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Metal Triflates for the Production of Aromatics from Lignin

Peter J. Deuss,”” Ciaran W. Lahive,” Christopher S. Lancefield,” Nicholas J. Westwood,®
Paul C. J. Kamer,”™ Katalin Barta,* and Johannes G. de Vries* ¢

The depolymerization of lignin into valuable aromatic chemi-
cals is one of the key goals towards establishing economically
viable biorefineries. In this contribution we present a simple
approach for converting lignin to aromatic monomers in high
yields under mild reaction conditions. The methodology relies
on the use of catalytic amounts of easy-to-handle metal tri-
flates (M(OTf),). Initially, we evaluated the reactivity of a broad
range of metal triflates using simple lignin model compounds.
More advanced lignin model compounds were also used to

Introduction

The development of fundamentally new catalytic methods is
of central importance for the production of bulk and fine
chemicals from renewable lignocellulose feedstocks.™? In this
context, it is very important to valorize all main constituents of
lignocellulose, including lignin.®! However, despite recent ef-
forts, the catalytic conversion of lignin has proven very chal-
lenging.” Acidolysis is an efficient method for the cleavage of
the most abundant -O-4 linkage in lignin (Scheme 1).*! In ad-
dition, acid-catalyzed depolymerization is a highly relevant
method especially in relation to the future biorefinery concept
as the most common organosolv lignin extraction methodolo-
gies also use acidic media.”’ One of the main challenges with
acid-mediated degradation of lignin is the reconstitution of re-
active fragments leading to more robust oligomeric structures
often referred to as biochar. In essence, acidolysis leads to phe-
nolic C2-acetaldehydes that are notoriously unstable under
acidic conditions. This is the major reason why this acidolysis
pathway has largely escaped attention for the production of
aromatic monomers from lignin until recently. In new studies
by our group and others, it was shown that by capturing these
reactive intermediates formed upon acidolysis, lignin can be
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study the reactivity of different lignin linkages. The product ar-
omatic monomers were either phenolic C2-acetals obtained by
stabilization of the aldehyde cleavage products by reaction
with ethylene glycol or methyl aromatics obtained by catalytic
decarbonylation. Notably, when the method was ultimately
tested on lignin, especially Fe(OTf); proved very effective and
the phenolic C2-acetal products were obtained in an excellent,
19.3+3.2 wt% vyield.

effectively depolymerized with suppression of recondensation
pathways leading to improved monomer yields (Scheme 1b).”!

Of the different in situ stabilization methodologies applied,
in particular acetal formation with ethylene glycol led to a de-
fined set of major products in good yields from models and
lignin. The cleavage of the -O-4 linkage was most efficiently
promoted by strong acids with non-coordinating anions such
as triflic acid (HOTf).”>¥! However, HOTf is corrosive and incon-
venient to handle, which may lead to inconsistent results. On
the other hand, metal triflates (M(OTf),) are weighable solids
that are less corrosive than HOTf and therefore much less haz-
ardous in handling.”

Additionally, in the case of other homogeneous catalysts
used, for example, in the iridium-catalyzed decarbonylation to
yield p-cresol and mono- and di-methoxylated cresols, the
strongly acidic conditions may affect the stability of the iridium
catalyst.” For this reason, we were interested to assess the
usefulness of Lewis acids such as metal triflates and their com-
patibility with the homogeneous metal catalysts used.

In this contribution, we evaluate the reactivity of different
metal triflate salts for the cleavage of (3-O-4, -5, and (3-f lignin
model compounds. We determine the quantities of ethylene
glycol acetals or methyl aromatics obtained after stabilization
of reactive intermediates by acetal formation or decarbonyla-
tion upon bond cleavage. Ultimately, the depolymerization of
walnut methanosolv lignin was successfully carried out and
the use of Fe(OTf); led to results surpassing those obtained
with HOTf.

