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Abstract: In this work, the possibility of using ruthenium-
based Shvo catalyst for bond cleavage of lignin model
compounds and lignin has been investigated. Shvo-
catalyzed degradation procedure was applied to four
lignin model compounds containing f—0-4 linkages, com-
mon for native lignin fractions. The reactions, in general,
resulted in Cz-C, and C,-O, bond cleavage, with the
degradation products depending on the exact model com-
pound studied. Distribution of the degradation products
can be explained by the range of substituents and struc-
tural complexity of the model compounds. The major
products of degradation were separated using preparative
HPLC and characterized to enable further studies on bond
cleavage inlignin. The Shvo-catalyzed degradation protocol
was further applied to the lignan hydroxymatairesinol and
a model diol with protected primary hydroxyl group. For
both compounds, only dehydrogenation of benzylic hy-
droxyl group in the absence of bond cleavage was observed.
With extracted lignin, only thermal degradation of the
starting material was evidenced, while detailed charac-
terization of the reaction products was not possible due to
their poor solubility and structural complexity.
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1 Introduction

Lignin — the Nature’s aromatic polymer — is a potential
renewable resource for synthesis of a wide range of aro-
matic compounds and materials for different industrial and
commodity applications (Li et al. 2015). Lignin structure is
built from three phenylpropanoid units connected with
different linkages (Ralph et al. 2019). The most common
linkage in native lignin is the f—0—4 ether linkage (Figure 1)
(Adler 1977). Consequently, lignin model compounds con-
taining p—0-4 linkages are widely used for studying the
reactivity of lignin and for developing new procedures for
lignin modification, including depolymerization (Binder
et al. 2009; Gao et al. 2018; Guadix-Montero and Sankar 2018;
Parthasarathi et al. 2011).

Depolymerization is a promising direction for lignin
valorization towards the different bio-based products.
Developing procedures for lignin defragmentation is, how-
ever, complicated, due to the structure complexity and high
variety of C—C and C-O linkages in the cross-linked lignin
structures (Ragauskas et al. 2014).

Oxidative deconstruction using both heterogeneous and
homogeneous metal-based catalysts is one of the approaches
for lignin depolymerization described in the literature
(Biannic and Bozell 2013; Chmely et al. 2013; Deuss and Barta
2016; Lange et al. 2013; Rahimi et al. 2013; Son and Toste 2010).
It was shown that Ni (Klein et al. 2015; Ma et al. 2019a; Ser-
geev and Hartwig 2011; Wang et al. 2019), Pd (Onwudili and
Williams 2014; Shu et al. 2015, 2018), Co (Badamali et al. 2009;
Biswas et al. 2023), V (Chan et al. 2013; Mottweiler et al. 2015;
Son and Toste 2010), Cu (Barta et al. 2014; McClelland et al.
2019; Mottweiler et al. 2015; Sedai et al. 2011), Pt (Kim et al.
2015; Wang et al. 2020), Ir (Nguyen et al. 2014; Hao et al. 2018),
Rh (Liu et al. 2019) and Ru-based (Deng et al. 2023; Kloekhorst
and Heeres 2015; Li and Song 2019; Ma et al. 2019b; Yao et al.
2015) catalysts can be used for lignin degradation towards
phenolic products (Figure 2).

It has been shown that homogeneous ruthenium-based
catalytic systems can be used for selective C—C and C-0 bond
degradation in p—0O-4 fragments, resulting in the formation
of acetophenone in up to 100 % yield (Huo et al. 2014; Nichols
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Figure 1: Structures of lignin rich with f-0-4 linkages and the lignin model compounds studied in this work.
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Figure 2: Common phenolic products of catalytic lignin degradation.

et al. 2010; vom Stein et al. 2015; Wu et al. 2012; Zhang et al.
2019). It was earlier demonstrated that Shvo catalyst (Figure 3)
can be used for C,—Cg and C,-O, bond cleavage in p-0—4
model compounds leading to formation of arylaldehydes,
guaiacol and other products (Kusumoto et al. 2020). It was
shown that Shvo catalyst can be used for hydrogenation of
lignin-derived monomers in the bio-oils (Busetto et al. 2011). In
the studies on catalytic valorization of olive pomace it was
shown that Shvo-catalyst allows to obtain various phenolic
products from lignin containing feedstock (Cequier et al. 2020).

