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Abstract
Cellulosic fibers spun from 1,3-dialkylimidazolium ionic liquids are effectively stabilized against cellulose degradation by 
the addition of antioxidants, but this protective effect comes at the expense of chromophore generation from the degradation 
products of the stabilizers. In this study, we identified the oxidation and degradation products of four natural antioxidants, 
α-tocopherol, N-methyl-α-tocopheramine, propyl gallate, and hydroxytyrosol, formed upon accelerated ageing of the fibers. 
Ageing was performed according to standard protocols under either dry or moist conditions and the extraction was done with 
supercritical carbon dioxide. Chromophore formation in spinning dope, upon dry ageing and moist ageing were compared. 
In total, 16 different oxidation/degradation products were isolated, their structure confirmed by comprehensive analytical 
characterization with full NMR resonance assignment in the 1H and 13C domains as well as by comparison with authentic 
samples, and their formation pathways discussed. Knowledge of the chemical structures of the degradation products originat-
ing from the stabilizers now provides a good starting point for optimization of the fiber bleaching stage.
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Introduction

The production of man-made cellulosic fibers by spin-
ning from cellulose solutions has not only evolved into 
an important facet of sustainable materials science but is 
above all an economically significant factor and a mainstay 
of the pulp-based industries. Approximately two decades 
ago, ionic liquids, specifically N-alkyl-N-methylimidazo-
lium ILs, have emerged as promising solvents for cellulose 
and potential pulping agents. However, the initial euphoria 
faded with unsurmountable challenges in recycling and 
purification, hindering their widespread adoption. Subse-
quent advancements in IL technology, particularly with 
higher-generation ionic liquids, addressed these challenges 
and culminated in the development of the Ioncell® tech-
nology [1–5] for cellulose dissolution and fiber spinning 
on a larger scale. Recently, also the first-generation ILs 
with 3-alkyl-1-methylimidazolium structure have regained 
attention in the quest for eco-friendly and efficient cel-
lulose fiber production [6, 7], applied in the production 
of special high-strength cellulose fibers from pure pulps 
which overcome the usual recycling and purification hur-
dles. However, the inherent reactivity of these solvents [8, 
9] and the involvement of oxidative processes during dope 
preparation, spinning, and fiber ageing pose considerable 
challenges, necessitating the use of stabilizers—which is 
the general topic of our investigation.

Despite the successful suppression of cellulose degra-
dation during dissolution and fiber spinning through the 
incorporation of antioxidants, a concomitant issue arises—
the formation of chromophores from the stabilizers—lead-
ing to discoloration of the spinning dope and the result-
ant fibers. Previous studies have demonstrated that the 
degradation of cellulose upon dissolution in 1,3-dialky-
limidazolium ionic liquids, formation of a spinning dope, 
and spinning of cellulosic fibers from this dope, is mainly 
due to homolytic degradation reactions, i.e., processes 
that involve atmospheric oxygen [10] and radical oxygen 
species as shown by spin trapping [11]. The addition of 
antioxidants, commonly 2wt% relative to the dissolved 
pulp, can effectively curb these cellulose degradation reac-
tions. This stabilization, however, comes at the cost of 
increased discoloration of the spinning dope. The resulting 
decrease in brightness of the spun fibers poses challenges 
in terms of bleachability, chemical needs for bleaching 
treatments and brightness stability. To tackle this issue, 
a deeper understanding of the chemical structures of the 
generated chromophores becomes imperative. Following 
green chemistry principles, the focus was on stabilizers 
from renewable resources rather than synthetic antioxi-
dants. Luckily, the four natural antioxidants α-tocopherol 
(1), N-methyl-α-tocopheramine (2), propyl gallate (3), and 

hydroxytyrosol (4), see Scheme 1, were among the stabi-
lizers showing optimum overall performance in a com-
parison with 12 commercially available antioxidants [10].

They gave the best-balanced results with regard to mini-
mizing side reactions in the spinning dope, minimizing cel-
lulose degradation in the spinning dope and the spun fibers, 
and limiting chromophore generation in the spinning dope 
and resulting fibers. These four antioxidants have been stud-
ied in detail with regard to their protective effect in the spin-
ning dope and the generation of oxidation products. The con-
comitant chromophore generation and discoloration can be 
counteracted by a fiber bleaching/washing step, an approach 
that is generally used in the manufacture of man-made cel-
lulosic fibers, such as viscose (Rayon) or Lyocell fibers. In 
the case of the studied antioxidants, roughly one-third of 
the stabilizer amount is used up during dope preparation 
and spinning, the other two-thirds are incorporated into the 
fibers to prolong the shelf-life and for long-term stabilization 
of the cellulose.

In this study, we address the formation and identification 
of oxidation and degradation products of the antioxidants 
in the spun fibers upon long-term storage, in particular the 
chromophoric products. Long-term behavior is simulated 
by accelerated ageing under either dry or moist conditions 
according to standard procedures in cellulose fiber and paper 
science. The exact knowledge of the chemical structures of 
the reaction products is necessary on the one hand to exclude 
the formation of any unwanted harmful compounds and on 
the other hand to optimize the final bleaching step in the 

Scheme 1
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fiber treatment with regard to effectivity, mild conditions, 
and chemical savings.

Results and discussion

Stabilizing effect of the antioxidant additives 1–4

The beneficial effect of the stabilizers can be demonstrated 
in a particularly striking way by comparing the celluloses’ 
molar mass (Mw) of the stabilized fibers to a non-stabilized 
blank (Figs. 1 and 2). For all stabilized fibers the Mw values 
stayed above 85% of the initial pulp value, while there was 
a steep drop to about 50% in the case of the non-stabilized 
pulp. After 12 h of ageing, the stabilizers α-tocopherol (1), 
N-methyl-α-tocopheramine (2), and propyl gallate (3) had 
been largely consumed (see below), which is reflected by a 
sharper decrease of Mw in the interval between 12 and 24 h 

than before. In the case of hydroxytyrosol (4), there was 
only a minor decrease between 12 and 24 h, comparable 
to the ageing period before, because the stabilizer was still 
abundantly present after 12 h (see below) and thus still ready 
to act. The Mw loss of the non-stabilized fibers between 12 
and 24 h of ageing was drastic, dropping to approx. 30% of 
the starting pulp value. There was no significant difference 
between dry and wet ageing in the ageing behavior and sta-
bilizing efficiency, although some mechanisms and product 
distributions were well dissimilar, as discussed below.