Results and Discussion

Metal triflate-catalyzed cleavage of $-0O-4 model compound
1

Acid-catalyzed cleavage of the -O-4 model compound 1 re-
sults in the formation of 2-phenyl acetaldehyde (2) and guaia-
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Scheme 1. a) Major linkage motifs in lignin. b) Acid-catalyzed cleavage of 3-O-4 motif in model compounds and lignin with in situ conversion of reactive alde-

hyde intermediates. cod = 1,5-cyclooctadiene
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Scheme 2. Metal triflate-catalyzed cleavage of lignin 3-O-4 model com-

pound 1.
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col (3) (Scheme 2),f>729 and 2 is rapidly converted into its
aldol condensation products under these reaction condi-
tions.”*! After evaluating a range of metal triflates, we found

that several metal triflates successfully catalyzed the cleavage

of 1 (Table S2 in the Supporting Information). In toluene (Fig-

ure 1a), yields of 3 were similar or slightly higher for Al(OTf);,

Cu(OTf),

Eu(OTf);

AgOTf AI(OTf)z Bi(OTf)z Cu(OTf), Eu(OTf); Fe(OTf),* Fe(OTf); Hf(OTf), La(OTf)3 Ni(OTf), Sc(OTf); Yb(OTf); Zn(OTf),
*16 hinstead of 1 h

Y
V222
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Fe(OTf)3 Hf(OTH), Sc(OTh, Yb(OTh;,

Figure 1. Cleavage of $-O-4 model compound 1 using metal triflates as catalysts in a) toluene and b) 1,4-dioxane (Reaction conditions shown in Scheme 2).
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Bi(OTf);, Cu(OTf),, Eu(OTf);, Fe(OTf);, Hf(OTf), Sc(OTf);, and
Yb(OTf); when compared to HOTf. No significant reactivity was
detected for other metal triflate salts such as AgOTf, Fe(OTf),,
Zn(OTf),, and Ni(OTf),. As expected, typically, only small
amounts of 2 were detected in these reactions in toluene.
Several metal triflates that showed significant cleavage activ-
ity in toluene were subsequently tested in 1,4-dioxane, which
is a suitable solvent for solubilizing lignin (Figure 1b). Here,
only Al(OTf),, Bi(OTf);, Fe(OTf);, Hf(OTf),, and Sc(OTf); showed
good reactivity compared to HOTf. Other metal triflates such
as Cu(OTf);, Eu(OTf);, and Yb(OTf); led to significantly lower
conversion of 1. Overall, higher yields of 2 and 3 were ob-
tained using 1,4-dioxane as solvent. Indeed, it is well-known
that 1,4-dioxane is a Lewis base and can form stable com-
plexes with Lewis acids;"” therefore, it is expected that its use
further reduces the acidity of the reaction medium, allowing
the formation of substantial quantities of 2. To evaluate the
higher stability of 2 more quantitatively in 1,4-dioxane, we
monitored the reactions over time using Fe(OTf); and HOTf
(Figure 2).7® The reaction rates and product formation profiles

100 1

__________

80 \'

1 2 3
Fe(OTf & o =
HOTH 2o o o

Conversion/Yield / %
[}
o

30 60 90
t/ min

Figure 2. Reaction profiles for the cleavage of 1, using 10 mol % Fe(OTf),
(solid lines) and 10 mol% HOTf (dotted lines) in 1,4-dioxane at 140°C.

for these reactions showed a remarkably similar pattern, with
only slightly higher overall yields of 2. Additionally, the practi-
cal advantage of using the triflate salt compared to HOTf was
apparent during this experiment. The metal triflate catalyst
could easily be weighed and added using a stock solution in
1,4-dioxane or as a solid to the reaction. Because of this more
accurate data is provided compared to experiments that re-
quired the addition of microliter quantities of smoking HOTf

-
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using a microsyringe either directly to the reaction mixture or
through a stock solution in the appropriate solvent.