In previous work, a new methodology for selective
dehydrogenation of the diol fragments in lignin model
compounds, using Shvo-catalyzed hydrogen borrowing
procedure was developed (Badazhkova et al. 2022, 2024).
During the temperature screening of selective dehydroge-
nation of 1,3-diol fragments in lignin model compounds,
using 2-butanone as both the solvent and the hydrogen
acceptor, cleavage of the Cg—C, and C,—0, bonds in 1-phenyl-
1,3-propanediol (1) was observed. At 60 °C, the main product
observed was 3-hydroxypropiophenone (2) and only traces
of the degradation products were detected.
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Figure 3: Shvo catalyst structure.
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After increasing the reaction temperature to 140 °C, no
3-hydroxypropiophenone was detected and the reaction
products were mainly acetophenone (3) and propiophenone
(4) (Scheme 1).

The objective of this study was to investigate the possi-
bility to apply Shvo-catalyzed dehydrogenation at higher
temperatures for degradation of lignin model diols containing
B—-0-4 fragments, and for degradation of extracted lignin.
Compared to previous work by other authors, here new
products were obtained from Cg-C, and C,-0, bond cleavage
in the lignin model diols, with the Czg-Og bond remaining
intact. New degradation products were separated and char-
acterized to gain understanding on the reactivity and degra-
dation of the lignin model compounds, together with
extracted ethanosolve lignin, and for developing more facile
analysis of the resulting product fractions.

2 Materials and methods

All chemicals including the Shvo catalyst were purchased
from Tokyo Chemical Industry (TCI), abcr GmbH & Co KG or
Sigma-Aldrich, and used without further purification unless
otherwise indicated. Lignin model compounds were syn-
thesized from the corresponding acetophenones according
to literature procedures (Forsythe et al. 2013) and used in the
reactions as mixtures of stereoisomers in varying ratios.
The NMR spectra were recorded using 500 MHz NMR



DE GRUYTER
OH OH e} Shvo catalyst
+ (2 mol%)
air, 24h
(1 mmol) (2 mL)

140 °C

[60°C pnn * PN
2:92%

V.D. Badazhkova et al.: Bond cleavage in lignin model compounds =—— 3

O OH OH

@) ) OH
+ +
F>h)K Ph)K/ A

3:10% 4: 30%

Scheme 1: Shvo-catalyzed transfer dehydrogenation of the 1-phenyl-1,3-propanediol model compound, resulting in different main products depending

on the reaction temperature.

spectrometer (Bruker) with DMSO-d6 containing internal
standard with known concentration. The NMR signal as-
signments were based on 2D NMR (NOESY, DEPT, COSY,
HSQC and HMBC). High resolution mass spectroscopy
(HRMS) was carried out with a Waters ACQUITY RDa De-
tector equipped with a time of flight (TOF) mass analyzer.
The product distribution was monitored by both GC/MS and
GC/FID. The GC/MS instrument was equipped with an MS
detector (EI) and a HP-5MS column (30 m x 250 pm x 0.25 ym)
and He was used as the carrier gas with the following tem-
perature program: injector 250 °C, oven Tipjsia = 50 °C (4 min),
rate 10 °C min, Tgna = 300 °C, and hold 5 min. Preparative
HPLC chromatography was carried out by using an auto-
mated purification system using Kinetex Phenyl-Hexyl Core-
Shell Column. The lignin sample used (MWL) was extracted
according to a previously published procedure (Zijlstra et al.
2019) from milled spruce sapwood (particle size approx.
below 0.5 mm).

2.1 General procedure for the Shvo-
catalyzed degradation reaction

A mixture of the model diol compound (5a—c, 1 mmol), Shvo
catalyst (0.02 mmol, 2mol%) and 2 mL of methyl isobutyl
ketone was loaded into a Schlenk reactor. The reactor was
sealed with a Teflon plug and heated at 140 °C for 48 h. After
48 h of stirring, the reaction was cooled down, evaporated
under vacuum, dissolved in 0.5 mL of DMSO-d6 containing
ethyl 3,5-dinitrobenzoate (0.5 mmol/mL) and analyzed by 'H
NMR spectroscopy.

2.2 General procedure for preparative HPLC
fractionation

To optimize the separation method, the reaction mixture
was analyzed with HPLC (Agilent 1100 Series) equipped with

Phenomenex Kinetex Phenyl-Hexyl (100 A, 5 um, 100 x 4.6 mm)
at 27 °C. After Shvo-catalyzed degradation reaction the reaction
mixture was evaporated under vacuum and dissolved in
MeCN/MeOH mixture 80:20 to obtain the solution with mass
concentration 20 mg/mL.