Figures 1 and 2 show the cellulose degradation upon spin-
ning dope preparation (5 wt% cellulose in 1-ethyl-3-methyl-
imidazolium acetate, EMIm-OAc) and subsequent dry and 
moist accelerated ageing of the spun fibers, in dependence 
on the added stabilizers (0.1 wt% rel. to dope, 2 wt% rel. to 
dissolved pulp). The molar mass, determined by gel permea-
tion chromatography according to the standard protocol [12] 
is expressed as molar mass loss [%] relative to the starting 

Fig. 1  Cellulose degradation 
(as molar mass loss relative 
to the starting pulp) upon 
spinning dope preparation and 
dry aging over different times. 
Toc: α-tocopherol, Toc-amine: 
N-methyl-α-tocopheramine, PG: 
propyl gallate, HyT: hydroxy-
tyrosol, no stab.: no stabilizer 
used

Fig. 2  Cellulose degradation 
(as molar mass loss relative to 
the starting pulp) upon spinning 
dope preparation and moist 
aging over different times. 
Toc: α-tocopherol, Toc-amine: 
N-methyl-α-tocopheramine, PG: 
propyl gallate, HyT: hydroxy-
tyrosol, no stab.: no stabilizer 
used
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molar mass of the pulp: (Mw0-Mw)/Mw0 [%], with Mw being 
the determined molar mass and Mw0 being the starting molar 
mass of the pulp.

The changes in ISO brightness with ageing are currently 
being investigated in detail. Suffice it to say that after 12 h 
of ageing, a brightness loss of approx. 5–6 ISO points was 
observed for all stabilizers, which corresponds approxi-
mately to the value for a non-stabilized fiber. While in this 
non-stabilized fiber, the chromophores are formed directly 
as a result of the oxidation of the polysaccharide components 
and subsequent condensation reactions [13], the chromo-
phores in stabilized fibers are almost exclusively degradation 
products of the stabilizers: after their extraction, the bright-
ness value returned to that of the unaged fiber.

Extraction of stabilizers and their degradation/
oxidation products

All stabilizers and their degradation products are strongly 
to moderately lipophilic compounds, which is particularly 
true for the tocopherol derivatives with their isoprenoid 
 C16H33 side chains [14]. While extraction from the aqueous 
spinning bath was easily possible by liquid–liquid extrac-
tion into toluene (unpublished work), the degradation 
products in the spun and aged fibers are tightly embed-
ded in the fiber structure and not accessible to extraction 
with apolar organic solvents. To increase accessibility, 
swelling of the fiber with a polar aprotic solvent would 
be required. Such swelling in N,N-dimethylacetamide is 
used, for instance, as pretreatment before the dissolution 
of cellulosic pulps for analytical purposes (gel permea-
tion chromatography, see [12]), or swelling in DMSO in 
the case of particularly hard-to-dissolve cellulosic fibers 
[15]. However, it was questionable whether the degrada-
tion products would remain chemically unchanged in this 
process and whether the swelling agents would extract the 
apolar degradation products. The addition of an apolar 

solvent would not help as it could increase solubility, but 
at the same time would re-collapse the swollen fibers. For 
this reason, we resorted to extraction by supercritical car-
bon dioxide [16, 17], which offered the best solubility for 
the apolar substances and superb accessibility through the 
bulk of the fibers due to the extremely high diffusivity of 
the supercritical medium. In addition, the extract did not 
need any purification, drying, or evaporation treatments.

The extracts from the fibers (after 12 h of ageing) were 
screened by HP-TLC and GC–MS against a library of stand-
ard derivatives and oxidation products of the antioxidants 
used, which has resulted from previous work on antioxi-
dants and has been expanded over the years to cover the 
common stabilizers used in cellulosic materials. Subsequent 
flash chromatography of the mixtures (toluene/n-heptane on 
silica gel) provided the separated major components. Extrac-
tion of the freshly spun fibers, for comparison, showed that 
approx. 70% of unchanged antioxidants were present. This 
agrees perfectly well with the values determined previously 
for the spinning dopes, which contained also about 70% of 
the antioxidants and only 30% of oxidation products. By 
contrast, after the fiber ageing, the antioxidants were almost 
completely converted into their oxidation products in the 
case of the tocopherol derivatives and propyl gallate, with 
the amount of unchanged stabilizers being below 10% and 
without significant differences between wet and dry ageing 
(Fig. 3). For hydroxytyrosol, not only the conversion rate 
was generally much lower, but there was also a significant 
gap between dry and moist ageing (74% vs. 51% consump-
tion, respectively). As the protective effect was roughly the 
same for all four stabilizers (see Figs. 1 and 2), it can be 
concluded that hydroxytyrosol would provide a significantly 
longer stabilization time than the other three antioxidants 
when applied in the same molar amount, or it could be 
applied in smaller amounts to reach the same stabilization 
duration. In general, the continuous consumption of the sta-
bilizers upon ageing nicely demonstrates the action of the 

Fig. 3  Conversion of the tested 
antioxidants into their oxida-
tion products in the spinning 
bath and after dry or moist fiber 
aging
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antioxidants in the fibers and mirrors the protective effect on 
cellulose integrity as discussed above.

Identification of the isolated chromophores 
and degradation/oxidation products

All identified chromophoric reaction products were analyti-
cally characterized by their NMR spectra, MS data, and the 
comparison to authentic samples, which were either avail-
able from previous work or independently synthesized. The 
identified compounds cover more than 95 wt% of the iso-
lated reaction products for all four antioxidants used. The 
residual 5 wt% of minor side products (data not given here) 
cannot be considered as unambiguously identified as their 
amount was too low for comprehensive NMR analysis, 
although HP-TLC and MS data provided some indication as 
to their identity in almost all cases.