All metal triflates that catalyzed the cleavage of 1 are known
to be strong Lewis acids and have already found many applica-
tions in organic synthesis."” Therefore, the question is whether
the cleavage of 1 is catalyzed by the metal triflates as Lewis
acids or alternatively by in situ formation of HOTf from the tri-
flate salts.' Other strong Lewis acids such as AICl; and FeCl,
did not show any significant activity in the cleavage of 1 in
1,4-dioxane or toluene (Table S2). The addition of non-nucleo-
philic bases such as 26-di-tert-butyl-4-methylpyridine™ or
NaHCO; completely quenched all reactivity for metal triflates
that were previously successful in the cleavage of 1 (Table S2).
These results, combined with the similar reaction progress, led
us to conclude that the triflate salts (Al(OTf),, Bi(OTf);, Cu(OTf),,
Sc(OTf);, Fe(OTf);, Eu(OTf);, Yb(OTf);, and Hf(OTf),) likely form
triflic acid in situ and are therefore capable of catalyzing the
acidolysis of 1. Nevertheless, the presence of the metal seems
to modulate the acidity somewhat, depending on the stability
of the triflate salt applied. Remarkably, a good correlation be-
tween the conversion of 1 and the hydrolysis constant of sev-
eral metal triflates were found in both toluene as well as diox-
ane (displayed in the Supporting Information, Figures S6 and
S7).

Metal triflate-catalyzed cleavage of $-0O-4 model compounds
combined with decarbonylation

After establishing that metal triflates are attractive alternatives
to HOTf, we focused on the in situ catalytic decarbonylation of
aldehyde 2 towards highly desirable methyl aromatics
(Scheme 3).7>' Thus, Fe(OTf); and Al(OTf); were tested under
decarbonylation conditions using [IrCl(cod)], and PPh; in 1,4-di-
oxane (Figure 3, TablesS3 and S4).7*™ In these reactions,

OH OMe 1-10 mol% M(OTf), OMe
/©/K/o\© 10 mol% Ir/PPhg HO\©
+
1,4-dioxane /©/
R o R
1.R=H 4 R=H 3
1c: R=0OMe 4c: R = OMe

Scheme 3. Metal triflate-catalyzed cleavage of lignin $-O-4 model com-
pound 1 combined with in situ decarbonylation.
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BN 2c

B 4c

(OTf)3 :

AOTH;  Fe(OThHs
10 mol% M(OTH),, 50 mM 1 5 mol% M(OTH),, 25 mM 1 1 mol% M(OTf),, 50 mM 1c, 16 h
16 h, 120 °C 40 h, 120 °C 120 °C i 140°C

Figure 3. Cleavage of (3-O-4 model compounds 1 and 1 c catalyzed by metal triflates and in situ decarbonylation of 2 and 2 ¢ using 5 mol% [IrCl(cod)], and

10 mol% PPh;.

ChemSusChem 2016, 9, 1-9 www.chemsuschem.org

These are not the final page numbers! 22

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemsuschem.org

.@‘* ChemPubSoc
Brerlf Europe

a lower metal triflate loading and milder temperature were
used to prevent the build-up of aldehyde 2, which was neces-
sary as the decarbonylation of 2 forming toluene 4 catalyzed
by Ir/PPh; was found to be relatively slow. The results for
Fe(OTf); and HOTf at 50 mm substrate concentration and
10 mol % catalyst loading were similar. Higher yields of 3 could
be achieved with 25 mm substrate concentration and 5 mol %
catalyst loading but with prolonged reaction time. At this sub-
strate concentration, Fe(OTf); resulted in slightly better selec-
tivity towards 4 (76% vs. 70%). Using Al(OTf),, the conversion
of 1 and selectivities towards 3 and 4 were significantly lower.
The same trends were observed for a similar 3-O-4 model com-
pound 1¢, yielding up to 83% 4c and showing a small in-
crease in decarbonylation efficiency in the presence of Fe(OTf);
over HOTf (Figure 3, Table S5). The results demonstrate that
the balance between the rate of aldehyde formation and the
rate of decarbonylation is crucial to achieve high product
yields.

Metal triflate-catalyzed cleavage of 3-O-4 model compounds
combined with ethylene glycol acetal formation

Next, we turned our attention to the cleavage of 1 with in situ
conversion of the formed aldehyde 2 to its more stable 1,3-di-
oxolane acetal 5 (Scheme 4) using ethylene glycol. Several tri-
flates such as Bi(OTf);, Fe(OTf);, and Hf(OTf), showed excellent
yields of 1,3-dioxolane acetal product5 and guaiacol 3
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Scheme 4. Cleavage of lignin $-O-4 model compounds 1, 1b, and 1c in the
presence of ethylene glycol to form 5 and 5 c catalyzed by M(OTf),.

