Table 82 Quantitative analyses of sodium and ruthenium ions using ICP

Sample Na ions Ru ions
Conc. [ mg/l] Conc. [ mg/l ]
Ethyl acetate phase 31 0.14
Aqueous phase 4546 88
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Figure S3: Control experiment for benzoic acid extraction. HPLC chromatograms of both

ethyl acetate layer (upper phase) and aqueous layer (lower phase) after 4 extractions.
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Table S3: Products identified by GC-MS in the biphenyl oxidation reaction mixture

# | Retention Compound | Molecula Structure
time r
Formula
b 3.01 Ethyl Propionate C,H:O, 0
HsC\)L
O/\CH3
2 3.91 Toluene C;Hg
3 7.75 0-Xylene CsHio (;(
4 11.23 Benzaldehyde C;HO
/O
5 13.66 Phenylglyoxal CsHO, o
O\)J\©
6 15.17 Benzoic acid C,H0, 2
7 17.55 Cinnamaldehyde CyH;O
= 0
8 19.42 Biphenyl Ci,H
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Figure S6: GC-MS spectrum of highly concentrated sample in ethyl acetate of the reactions with more
oxidant ratio.



Table S43'P-NMR chemical shifts of typical hydroxyl groups in Kraft lignin after derivatization
using DP and TMDP.'-

Reactive groups DpP TMDP
Carboxyl OH 126-127.8 133-137
p-Hydroxy-phenolic OH 127.8-129 137-138.6
Guaiacyl OH 129-130.5 138.-140.2
S-substituted OH 130.5-132 140-144.5
Total condensed phenolic | -* 140.2-145.2
OH

5-5" condensed OH -* 140.2-141.4
Primary Aliphatic OH 132-133.5 145.2-151.4%
Secondary Aliphatic OH RSl

* 5-substituted phenolic OH (S-units and 5-condensed G-units) overlap to the aliphatic
primary OH. # Aliphatic OH groups cannot be distinguish well using TMDP in most of lignin.
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Figure S7 3P NMR spectrum of the Hexamer after derivatization using DP.
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Figure S8 3 P NMR spectrum of the Hexamer after derivatization using TMDP

Table S5 3 P-NMR shifts for different internal standards after derivatization using TMDP and
Dp.-4

T™MDP DP
Entry | Internal Standard 03P (ppm) 0 3P (ppm)

cyclohexanol 145.1

cholesterol 144.9

N-hydroxyphthalimide 150.7-149.9" 135.5

1-hydroxy-7-azabenzotriazole 150.6

N-hydroxy-5-norborene-2,3-dicarboximide 151.9

N-hydroxy-1,8-napththalimide 153.6

N| QN v A W N~

tris(2,4-di-tert-butylphenyl)phosphite 130.7

8 Piperidine 138.7

*Experimental value



Table S6 Estimation of potential % conversion of different linkages present in hexamer using

3IPp NMR

Functional | Object | Integratio v(F1) SM 30 min Potential
OH group n range [ppm] Integral low conversion
[ppm] [rel] Integr (%)
al [rel]

Ar-OH Integral | 131-129.9 130.5 5.6439 0.7393 87

5
y-OH Integral 132.85- 132.4 5.9552 2.5371 57

4 132
a-OH threo | Integral 133.9- 133.7 0.7127 0.0789 89

3 133.4
a-OH Integral | 135-133.9 134.5 4.4476 1.2345 72
erythro 2
JA Integral 135.7- 135.6 1 1 -

1 135.45

Table S7 Chemical shifts of the areas 0C/0H (ppm) for the inter-unit linkages present in the

hexamer model compound?$-30

Linkage/unit Chemical shift of the peak 6C/0H
(ppm)

Methoxy groups 56/3.8

B-O-4" (4y) 61/3.6

p-0-4" (Aa) 73/4.98

B-0-4" (4) 87/4.19

p-5° 94/5.08

5.5’ Not detected

Guaiacyl (G2) 111/7.0

Guaiacyl (G6) 121/7.07




Figure §9: Partial HSOQC NMR spectra of the first fraction F1
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Figure S10: Partial HSQC NMR spectra of the first fraction F1
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Figure S12: Structure of the f — 5 compound.
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Figure S13: Partial HSQC NMR spectra of the second fraction F2



Table S8 List of potential products identified by GC-MS after the RICO of the hexamer.

\Fraction | RT Compound Formula Structure GC-MS
(min) data

F3,F4 | 9.7 Ethanone, 1-(3- C;H;0, ; 1 Figure
hydroxyphenyl) “\Q)L a

F1,F2 |[11.05 Benzaldehyde C,HO Figure
: b

F2, F3, |12.18 | 4-Methoxybenzene-1,2-diol | C,H,O, HU]@\ Figure
F4 c

)= :f

F1 17.95 Cinnamaldehyde C,H;O Figure
R d

F2 21.27 4,4’-Dimethylbiphenyl C.H, Figure
e

F2 22.25 2'pheny1_495_ C14H1003 Figul’e
methylenedioxybenzaldehyde f

F2 24 .86 |2-(2,6-dimethoxyphenyl)-5,6-| C,,H,;O; N/A
dimethoxy-4H-chromen-4-
one
[Tricin]*

F1,F2, |34.93 | 2-mehoxy-4-(7-methoxy-3- |C,H,,0, Figure

F3 methyl-5-propyl-2,3- g

dihydrobenzofuran-2-

yl(phenol)
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