α-Tocopherol (1) is the main component of vitamin 
E, a mixture of tocopherols that are distinguished by dif-
ferent methylation patterns at the aromatic ring, with 
α-tocopherol—as the permethylated derivative—being the 
major component. It is the most common lipophilic anti-
oxidant in vivo and most widely used in the food, feed, and 
cosmetics industries as additive E 307 [18]. But also in poly-
mer and material science, it has found many usages as a 
stabilizer, antioxidant, and scavenger of radicals and reactive 
oxygen species, both in synthetic and renewable polymers 
and fibers [19–22]. Upon fiber ageing, α-tocopherol was con-
verted into three major products, para-tocopherylquinone 
(5) [23, 24], the spiro-dimer of α-tocopherol (6) [25, 26], 
and the 5,6-ortho-quinone, so-called “α-tocored” (7) [27]. 
The two former compounds are intensively yellow waxes in 
pure form, while the latter—as the name indicates—has a 
dark red color. It is responsible for the faint red hue of fibers 
stabilized with α-tocopherol. Compounds 5 and 6 are the 
typical reaction products of α-tocopherol, the para-quinone 
is the end product of oxidation in the presence of water, and 
the spiro-dimer is an almost ubiquitous reaction product of 1 
which is formed by dimerization of the α-tocopherol-derived 
ortho-quinone methide (1a) [28, 29] in a hetero-Diels–Alder 
process with inverse electron demand. Intermediate 1a is 
a central compound in the reactions of vitamin E with a 
rich chemistry. The selective involvement of the 5a-methyl 
group in ortho-quinone methide formation (while the other 
ortho-methyl group is rather unreactive) is a peculiarity of 
α-tocopherol which has been early recognized and accounted 
for by the theory of strain-induced bond localization [29, 
30].

While para-quinone and spiro-dimer were also found in 
the spinning dope, α-tocored (7) was not: it was only present 
in the aged fibers and evidently formed only later upon age-
ing. It can thus well be used as an indicator for long-term 
ageing/storage of such tocopherol-stabilized fibers. A minor 

antioxidant-derived component (2%) isolated from the fibers 
was N-(5a-α-tocopheryl)imidazole (8) which was formed by 
the addition of the ortho-quinone methide to traces of imi-
dazole present. Imidazole and 1-methylimidazole are almost 
ubiquitous byproducts in imidazolium ionic liquids and the 
cellulosics processed from them [31]. The reaction of the 
ortho-quinone methide with nucleophiles is a common 
reaction path in vitamin E chemistry, although the resulting 
5a-substituted tocopherols are rather synthesized by reac-
tion of the readily accessible 5a-bromo-α-tocopherol with 
the respective nucleophilic co-reactants [32]. Interestingly, 
para-quinone 5 can form the ortho-quinone methide 1a by 
cyclization of an 8a-hydroxy-α-tocopherone (5a) derivative 
which undergoes a  [1,4]-elimination of water, a reaction that 
has been frequently exploited in tocopherol chemistry. In the 
present case of fiber ageing, the reaction is responsible for 
the fact that upon dry ageing, spiro-dimer 6 dominated over 
the para-quinone 5 (72% vs. 8%) while in moist ageing the 
para-quinone was the dominant oxidation product (52% vs. 
32%). The amount of α-tocored was 16% under both condi-
tions and thus moisture-independent.

Scheme 2 shows the oxidation products (5–8) from the 
antioxidant α-tocopherol (1) in the aged fibers, spun from 
EMIm-OAc, and indicates their interrelation and conver-
sions. Note that all oxidation products found are naturally 
occurring metabolites of α-tocopherol with well-known 
biocompatibility.

N-Methyl-α-tocopheramine (2) is a chemical sibling of 
α-tocopherol in which the phenolic OH group is replaced 
by an N-methyl moiety. As in the group of tocopherols, 
the α-homolog, i.e., the compound permethylated at the 
aromatic ring, is the most common representative also 
among the tocopheramines [33, 34]. Both tocopherols and 
tocopheramines are fully biocompatible and non-toxic [35] 
and excellent antioxidants [14] with wide applications in 
food and feed [36, 37], polymer technology [38, 39], and 
in the biomedical field [40–45]. N-Methyl-α-tocopheramine 
is obtained by demethylation of the N,N-dimethyl deriva-
tive [46] rather than by methylation of the parent compound 
α-tocopheramine, which always provides a hard-to-separate 
product mixture. In the cellulosic fibers stabilized with 2, 
three reaction products were found, with para-α-tocopheryl 
quinone (5) as the main component. It is formed by oxidation 
of 2 to the corresponding para-iminoquinone, which imme-
diately reacts with moisture under the formation of para-
α-tocopheryl quinone (5) and release of methylamine. The 
second main product upon ageing under dry conditions was 
the spiro-dimer of N-methyl-α-tocopheramine (9), accom-
panied by small amounts of the spiro-dimer of α-tocopherol 
(6), in a molar ratio (9/6) of approx. 4.5:1, determined by 
weight. Upon ageing under moist conditions, this situation 
reversed, and 6 became by far dominant over 9, with a ratio 
(9/6) of approx. 1:12. This demonstrates that the spiro-dimer 
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of N-methyl-α-tocopheramine (9), once formed by dimeri-
zation of the iminoquinone methide intermediate (2a) by 
analogy to the α-tocopherol case, is not stable, but loses 
methylamine in the presence of moisture, being converted to 
the spiro-dimer of α-tocopherol. Note that both spiro-dimers 
possess a fluxational nature with the aromatic part and the 
spiro-keto part changing their positions, as demonstrated by 
Netscher [26]. This explains why both nitrogen functionali-
ties in 9 are replaced by the equivalent oxygen functionality 
in the reaction with water, and not only the more accessible 
N-methylamino moiety.

Interestingly, while α-tocored was contained in the spin-
ning dopes stabilized with 2, it was not found in the cor-
responding aged fibers, and thus was not newly formed 
from residual 2 upon accelerated ageing. This is a major 
difference to the α-tocopherol case. The absence of N-(5a-α-
tocopheryl)imidazole (8) and other 5a-substituted tocopherol 
derivatives is in accordance with vitamin E chemistry, as the 
quinone methide intermediate 1a easily adds nucleophiles to 
give 5a-substituted α-tocopherols, while the iminoquinone 
counterpart 2a does not undergo such processes.

The reason for the use of the N-methyl derivative 2 as 
the stabilizer—instead of the non-methylated parent com-
pound α-tocopheramine—is its well-defined oxidation 
chemistry, which avoids dark colored compounds and 
affords only innocuous products that are known as natural 
vitamin E metabolites. The reaction of the unmethylated 

tocopheramine, by contrast, leads to the intensively red-
colored azo-tocopherol as the main oxidation product [47], 
besides minor amounts of the potentially toxic nitrophenol 
5-deoxy-5-nitro-α-tocopherol [48]. The N,N-dimethyl deriv-
ative has a significantly lower stabilizing effect as an anti-
oxidant and has therefore not been used as a fiber stabilizer. 
The oxidation products from the antioxidant N-methyl-α-
tocopheramine (2), compounds 5, 6 (Scheme 3), are natu-
rally occurring metabolites of α-tocopherol and are known 
to be non-toxic.