(Figure 4 and Table S6). Other triflate salts tested showed sig-
nificantly lower activity in the presence of ethylene glycol com-
pared to the previous runs in 1,4-dioxane alone (compare
Figure 4 and Figure 1b). In particular, Sc(OTf); showed much
lower conversion of 1 and only traces of 5 with some build-up
of 2 under these reaction conditions. In a separate set of ex-
periments, we showed that in particular Sc(OTf); is relatively in-
efficient in catalyzing the formation of acetal 5 from 2 and eth-
ylene glycol (Figure S5a).

Next, the reaction profiles for the cleavage of 1 and acetal
formation with Fe(OTf);, Hf(OTf); and Bi(OTf); were compared
to HOTf (Figure 5). HOTf and Fe(OTf); again showed very simi-
lar conversion of 1 and yields of 3 and 5 (compare Figure 5a
and b). This similarity between HOTf and Fe(OTf); was also ob-
served for reactions in toluene as well as other (3-O-4 model
compounds (1b and 1c¢, FiguresS2-5S4). With 10 mol%
Hf(OTf),, full substrate conversion was seen, but in this case
within 1 h and a slight buildup of 2 was observed in the first

LI

%,

f(OTf)4

177

Fe(OTf); b(OTf)a

Figure 4. Cleavage of $-O-4 model compound 1 using metal triflate catalysts. Reaction conditions shown in Scheme 4. (Slightly different results were obtained

with Fe(OTf); from different commercial sources, see Table S1).
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Figure 5. Reaction progress of the cleavage of 1 and in situ acetal formation with ethylene glycol catalyzed by a) 10 mol% HOTf, b) 10 mol % Fe(OTf)s,

¢) 10 mol % Hf(OTf),, and d) 10 mol % Bi(OTf);.
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15 min (Figure 5c). As aldehyde 2 was already shown to be un-
stable in the experiments above, this explains the overall lower
selectivity of 5 with Hf(OTf), as catalyst. The use of Bi(OTf), re-
sulted in slower reactions but similar product yields upon
180 min reaction time (Figure 5d). Overall, these reactions
showed a clear trend in the rate of cleavage of 1: Hf(OTf),>
HOTf=Fe(OTf); > Bi(OTf)s.

Reactivity of advanced lignin -0-4, -5, and - model
compounds

Next, we turned our attention to the reactivity of a more com-
plex B-O-4 motif containing all functionalities (carbinol-group
and additional electron-donating aromatic-ring substituents) as
well as other types of lignin linkages (-5 and B-f) in the pres-
ence of metal triflates. For this purpose, we used a set of ad-
vanced lignin model compounds previously developed and
employed by our groups for mechanistic investigations.’®
These compounds contain (3-O-4 (6, 8 and 9), -5 (7) and f-
P (10) linkages comprising relevant functional groups that re-
flect the structure of these linkages in lignin (Scheme 5). Model
compounds of this level of complexity are rarely used due to
limited accessibility and analytical challenges associated with
product analysis. Herein, we have a unique opportunity to
gain more detailed insight into the effectiveness of the meth-
odology employed prior to testing lignin.”

Model compounds 6-10 were exposed to the cleavage and
in situ acetal formation conditions in the presence of Fe(OTf),
(Scheme 5). The -O-4 linkages in compounds 6, 8, and 9 were
fully cleaved within 15 min and provided the corresponding
phenolic product 3 in high yields as determined by HPLC
(Scheme 5a and ). The ethylene glycol acetals 11, 13, and 14

a) 3-0-4 linkage OH OMe 10 mol% Fe(OTf);
MeO O
O e
- ~ .
MeO HO 1,4-dioxane
6 15 min, 140 °C
b) -5 linkage OH
/ 10 mol% Fe(OTf);