The separation was performed with a CombiFlash EZ
Prep purification system (EZ PREP UV/ELSD) equipped with
Phenomenex Kinetex Phenyl-Hexyl column (100 A5 um, 100
x 21.2 mm) at a flow rate 21.0 mL/min. The carrier solvents
were ultrapure water and MeCN, each containing 0.1%
formic acid. A gradient of 20 %-100% acetonitrile over
20 min was used during the purification. Automated fraction
collection was triggered by UV detection at 214nM and
254 nM. Obtained fractions were analyzed by 1H NMR
spectroscopy and Waters ACQUITY RDa Detector.

2.3 NMR experiments

All NMR measurements were performed at 298K on a
Bruker Avance IIl NMR spectrometer operated at 500.13 MHz
(1H) and equipped with a BB/1H smartprobe. The diffusion
experiments were conducted using Bruker’s ledbpgp2s pulse
program (calibrated for sufficient signal decay of lignin
samples), with 32 linear field gradient steps (2-98 %). All
measurements were processed using TopSpin 4.4.1.

3 Results and discussion

In the present work, to investigate the possibility of Cg—C, and
C,~0, bond cleavage in lignin model compounds, the Shvo-
catalyzed reaction was applied to lignin model diols con-
taining f—-0—-4 linkages at 140°C. Instead of 2-butatone,
methyl-isobutyl ketone was used as the solvent and hydrogen
acceptor, due to its higher boiling point. To obtain better un-
derstanding about the degradation pathway, the reaction was
initially performed in two steps. First, model diol 5a was fully
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dehydrogenated in the presence of the Shvo-catalyzed at 60 °C
to form ketoalcohol 6a with no degradation products
observed within 24 h reaction (Scheme 2). Next, the same re-
action mixture containing the ketoalcohol 6a was heated at
140 °C for 24 h with the degradation products 7a-12a detected
in the reaction mixture. To verify that the degradation is not
thermal but catalytic, the model diols 5a—c and the isolated
ketoalcohol 6a were heated at 140 °C in methyl-isobutyl ke-
tone without the Shvo-catalyst. After 24 h, changes were only
observed on the baseline level of the '"H NMR spectra of all
dimeric model compounds tested, confirming that the bond
cleavage is not thermal but instead a catalytic process
(Scheme 2). In addition, chemical shifts of the new signals on
the baseline level do not match with the chemical shifts of the
actual degradation products 7 to 12a—c.

Next, the reaction at 140 °C was directly applied to the
model diol 5a, resulting in a similar outcome as observed for
the two-step dehydrogenation-degradation reaction. After
stirring of the model diol 5a in methyl-isobutyl ketone for
24h at 140°C, in the presence of the Shvo catalyst, the
corresponding ketoalcohol 6a and the degradation products
7a-12a were detected in the reaction mixture. For reaching
higher conversion of the model diol 5a into the degradation
products, the reaction was then extended. After increasing
the reaction time to 48 h, no diol 5a and only traces of the
ketoalcohol 6a were observed. Thus, for further experiments
the reaction time was set to 48 h. The reaction was applied to
three dimeric p—0—4 model diols 5a—c (Scheme 3) and one
tetrameric 5-5-bis-B-0-4 model diol 13 (Scheme 4). The
products of the Shvo-catalyzed degradation reaction of the
dimeric lignin model diols are presented in Table 1. After
48 h of Shvo-catalyzed reactions, the model diols 5a—c were
fully consumed and no longer detected in the reaction

Shvo catalyst

OH OH
H3COW
OCH3 24h
No catalyst
o)
)]\)\ 140 °C
48h

No degradation products
7-12 was observed
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mixture. The formation of 4-methoxyphenol was observed in
all the reaction mixtures for the model diols 5a—c. The
products formed from degradation of the starting diols and
the product yields varied, most likely because of the different
substituents in the aromatic rings of the corresponding
model diols. The products 14-16 formed in the degradation
reaction of the dimeric model compound 13 containing a 5-5
linkage are presented in Scheme 4. Due to their high mo-
lecular weights, the degradation products 14-16 could not be
detected by GC-MS. In the thermal studies, after heating the
model diol 13 at 140°C in methyl-isobutyl ketone in the
absence of the Shvo-catalyst, 4-methoxyphenol was detected
in the reaction mixture, indicating p—0-4 cleavage. How-
ever, no dehydrogenation or degradation products 14-16
were observed with the model diol 13 remaining as the
major component in the mixture.