Propyl gallate (PG, 3) is very commonly employed as 
a stabilizer and antioxidant: in food and cosmetic prepara-
tions as additive E 310, but also for polymeric materials 
and fibers [49–51]. It is also used, for instance, as a sta-
bilizer in the production of cellulose Lyocell fibers in the 
solvent N-methylmorpholine N-oxide [39]. The aged fibers 
from dopes stabilized with propyl gallate contained mainly 
ellagic acid (11), a yellow crystalline compound in pure 
form, and its bis(ortho-quinone) 12, a black amorphous 
solid. Both are the typical oxidation products of gallic acid 
and its esters. The primary phenoxyl radical intermedi-
ates formed from PG in its antioxidative action, recombine 
to intermediate 3,3′,4,4′,5,5′-hexahydroxydiphenic acid 
dipropyl ester (3a), which immediately affords ellagic acid 
(11) by bislactone formation. This cyclization is entropi-
cally driven and proceeds under the release of n-propanol 
from the ester moieties. The bis(ortho-quinone) 12, with its 

Scheme 2
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intensive blue-to-black color due to the highly conjugated 
double bond system, is chiefly responsible for the rather pro-
nounced brightness loss of PG-stabilized fibers upon ageing.

While in the spinning dope free gallic acid was found, no 
gallic acid was present in the spun and aged fibers. Instead, 
gallic acid imidazolide (13) was found as a minor component 
(3%). Formation of this compound cannot involve residual 
gallic acid, because amide formation from free acids would 
not occur, but would rather proceed as aminolysis of ester 
3. As mentioned above, imidazole, as the co-reacting amine 
component, is a common trace impurity when cellulose is 
processed in imidazolium ionic liquids. Scheme 4 summa-
rizes the byproducts formed upon the ageing of PG-stabi-
lized cellulosic fibers spun from the EMIm-OAc imidazo-
lium ionic liquid.

Hydroxytyrosol (4) is a main antioxidant component in 
olive oil and olive leaf extract and is known for its benefi-
cial nutraceutical effects [52, 53]. Its abundant occurrence 
in olive mill wastewater (OMWW) has promoted also non-
food applications as a stabilizer for polymers [54, 55] and 
fibers [56, 57]. From EMIm-OAc-spun and subsequently 
aged fibers, the reaction products shown in Scheme 5 have 
been isolated. The yellow-orange ortho-quinone (14) is the 
primary product of both homolytic and heterolytic oxidation. 
While it was the dominant reaction product in the spinning 

dope (short time, lower conversion), it was a minor compo-
nent among the degradation products formed upon ageing 
(longer time, high conversion). Its intramolecular Michael 
addition product (14a), also found in the spinning dope, was 
not detected after ageing. Instead, a mixture of oxidation 
products with roughly equal concentrations was found (15, 
16, 16a, 17, 18). Their formation pathways and interconver-
sions will be discussed in detail in an upcoming account. 
Scheme 5 presents their structure and a brief formation 
mechanism summary.

ortho-Quinone 14 is a tautomer of para-quinone methide 
14b; such ortho-quinone/para-quinone (methide) tautomeri-
zation are very well-known, for instance, in lignin [58–60] 
or vitamin E chemistry [14, 29]. The para-quinone methide 
immediately adds a nucleophile—most commonly water/
OH−—to form a benzyl alcohol derivative under rearoma-
tization, which is also the thermodynamic driving force for 
the process. The resulting 1,2-dihydroxytyrosol (15), like its 
parent compound hydroxytyrosol (4), is a strong antioxidant 
and further oxidized to the corresponding ortho-quinone 16. 
Similar to the ortho-quinone 14, which affords 14a, also 
ortho-quinone 16 undergoes intramolecular Michael addi-
tion to the bicyclic compound 16a which, in turn, under-
goes elimination of water in the furan ring and rearomatiza-
tion in the benzene moiety. The lack of other intermediates 

Scheme 3
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(compounds in which either water elimination or rearoma-
tization had occurred, but not both at the same time) seems 
to indicate that both processes proceed simultaneously. The 
rearomatization process involves two tautomeric rearrange-
ments, a keto-enol tautomerism (4-C = O) and a  [1,5]-sig-
matropic proton shift (3-C = O). The resulting dihydroxyben-
zofuran 17 was the major component found in the mixture 
of isolated oxidation products. The final product appears to 
be ortho-quinone 18, which is obtained by further oxida-
tion of 17. Note that one molecule of hydroxytyrosol (4) is 
able to consume 6 one-electron oxidation-equivalents on the 
way to being eventually converted into ortho-quinone 18. 
This explains its high antioxidative activity and also its high 
effectiveness as a stabilizer in the studied fibers.

TLC screening indicated that the formation of the 
Michael addition products found (14a, 16a) was not an arti-
fact of the work-up and isolation procedure, with increasing 
amounts being formed upon ageing. In both cases, the reac-
tion could be reversed by dissolution in trifluoroacetic acid 
to generate the corresponding monocyclic ortho-quinones 
14 and 16.

Comparison of the degradation product mixtures 
from spinning dope, dry‑aged and moist‑aged fibers

The composition of the mixtures of degradation products 
from the stabilizers shows some significant differences when 
comparing the chromophores in the spinning dope on one 
side and those in the aged fibers on the other side. By con-
trast, the differences between moist and dry ageing are only 
minor – they can be traced back to reaction steps in which 
water is directly involved. Table 1 summarizes the differ-
ences in the mixtures of degradation products according to 
a simple system that classifies the degradation products as 
major product (> 50%,  +  + +), product (+ +), and minor 
component (< 5%,  +). In this way, also the mechanistic dif-
ferences, as discussed above, are visualized.

Important differences are the occurrence of α-tocored 
(7) in the aged fibers stabilized with α-tocopherol, but not 
in the corresponding spinning dope, while for the stabiliz-
ers N-methyl-α-tocopheramine the situation is reversed: 
α-tocored was found only in the dope, but not in the fib-
ers. For both tocopherol-stabilizers, moist ageing condi-
tions favor the formation of the para-α-tocopherylquinone 
(5) over the spiro-dimers (6, 10) which is understandable 
from the formation mechanism. Oxidation to the para-qui-
none involves water, the formation of the spiro-dimers does 
not. Formation of the spiro-dimer from -tocopherol (6) by 
hydrolysis of the spiro-dimer from the tocopheramine (10) is 
a hydrolytic process that proceeds faster under moist ageing 
conditions than under dry ones.