OH 4eq. HO/\/OH
- .
1,4-dioxane
15 min, 140 °C

OMe

OMe 10 mol% Fe(OTf)3
4 eq. HO/\/OH

- - .
1,4-dioxane
15 min, 140 °C

/ OH

d) B-B linkage

0,
&QD

10 mol% Fe(OTf);
1.5eq. HO/\/OH

1,4-dioxane
1h, 140 °C

O
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of the corresponding C2-aldehydes were detected as major
cleavage products, albeit at lower yields. This is due to a com-
peting cleavage pathway that leads to C3 aromatic products
that relate to the so-called Hibbert ketones detected in tradi-
tional acidolysis reaction mixtures (Scheme 6).°“'¥ It was also
shown that the -5 linkage in 7-9 undergoes ring opening to
ultimately form the corresponding trans-stilbenes 12-14 as
major product (Scheme 5b and c). The product yields indicate
a preference for the cleavage of the (-O-4 moiety via a path-
way that releases the carbinol group as formaldehyde. The -5
linkage is almost exclusively modified via a similar mecha-
nism.'” This also implies that the formaldehyde released
during these reactions is probably trapped in the form of its

OR
Ar O\Ar
HO
H+
l HOR
@ O
C2-pathway Ar/j/ ~aAr C3-pathway
-"H,CO HO H,0
H,O : .
_H* : H
Ar °
AT+ HO., + HOL,
© : HO

C2-aldehyde C3-Hibbert ketone

Scheme 6. Competing “C2” and “C3" 3-O-4 cleavage pathways after forma-
tion of the benzylic carbocation.

OMe
MeO o HO
00
MeO
11 (46%) 3 (86%)
MeO
oy LY
HO
12 (87%) Ovte
OMe
o) HO
YT
13 R' = Me (36%) 3 (82%)
14R'=H (40%) OMe 3 (80%)

10/10e1/10e2=1:1

1 0.1 (>95% total yield GC)

Scheme 5. Reaction of a) Complex 3-O-4 model compound 6, b) $-5 model compound 7, ¢) Advanced 3-0-4-3-5 model compounds 8 and 9, d) -3 model
compound 10. Reaction conditions: 10 mol% Fe(OTf),, ethylene glycol, in 1,4-dioxane.
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ethylene-glycol acetal 1,3-dioxolane as also confirmed in our
earlier studies.”

The pB-f model compound 10 underwent epimerization
upon reaction with Fe(OTf); in the presence of ethylene glycol
forming a mixture of epimers 10/10e1/10e2 at a ratio of
1:1:0.1 as determined by gas chromatography-flame ionization
detector (GC-FID; Scheme 5d). We have previously obtained
the same results using 10 mol% HOTf as catalyst in the same
solvent.”® QOverall, it can be concluded that a very similar reac-
tivity was observed for the advanced model compounds 6-10
both in the presence of Fe(OTf); and HOTf. Regarding the dif-
ferent types of linkages, the 3-O-4 linkage model compounds
were efficiently cleaved to two aromatic monomers (acetal and
phenol product); however, the -5 and -f3 linkage models re-
sulted in the formation of modified aromatic dimers. This
means that when applying these methods using lignin as sub-
strate, only the scission of the -O-4 moiety will allow depoly-
merization. This highlights the importance of having a high f3-
0O-4 content in the lignin used to achieve high aromatic mono-
mer yields using the presented methodology.

Metal triflate-catalyzed depolymerization of walnut metha-
nosolv lignin

Finally, after studying the reactivity of all main types of linkag-
es, the metal triflates Bi(OTf);, Fe(OTf);, and Hf(OTf), that
showed the most promising results in the model compound
studies were tested in lignin depolymerization in the presence
of ethylene glycol. The results were compared to those ob-
tained with HOTf (Scheme 7). For these reactions, methanosolv
walnut lignin was isolated from walnut shells. This lignin has
a higher -O-4 content (26 [(-O-4 linkage per 100 aromatic
units) compared to other organosolv lignins tested previously
by our group.”*® The very simple catalytic methodology con-
sisted of runs using 50 mg lignin, 60 wt% ethylene glycol, and
catalytic amounts of M(OTf), at 140°C for 15 min in 1,4-diox-
ane. The depolymerization mixtures were subjected to a fractio-
nation procedure in which the low-molecular weight material
was extracted using toluene (Table S7).