To extend the Shvo-catalyzed degradation studies to-
wards lignans, the reaction was also applied to 7-(S)-
hydroxymatairesinol (17), resulting in the formation of
7-oxomatairesinol (18) without any degradation products
detected (Scheme 5).

Previously, it has been shown that the 7-
hydroxymatairesinol 17 can be selectively oxidized to 7-
oxomatairesinol 18 using heterogeneous Au and Pd catalysts
(Simakova et al. 2012). Here, however, the Shvo-catalyzed
dehydrogenation procedure could offer a better alternative
for the preparation of oxomatairesinol, due to the lower
temperatures and aerobic conditions used. For better
understanding the degradation mechanism, the primary OH
group in the model diol 5a was protected as a silyl ether
using tert-butyldimethylsilyl chloride. According to the 'H
NMR spectra and the GC-MS analysis, the protected com-
pound 19 was isolated as a 9:1 diastereomeric mixture, with

Shvo catalyst

Formation of
degradation
products 7-12

[o]
140°C was observed

ooH3 24h

No catalyst

0
/U\)\ 140 °C

48h

No degradation products
7-12 was observed

Scheme 2: Conformation of catalytic bond cleavage in lignin model compounds in the presence of Shvo catalyst (NMR spectra from stability studies of

the model compounds are provided in the Supplementary Material).
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Scheme 3: Shvo-catalyzed degradation reaction of the dimeric lignin model diols containing B-0-4 linkages with generalized product scope (A detailed
reaction scheme for each model compound is presented in the Supplementary Material).

Scheme 4: Shvo-catalyzed degradation reaction of the tetrameric lignin model compound containing f-0-4 and 5-5 linkages.

the corresponding enantiomers being inseparable by NMR. The
protected analogue 19 was then subjected to similar degrada-
tion conditions as used for the parent compound (Scheme 6).

This reaction predominantly resulted in dehydrogena-
tion of the benzylic hydroxyl group to provide the ketone 20
in admixture with the epimerized protected diol 19 in 1:0.6
ratio. For remaining unreacted compound 19, the presence
of two diastereomers in 1:1 ratio was confirmed by 'H and »Si
NMR spectroscopy, as well as by GC-MS analysis. In addition,
the degradation products 7a and 9a were observed on the
baseline level in the 'H NMR spectrum.

Based on the results obtained from hydroxymatair-
esinol 17 and the model compound with protected primary
hydroxyl group 19, it can be concluded that the primary
hydroxyl group plays a crucial role in the overall degrada-
tion process.

Finally, the Shvo catalyzed degradation protocol was
also applied to ethanosolve lignin extracted from spruce
milled wood (Zijlstra et al. 2019). After 24h, 48h and 72h
stirring, the reaction mixtures were analyzed by NMR
spectroscopy. In all cases, formation of new peaks was
observed in the 'H, HMBC and HSQC NMR spectra. To
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Table 1: Product scope of the Shvo-catalyzed degradation of lignin
model compounds.

Starting Formed products and their NMR yields® (%)

material 5 b
6 7 89 10 11 12

a Not 27 35 Observed® 11 20 Observed
observed

b Not 33 15 Not 6 15 Observed
observed observed

C 18 10 59 16 3 Observed

*NMR yield based on the analysis with internal standard. ®"NMR yield
calculation was not possible due to signal overlap, formation confirmed by
GC-MS method. “The product 9a was inconsistently formed in the different
reactions studied, while isolated and characterized when observed.
Characterization data for isolated compounds are presented in the
Supplementary Material.

Shvo catalyst

60 °C/140 °C
48h
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which were absent in the spectrum recorded from the
sample subjected to thermal conditions only (Figure 4).
According to DOSY, the molecular weight of the lignin
oxidized in the presence of the Shvo catalyst at 60 °C is
similar to the molecular weight of ethanosolve lignin. The
molecular weight of lignin after heating at 140 °C in the
presence of the Shvo catalyst was found to be the same as
the molecular weight of lignin after heating without Shvo
catalyst, and lower than molecular weight of ethanosolve
lignin (Figure 5).

Thus, after applying the Shvo catalyzed degradation
procedure to ethanosolve lignin, degradation products
similar to those obtained during the degradation of the
model compounds 5a—c and 13 were neither isolated nor
fully characterized. The decrease of the molecular weight

Scheme 5: Shvo-catalyzed transfer dehydrogenation of 7-hydroxymatairesinol.