The formation of 5a-(1-imidazolyl)-α-tocopherol (8) and 
gallic imidazolide (13) occurs only in the fibers, and not in 

Scheme 4 

Scheme 5 
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the spinning dope. Both involve not only stabilizer-derived 
precursors but also imidazole as a degradation product of the 
ionic liquid. In the case of the stabilizer hydroxytyrosol (4), 
only the first oxidation product, ortho-quinone 14, is found 
in the spinning dope. In the fibers, both stabilizer and 14 are 
largely depleted by further transformation into more highly 
oxidized products (16–18), of which 18 seems to be the final 
product that is stable and not further modified.

Conclusions

In this study, we have investigated the formation of oxidation 
/ degradation products from stabilizers in cellulosic fibers 
spun from the EMIM-OAc ionic liquid. All stabilizers were 
natural antioxidants, namely α-tocopherol, N-methyl-α-
tocopheramine, propyl gallate, and hydroxytyrosol. While 
these antioxidants effectively protect against cellulose deg-
radation during dope preparation, fiber spinning and fiber 
shelf-life, a trade-off emerges in the form of chromophore 
generation, leading to discoloration of the spinning dope 
and resulting fibers. The antioxidants’ protective effects 
were demonstrated by comparing the cellulose molar mass 
of stabilized and non-stabilized fibers, revealing a significant 
retention of molar mass in the stabilized fibers, highlighting 
the effectiveness of the chosen antioxidants. The concomi-
tant conversion to chromophores was seen as a noticeable 
brightness loss upon accelerated ageing.

The study addressed the identification of oxidation and 
degradation products of the four antioxidants formed upon 
accelerated ageing of the fibers under dry and moist con-
ditions. It employed advanced techniques, such as super-
critical carbon dioxide extraction, to isolate degradation 
products from the aged fibers, and NMR spectroscopy with 
comparison to authentic samples for final unambiguous 
identification. A total of 16 different oxidation/degradation 
products were isolated, analytically characterized, struc-
turally identified, and their formation pathways discussed. 
The antioxidants exhibited varying degrees of degradation, 
and their consumption was influenced by both the type of 
antioxidant and the ageing conditions. α-Tocopherol and 
N-methyl-α-tocopheramine were largely consumed dur-
ing ageing, leading to the formation of specific chromo-
phores such as para-tocopherylquinone, spiro-dimers, and 
α-tocored. Propyl gallate, also largely consumed during 
ageing, resulted in the generation of ellagic acid and its 
bis(ortho-quinone), contributing to the observed discol-
oration. Hydroxytyrosol, a prominent component in olives, 
exhibited a special effect: it formed a yellow-orange ortho-
quinone as an initial oxidation product, which was further 
transformed into secondary products that were potential 
antioxidants as well. Its overall consumption rate was 
thus lower than in the case of the other three antioxi-
dants. Interestingly, imidazole, as almost ubiquitous trace 
byproduct of the imidazolium ILs, was incorporated into 
the stabilizer degradation products in two cases.

Table 1  Occurrence and 
prominence of the stabilizer-
derived chromophores and 
degradation products (5–18) 
depending on spinning dope, 
dry-aged and moist-aged fibers

Chromophore / degradation product (cf. 
Schemes 2, 3, 4 and 5)

Spinning dope Spun fiber, dry-
aged

Spun fiber, 
moist-aged

From α-tocopherol (1)
para-α-Tocopherylquinone (5)  +  +  +  +  +  + 
α-Tocopherol spiro-dimer (6)  +  +  +  +  +  +  + 
α-Tocored (7)  −  +  +  +  + 
5a-(1-Imidazolyl)-α-tocopherol (8)  −  +  + 
From N-methyl-α-tocopheramine (2)
para-α-Tocopherylquinone (5)  +  +  +  +  +  +  +  + 
α-Tocopherol spiro-dimer (6)  +  +  +  + 
α-Tocopherylamine spiro-dimer (10)  +  +  +  + 
α-Tocored (7)  +  +  −  − 
From propyl gallate (3)
Ellagic acid (11)  +  +  +  +  +  +  +  + 
Ellagic acid bis(ortho-quinone) (12)  +  +  +  +  +  + 
Gallic imidazolide (13)  −  +  + 
From hydroxytyrosol (4)
Hydroxytyrosol ortho-quinone (14)  +  +  +  +  + 
Dihydroxytyrosol (15)  −  +  + 
Dihydroxytyrosol ortho-quinone (16)  −  +  +  +  + 
5,6-Dihydroxybenzofuran (17)  −  +  +  + 
ortho-Quinone 18  −  +  +  +  + 
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The differences observed between the chromophores in 
the spinning dope and those in the aged fibers underscore 
the dynamic nature of antioxidant degradation during fiber 
processing and ageing. Moisture content during ageing influ-
enced the distribution of certain chromophores, emphasizing 
the importance of considering environmental conditions in 
fiber stabilization processes (see Table 1).

The results provide valuable insights into the chemical 
structures of the chromophores generated during the ageing 
process. This knowledge serves as a crucial foundation for 
optimizing the fiber bleaching stage, addressing challenges 
related to brightness loss, chemical needs for bleaching 
treatments and brightness stability. Alternative antioxidants, 
which meet the principles of green chemistry but at the same 
time do not produce chromophoric reaction products upon 
their action, are evidently also an important direction of 
research. Future research will now focus on refining the sta-
bilizer dosage, exploring alternative stabilization methods, 
and optimizing the bleaching process to enhance the com-
mercial viability and sustainability of cellulosic fibers spun 
from 1,3-dialkylimidazolium ILs.

Experimental

All chemicals were of the highest purity available and used 
without further purification. Bidistilled water was used 
for all aqueous solutions, extractions, and washing steps. 
1,4-Dioxane, n-heptane, ethyl acetate, and toluene used in 
chromatography were distilled before use. TLC was per-
formed using Merck silica get 60  F254 pre-coated plates, and 
flash chromatography on Baker silica gel (40 µm particle 
size). All products were purified to homogeneity by TLC / 
GC analysis and satisfying elemental analysis data (± 0.2%). 
Elemental analyses were performed at the Microanalyti-
cal Laboratory of the University of Vienna. The melting 
points are corrected (benzophenone 48–49 °C, benzoic acid 
122–123 °C), determined on a Kofler-type micro hot stage 
with Reichert-Biovar microscope.