To evaluate the effectiveness of the metal triflate catalysts,
we focused on the major monomeric products P1-P3, which
were quantified by GC-FID using an internal standard
(Figure 6, Table S8). The ratio of P1/P2/P3 was found to be
4:33:63 for all experiments, in almost perfect agreement with
the H/G/S ratio of 6:29:65 determined by 2D-HSQC NMR analy-
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Figure 6. Yields of P1-3 after depolymerization of 50 mg walnut methano-
solv lignin with 23 pmol M(OTf), in 1 mL 1,4-dioxane with 60 wt% ethylene
glycol for 15 min at 140 °C (Shown data are averages of 2-3 identical experi-
ments).

sis of the starting lignin.”¥ Overall, excellent yields of P1-P3
were obtained, reaching over 10 wt % for all metal triflate-cata-
lyzed reactions. Interestingly, Fe(OTf); performed better than
the other triflates and HOTf, reaching an excellent yield of P1-
P3 of 19.3+3.2 wt%. Thus far, only a few reports exist with
such high yields of aromatic monomers, especially of product
mixtures with limited complexity;®**'® thus, this method fur-
ther contributes to achieving the highly efficient valorization
of renewable resources and the production of distinct valuable
monomers in high yields."

Conclusions

Overall, this study shows that several metal triflates (M(OTf),)
can be excellent substitutes for HOTf in the depolymerization
of lignin. The general reactivities of lignin model compounds
compared well to those observed with triflic acid, and prelimi-
nary studies suggest that triflic acid formed in situ is responsi-
ble for the reactivity of these metal triflates. While model com-
pounds mirroring all three major lignin linkages (8-O-4, -, p-
5) showed similar behavior in the presence of triflates and trifl-
ic acid, there were variations in substrate conversion and prod-
uct yields depending on the type of metal triflate used. For ex-
ample, Hf(OTf), showed higher activity for the cleavage of 3-O-
4 model compounds but lower product selectivity, whereas
other triflate salts such as Bi(OTf); showed lower activity but

3 2 R
Meth. | R! I} o] X HO 23 pmol M(OT), i))
ethanosolv oH
extraction 60 Wt% HO™ N HO o)
— % HO” R 0% R?
. be T v g
Walnut methanosolv lignin (50 mg) ' P2R'=0Me, R2=H
R'=H or OMe, R2 = H or OMe, R®=H or Me mz';x:; P3 R"=R2=0OMe
= Bi x =
M =Fe, x = 3
M=Hf, x=4

Scheme 7. Metal triflate-catalyzed depolymerization of walnut methanosolv lignin (representive structure shown) in the presence of ethylene glycol to yield

acetal phenols P1-P3.
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similar selectivities. In the depolymerization of organosolv
lignin, Bi(OTf);, Fe(OTf); and Hf(OTf), all showed promising re-
sults and three main aromatic products were clearly identified
as major products. Interestingly, the best aromatic monomer
yields 19.3+3.2 wt% were obtained with Fe(OTf);, reflecting
differences in reactivity in this case in favor of the metal triflate
compared to triflic acid. More specific reasons for this behavior
are currently investigated in our laboratories. Future studies
should also address the possibility of catalyst recycling®
either by immobilization of the triflate salts®® or HOTf2,

Experimental Section

Metal triflate-catalyzed cleavage of (-O-4 model compounds:
Substrate (e.g., 1, 48.9 mg, 0.2 mmol) was weighed in a 20 mL mi-
crowave vial equipped with a magnetic stirring bar. Solvent (e.g.,
1,4-dioxane, 2 mL) and n-octadecane (25 umol from a 0.25m stock
solution in the appropriate solvent) were added, and the vial was
sealed. The solution was stirred and heated to the appropriate
temperature and the catalyst (e.g., triflic acid, 10 mol%, 1 pL,
0.02 mmol or 200 uL of a freshly prepared 5 mgmL™"' Fe(OTf),
stock in 1,4-dioxane, 10 mol%, 0.02 mmol) was added by a syringe
with a thin needle through the septum of the microwave vial. If
samples were taken, this was done by using a syringe equipped
with a long thin needle. The samples (100-150 pL) were filtered, di-
luted in dichloromethane (DCM) and analyzed by GC-FID and GC-
MS (Figure 2). Otherwise the reaction was stopped by cooling on
ice. The crude reaction mixture was filtered through Celite and an
aliquot was taken for GC-FID and GC-MS analysis (Table S2).