/TBDM s Shvo catalyst

Hscojg)\) M
H3CO 140 °C
48h

H3COW
Hs;CO
OCH3 20: 53%

dlastereomenc ratio 9:1

/TBDMS

/TBDMS
H3COW
HsCO
19: 32%
diastereomeric ratio 1:1

OCH, OCHs

Scheme 6: Shvo-catalyzed transfer dehydrogenation of 3-((tert-butyldimethylsilyl)oxy)-1-(3,4-dimethoxyphenyl)-2-(4-methoxyphenoxy)propan-1-ol.

evaluate the temperature effect, ethanosolve lignin was
heated at 140 °C in methyl-isobutyl ketone without added
Shvo catalyst for 48 h and analyzed by NMR spectroscopy.
According to the data obtained, not only catalytic but also
thermal changes take place in the lignin structure. After
48 h heating at 140 °C, in the absence of the Shvo catalyst,
no signals corresponding to a and B protons of the f—0-4
units were found in the HSQC spectra. The signal of the
proton in the B-position of the lignin oxidized in the
presence of the Shvo catalyst at 60 °C is, likewise, missing
from the HSQC spectrum of the corresponding lignin
sample heated at 140 °C. However, in the presence of the
Shvo catalyst the appearance of new peaks was observed,

of lignin after the reaction was found to result from ther-
mal but not catalytic degradation. In the HMBC NMR
spectra, changes were also observed in the carbon-proton
correlations for the cross peaks at 5.3-5.7/85-90 ppm,
4.2-4.9/76-88 ppm, or 7.3-7.7/151-155 ppm, corresponding
to carbon-proton correlations in other than f—0-4 lignin
units, including B-5, p—f and cinnamyl units. Based on the
data obtained, it can be suggested that subsequent trans-
formations of the f—0—4 and other lignin units in lignin
take place by possible condensation reactions or other
reaction pathways not observed in the model compounds
which only contain p-0-4 and 5-5 linkages. Considering
that changes in the lignin structure observed after the Shvo
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Figure 4: Comparison of the HSQC spectra of ethanosolve lignin (red), oxidized lignin (green), lignin heated at 140 °C (purple), and lignin heated at 140 °C
in the presence of the Shvo catalyst (blue). Detailed spectra are provided in the Supplementary Material.

catalyzed degradation procedure result from chemical
transformations of different lignin units, it is impossible to
determine the exact reaction pathway and define the
configuration of the new substructures with the cross
peaks at 6.0-7.8/86—94 ppm. To obtain more information,

H2BC spectrum (shown in the Supplementary Material)
was recorded, allowing to suggest about the cyclic
composition of the new substructure. Notably, structures
with similar chemical shifts were not found in earlier
literature.
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Figure 5: Comparison of the DOSY spectra of ethanosolve lignin (red), oxidized lignin (green), lignin heated at 140 °C (purple), and lignin heated at 140 °C

in the presence of Shvo catalyst (blue).

4 Conclusions

In this work, the possibility to use Shvo-catalyzed hydrogen
transfer approach for degradation of lignin model diols con-
taining p—0-4 linkages and ethanosolv lignin was investigated.
Reactions of the lignin model diols resulted in Cg-C,, C,~0, and
Cp—Og bond cleavage and the formation of several products, of
which the major degradation products were isolated and
characterized. The results obtained provide information about
possible degradation pathways in lignin, potentially facilitating
further synthetic and analytical work in lignin degradation
research. Variations in the product scope for the different
model diols studied are likely due to effects from the different
substituents in these compounds. In each reaction, yCH; de-
rivatives were, however, detected. It was also shown that the
primary hydroxyl group plays a crucial role in the bond
cleavage process. While the Shvo-catalyzed procedure proved
inefficient for hydroxymatairesinol lignan degradation, it
could be successfully utilized for oxomatairesinol generation.
In ethanosolve lignin, only thermal degradation was observed
under the reaction conditions studied. Formation of degrada-
tion products similar to the products formed from the model
diols were not observed. However, the formation of new
fragments in lignin structure was observed in the presence of
the Shvo catalyst. Due to poor solubility and structural
complexity of the extracted lignin, the possible degradation
products could not be isolated and characterized. To conclude,
Shvo-catalyzed procedure can be used for degradation of
small lignin-derived dimers and tetramers. However, as a
lignin degradation procedure under the reaction conditions

investigated, it proved insufficient, resulting in indetermined
transformations in the lignin structure.
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