The same cellulosic pulp, having an α-cellulose contents 
of 97.5% according to the manufacturer, and fibers produced 
thereof was used as in previous work [6, 7], Mn = 99.3 kDa, 
Mw = 362.7 kDa, degree of polymerization (DP) = 2237, 
dispersity Ɖ = Mw/Mn = 3.65, and ISO brightness = 82. The 
molar mass data were determined by size exclusion chro-
matography according to the published standard protocol 
[12]. The EMIm-OAc ionic liquid was obtained from Nip-
pon Nyukazai Co., Ltd. (Tokyo, Japan).

Gel permeation chromatography (size exclusion chroma-
tography) was used applying the standard protocol according 
to Potthast et al. [12], where also the SEC-MALS system 
is described in detail. In short, DMAc-activated samples 
were placed in 4  cm3 vials, and an N,N-dimethylacetamide 

(DMAc)/lithium chloride solution (1  cm3, 9% w/v) was 
added to each sample. The vials were vortexed for 20 s and 
placed in a rotary shaker again for over 20 h to dissolve the 
samples, then the samples were diluted 1:3 (v/v) with pure 
DMAc and filtered through PTFE syringe filters (0.45 µm) 
before SEC-MALS analysis. The calculations were based on 
a refractive index increment for cellulose of 0.136  cm3  g−1. 
Viscometry measurements used the solvent cupriethyl-
ene diamine (cuen) according to a previously published, 
improved protocol [61], which avoids systematic underesti-
mation errors due to β-elimination reactions [62].

GC–MS/FID and  UPC2-ESI-QTof-MS analysis were per-
formed as previously described by Barbini et al. [16, 17]. 
UV/Vis spectra were recorded on a LAMBDA 45 UV/Vis 
spectrophotometer (Perkin Elmer, Waltham, MA, USA): 
range of 400 to 700 nm, scanning speed 480 nm  min−1, 
quartz glass cuvettes (l = 1.0 cm).

Preparation of spinning dopes and dry‑jet wet 
spinning

The cellulosic pulps were dried at 100 °C for 3 h. In a 
stainless-steel vessel, a pulp aliquot (5 wt% rel. to the IL 
solvent) was added to 1-ethyl-3-methylimidazolium acetate 
ionic liquid containing the stabilizer (2 wt% rel. to the mass 
of cellulosic pulp) and stirred at room temperature for 1 h. 
The mass of added stabilizer corresponds to 0.76 mol% for 
α-tocopherol (1), 0.74 mol% for N-methyl-α-tocopheramine 
(2), 1.56 mol% for propyl gallate (3), and 2.15 mol% for 
hydroxytyrosol (4), relative to cellulose (molar mass of the 
gluocopyranose unit: 162.135 g  mol−1). The mixture was 
heated to 100–130 °C under stirring to affect the dissolu-
tion of the pulp. Complete dissolution, occurring after an 
additional 1–2 h, was confirmed using a polarized optical 
microscope (Olympus BHT-P, Tokyo, Japan) under crossed 
Nicols.

Spinning was carried out according to a dry-jet wet spin-
ning process as reported previously [6, 7, 10]. At a tempera-
ture of 100 °C, the spinning dopes were extruded through the 
spinning nozzles into an air gap (15 cm) and distilled water 
(without any additives) as the coagulation bath, at a constant 
throughput speed of 0.1  cm3  min−1 and a constant winding 
speed of 107 m  min−1. The resulting fibers were washed with 
hot distilled water (70 °C) to remove the major part of the 
solvent and byproducts, loosely coiled on bobbins, agitated 
in water overnight to remove residues of solvent and byprod-
ucts, and dried at room temperature.

Accelerated ageing of the fibers

Hand sheets were prepared from 2 g of fibers suspended 
in distilled water (500  cm3) on a Büchner funnel, followed 
by pressing and drying at 92 °C for 5 min. Brightness was 
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measured before and after ageing according to ISO 2470 
(2009) [63], detecting UV/Vis remission at 457 nm. Con-
tinuous ageing was performed either under dry conditions 
according to the TAPPI method UM 200 (105 °C, 40% rel. 
humidity, 4 h, 12 h, 24 h) [64] or under humid conditions 
according to Paptac E.4P (100 °C, 100% rel. humidity, 4 h, 
12 h, 24 h) [65]. The ageing progress was monitored by UV/
Vis (brightness reversion) to follow the kinetics of chromo-
phore generation.

Extraction of stabilizer‑derived degradation 
products and chromophores from the spinning 
baths by supercritical  CO2

Supercritical extraction of the aged fibers was carried out 
with carbon dioxide (> 99.5% food grade, Biogon C, Linde 
AG, Austria) on a high-pressure SF-1 supercritical fluid 
system (Separex, Champigneulles, France) equipped with 
preheater, autoclave, and separator. Aliquots of the fibers 
(approx. 25 g) were extracted for 90 min at a flow rate of 30 
g  min−1, and the extracts were combined. Extraction pro-
ceeded at 30 MPa (300 bar) and 40 °C (ρ  CO2: 910 kg  m−3) 
in a cylindrical extraction vessel (diameter: 35 mm, height: 
50 mm). In the case of propyl gallate-stabilized fibers, 1 wt% 
of ethanol 96 vol% (ρ20°C: 808.5 kg  m−3, Merck) was added 
as a co-solvent by an HPLC pump (Lab Alliance) to enhance 
the solubility of ellagic acid (11) and its bis(ortho-quinone) 
(12). The extracts were stored under argon gas at –20 °C in 
brown-glass vials.