Metal triflate-catalyzed cleavage of -O-4 model compounds in
combination with insitu decarbonylation: Inside a glovebox
a 20 mL microwave vial was charged with substrate (e.g., 1,
12.2 mg, 0.05 mmol) and n-octadecane (6.25 umol) from a stock so-
lution in 1,4-dioxane. A premixed solution of PPh; and [IrCl(cod)],
in 1,4-dioxane (mixed for 15 min prior to addition) was added to
this mixture and the vial was sealed. The vial was stirred and
heated to the appropriate temperature and catalyst from a stock
solution in 1,4-dioxane was added by a syringe with a thin needle
through the septum of the microwave vial. Upon completion, the
reaction mixtures were cooled on ice and filtered through Celite.
Aliquots of the reaction mixtures were diluted in DCM and ana-
lyzed by GC-FID and GC-MS (Results in Tables S3-S5).

Metal triflate catalyzed cleavage of (3-O-4 model compounds in
combination with insitu acetal formation: Substrate (e.g., 1,
489 mg, 0.2 mmol) was weighed in a 20 mL microwave vial
equipped with a stirring bar. Solvent (e.g., 1,4-dioxane, 2 mL) and
n-octadecane (25 pmol from a 0.25 M stock solution in the appro-
priate solvent), diol (e.g., ethylene glycol 16 pL 0.3 mmol) were
added, and the vial was sealed. The solution was stirred and
heated to the appropriate temperature and catalyst (e.g., triflic
acid, 10 mol%, 1 uL, 0.02 mmol or 200 puL of a freshly prepared
5mgmL~" Fe(OTf); stock in 1,4-dioxane, 10 mol%, 0.02 mmol) was
added by a syringe with a thin needle through the septum of the
microwave vial. If samples were taken, this was done by using sy-
ringe equipped with a long thin needle. The samples (100-150 ulL)
were filtered, diluted in DCM, and analyzed by GC-FID and GC-MS
(see Figures 3 and S2-54). Otherwise the reaction was stopped by
cooling on ice. The crude reaction mixture was filtered over Celite
and an aliquot was taken for GC-FID and GC-MS analysis (Results
in Table S6).
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Metal triflate-catalyzed depolymerization of walnut methano-
solv lignin in combination with in situ acetal formation: Walnut
methanosolv lignin (50 mq) isolated by a reported procedure”
was placed in a 20 mL microwave vial equipped with a magnetic
stirring bar. Solvent (1,4-dioxane, 1 mL), internal standard (n-octa-
decane, 10 uL from a 0.25m stock in 1,4-dioxane, 2.5 pmol) and
ethylene glycol (145 uL from a 7.1m stock in 1,4-dioxane) were
added. The catalyst M(OTf), (23 umol) was added as a solid (HOTf
was added from a 0.23m stock solution in 1,4-dioxane), and the
vial was sealed. The reaction was stirred at 140°C for 15 min
before being cooled rapidly in an ice bath. The mixture was filtered
over a plug of Celite and the flask and filter washed with about
0.5 mL 1,4-dioxane in three portions. The combined filtrate was
evaporated to dryness over 16 h at 40°C in a Univapo 150 ECH ro-
tational vacuum concentrator. The residue was suspended in
150 uL DCM by extensive mixing (by vortex) after which 1.35 mL
toluene was added. The samples were vortexed and subsequently
centrifuged for 10 min at 13400 rpm using an Eppendorf minispin
tabletop centrifuge. The light organic liquid and solid or thick oily
residue were separated. This procedure for suspension/washing
with 10% DCM and 90% toluene was repeated three times after
which both the combined extracted fractions and the residue were
dried for 24 h at 40°C in an Univapo 150 ECH rotational vacuum
concentrator (dried weights see Table S7). The oil containing the
low molecular weight components was dissolved in DCM and ana-
lyzed by GC-FID for quantification of P1-P3 (Table S8).
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Nutty triflates: Metal triflates are intro- and lignin is studied. In particular,
duced as an easy-to-handle alternative iron(lll) triflate proved effective, provid-
to triflic acid for the cleavage of lignin ing as much as 19.3 +3.2 wt % vyield of
[-O-4 linkages in conjunction with stabi- a set of three aromatic C2-acetals from
lization of reactive intermediates. The lignin.

reactivity of several model compounds
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