NMR analysis and identification of chromophores

All NMR spectra were recorded on a Bruker Avance II 400 
(resonance frequencies 400.13 MHz for 1H and 100.63 MHz 
for 13C) equipped with a 5 mm  N2-cooled cryoprobe head 
(Prodigy) with z-gradients at room temperature with stand-
ard Bruker pulse programs. The sample was dissolved in 
0.6  cm3 of  CDCl3 (99.9% D). Chemical shifts are given in 
ppm, referenced to residual solvent signals. 1H NMR data 
were collected with 32 k complex data points and apo-
dized with a Gaussian window function (lb =  − 0.3 Hz and 
gb = 0.3 Hz) prior to Fourier transformation. 13C spectrum 
with WALTZ16 1H decoupling was acquired using 64 k 
data points. Signal-to-noise enhancement was achieved 
by multiplication of the FID with an exponential window 
function (lb = 1 Hz). All two-dimensional experiments were 
performed with 1 k × 256 data points, while the number of 
transients (2–16 scans) and the sweep widths were optimized 
individually. HSQC experiment was acquired using adiabatic 
pulse for inversion of 13C and GARP-sequence for broad-
band 13C-decoupling, optimized for 1 J(CH) = 145 Hz. For the 
NOESY spectra, a mixing time of 0.8 s was used.

The nomenclature and atom numbering of tocopherols 
and chromanols as recommended by IUPAC was used 
throughout [66, 67]. 1H and 13C NMR resonances of the 
isoprenoid side chain of tocopherols are only insignifi-
cantly influenced (Δ < 0.05 ppm) by modifications of the 
chroman ring [68, 69], and are thus listed here only once: 
δ = 19.7 (C-4a′), 19.8 (C-8a′), 21.2 (C-2′), 22.7 (C-13′), 
22.8 (C-12a′), 24.6 (C-6′), 24.8 (C-10′), 28.0 (C-12′), 32.6 
(C-8′), 32.8 (C-4′), 37.3 (C-7′), 37.4 (C-9′), 37.5 (C-5′), 37.5 
(C-3′), 39.3 (C-11′), 39.9 (C-1′) ppm. In the spiro-dimeric 
compounds 6 and 10, the aromatic moiety is conventionally 
numbered, while the spiro-keto moiety is indicated by “#”.

para‑α‑Tocopherylquinone (5) Dark yellow oil; UV (tol-
uene): λmax = 264 nm; 1H NMR: δ = 2.55 (2H, m, 4-CH2), 
2.08 (3H, s, 5a-CH3), 2.03 (3H, s, 7a-CH3), 2.03 (3H, s, 
8b-CH3), 1.08–1.54 (m, 23H, 3-CH2, 9 ×  CH2 in side chain 
[1′-CH2, 2′-CH2, 3′-CH2, 5′-CH2, 6′-CH2, 7′-CH2, 9′-CH2, 
10′-CH2, 11′-CH2], 3 × CH in side chain [4-CH, 8-CH, 
12-CH]), 1.23 (3H, s, 2a-CH3), 0.86 (9H, d, J = 6.3 Hz, 
4a-CH3, 8a-CH3, 12a-CH3), 0.84 (3H, d, J = 6.3 Hz, 13-CH3) 
ppm; 13: δ = 187.5 (C-8a), 140.3 (C-8), 12.3 (C-8b), 140.0 
(C-7), 12.3 (C-7a), 186.6 (C-6), 140.6 (C-5), 12.0 (C-5a), 
144.4 (C-4a), 21.5 (C-4), 40.4 (C-3), 72.7 (C-2), 26.7 (C-2a) 
ppm; isoprenoid side chain: see above. NMR data fully agree 
with the literature [25, 70].

Spiro‑dimer of α‑tocopherol (6) Yellow oil; UV (tolu-
ene): λmax = 272 nm; 1H NMR: δ = 2.62 (2H, m, 4-CH2), 
2.46 (2H, m, 4#-CH2), 2.52 (3H, s, 5a-CH2), 2.08 (3H, s, 
5a#-CH2), 2.12 (3H, s, 7a-CH3), 1.88 (3H, s, 7a#-CH3), 2.05 
(3H, s, 8b-CH3), 2.01 (3H, s, 8b#-CH3), 1.64–1.60 (4H, 
m, 3-CH2 and 3#-CH2), 1.06–1.54 (m, 42H, 18 ×  CH2 and 
6 × CH in two isoprenoid side chains), 1.22 (3H, s, 2a-CH3), 
1.20 (3H, s, 2a#-CH3), 0.82–0.90 (24H, m, 4a-CH3, 8a-CH3, 
12a-CH3, 13-CH3, 4a#-CH3, 8a#-CH3, 12a#-CH3, 13#-CH3) 
ppm; 13C NMR: δ = 143.7 (C-8a), 141.8 (C-8a#), 122.4 (C-8, 
C-8#), 10.7 (C-8b), 13.0 (C-8b#), 121.1 (C-7), 126.0 (C-7#), 
10.8 (C-7a), 10.2 (C-7a#), 144.7 (C-6), 201.4 (C-6#), 114.5 
(C-5), 80.0 (C-5#), 16.9 (C-5a), 27.1 (C-5a), 114.0 (C-4a), 
114.4 (C-4a#), 18.6 (C-4), 16.6 (C-4#), 29.7 (C-3), 30.2 
(C-3#), 73.3 (C-2), 75.0 (C-2), 22.3 (C-2a), 22.5 (C-2a#) 
ppm; isoprenoid side chains: see above. NMR data are in 
complete agreement with the literature [26].

α‑Tocopheryl‑ortho‑quinone (α‑tocored, 7) Red oil; UV 
(toluene): λmax = 288 nm; 1H NMR: δ = 2.44 (2H, m, 4-CH2), 
2.05 (3H, s, 7a-CH3), 1.98 (3H, s, 8b-CH3), 1.73 (2H, t, 
3-CH2), 1.08–1.54 (m, 21H, 9 ×  CH2 in side chain [1′-CH2, 
2′-CH2, 3′-CH2, 5′-CH2, 6′-CH2, 7′-CH2, 9′-CH2, 10′-CH2, 
11′-CH2], 3 × CH in side chain [4-CH, 8-CH, 12-CH]), 1.28 
(3H, s, 2a-CH3), 0.84–0.86 (12H, d, J = 6.3 Hz, 4a-CH3, 
8a-CH3, 12a-CH3), 0.84 (3H, d, J = 6.3 Hz, 13-CH3) ppm; 
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13C NMR: δ = 163.5 (C-8a), 110.3 (C-8), 11.7 (C-8b), 134.4 
(C-7), 13.8 (C-7a), 180.1 (C-6), 181.0 (C-5), 143.8 (C-4a), 
22.6 (C-4), 40.0 (C-3), 71.4 (C-2), 28.0 (C-2a) ppm; isopre-
noid side chain: see above. NMR data are fully consistent 
with the literature [71].

5a‑(1‑Imidazolyl)‑α‑tocopherol (8) 1H NMR: δ = 2.11 (3H, 
s, 7a-CH3), 2.15 (3H, s, 8b-CH3), 2.60 (2H, t, 4-CH2), 3.85 
(2H, s, 5a-CH2), 6.83 (s, 1H, H(Im)-5); 7.02 (s, 1H, H(Im)-
4), 7.40 (s, 1H, H(Im)-2) ppm; 13C NMR: δ = 11.7 (C-8b), 
11.9 (C-7a), 19.4 (C-4), 31.1 (C-3), 51.4 (C-5a), 74.5 (C-2), 
114.2 (C-4a), 115.7 (C-5), 124.0 (C-7), 125.3 (C-8), 128.1 
(C(Im)-4), 129.3 (C(Im)-5), 138.4 (C(Im)-2), 144.5 (C-8a), 
145.7 (C-6) ppm.

Spiro‑dimer of N‑methyl‑α‑tocopheramine (10) Yellow 
oil; UV (toluene): λmax = 278 nm; 1H NMR: δ = 2.60 (2H, 
m, 4-CH2), 2.46 (2H, m, 4#-CH2), 2.36 (3H, s, 5a-CH3), 
2.18 (3H, s, 5a#-CH3), 2.05 (3H, s, 7a-CH3), 1.84 (3H, s, 
7a#-CH3), 2.01 (3H, s, 8b-CH3), 1.96 (3H, s, 8b#-CH3), 
1.64–1.59 (4H, m, 3-CH2 and 3#-CH2), 1.06–1.54 (m, 42H, 
18 ×  CH2 and 6 × CH in two isoprenoid side chains), 1.22 
(3H, s, 2a-CH3), 1.21 (3H, s, 2a#-CH3), 0.82–0.92 (24H, 
m, 4a-CH3, 8a-CH3, 12a-CH3, 13-CH3, 4a#-CH3, 8a#-CH3, 
12a#-CH3, 13#-CH3) ppm; 13C NMR: δ = 145.4 (C-8a), 
142.4 (C-8a#), 122.8 (C-8), 122.6 (C-8#), 10.7 (C-8b), 
12.9 (C-8b#), 123.2 (C-7), 125.8 (C-7#), 10.9 (C-7a), 10.4 
(C-7a#), 138.6 (C-6), 251.3 (C-6#), 111.2 (C-5), 68.7 (C-5#), 
18.8 (C-5a), 25.5 (C-5a), 116.2 (C-4a), 116.0 (C-4a#), 18.8 
(C-4), 16.6 (C-4#), 30.2 (C-3, C-3#), 73.8 (C-2), 75.1 (C-2), 
22.3 (C-2a, C-2a#), 38.8  (CH3-N), 42.4  (CH3-N =) ppm; 
isoprenoid side chains: see above.

Ellagic acid (11) Yellow powder; 1H NMR: δ = 7.46 (H-Ar), 
8.12 (OH) ppm; 13C NMR: δ = 107.4 (C-2), 110.2 (C-6) 
112.4 (C-1), 136.3 (C-3), 140.1 (C-4), 148.1 (C-5), 159.1 
(COO) ppm.

Ellagobis(ortho‑quinone) (2,3,5,7,8,10‑Hexahydro‑
chromeno[5,4,3‑cde]chromene‑2,3,5,7,8,10‑hexa‑
one, 12) Black powder; 1H NMR: δ = 8.05 (CH) ppm; 
13C NMR: δ = 116.1 (C-6), 115.9 (C-1), 118.8 (C-2), 145.0 
(C-3), 155.9 (COO), 177.5 (C-4), 180.4 (C-5) ppm.

Gallic imidazolide (13) Yellow needles; 1H NMR: δ = 6.32 
(s, 2H, 2-CH, 6-CH), 6.81 (s, 1H, H(Im)-5), 7.08 (s, 1H, 
H(Im)-4), 7.44 (s, 1H, H(Im)-2) ppm; 13C NMR: δ = 107.9 
(C-2, C-6), 125.5 (C-1), 127.2 (C(Im)-4), 129.2 (C(Im)-
5), 145.6 (C-3, C-5), 135.5 (C-4), 138.2 (C(Im)-2), 166.1 
(CON) ppm.

Hydroxytyrosol ortho‑quinone (14) Red oil; 1H NMR: 
δ = 2.69 (2H, t, Ar-CH2), 3.70 (2H, t,  CH2-OH), 6.60 (1H, 

dd, H-6), 6.72 (1H, dd, H-2), 6.78 (1H, dd, H-5) ppm; 13C 
NMR: δ = 31.2 (Ar-CH2) 61.4  (CH2-OH), 127.7 (CH-5), 
129.2 (CH-2), 143.2 (CH-6), 151.1 (C-1), 180.3 (C-4), 182.4 
(C-3) ppm.

Dihydroxytyrosol (15) Yellowish wax; 1H NMR: δ = 3.42 
(2H, dd, J = 3.6, 8.0 Hz, Ar–CH(OH)), 4.04 (1H, dd, J = 3.6, 
8.0 Hz,  CH2-OH), 6.54 (1H, dd, J = 2.0, 8.0 Hz, H-6), 6.67 
(1H, d, J = 8.0 Hz, H-5), 6.75 (1H, d, J = 2.0 Hz, H-2) ppm; 
13C NMR: δ = 66.5  (CH2-OH), 84.9 (Ar–CH(OH)), 115.4 
(CH-2), 116.1 (CH-5), 120.3 (CH-6), 131.1 (C-1), 143.6 
(C-4), 144.9 (C-3) ppm.

Dihydroxytyrosol ortho‑quinone (16) Red oil; 1H NMR: 
δ = 3.44 (2H, dd, J = 3.6, 7.9 Hz, Ar–CH(OH)), 3.99 (1H, 
dd, J = 3.6, 7.9 Hz,  CH2-OH), 6.56 (1H, dd, H-6), 6.70 
(1H, dd, H-2), 6.76 (1H, dd, H-5) ppm; 13C NMR: δ = 66.1 
 (CH2-OH), 85.2 (Ar–CH(OH)), 127.2 (CH-5), 128.8 (CH-2), 
143.4 (CH-6), 151.9 (C-1), 182.4 (C-4), 185.5 (C-3) ppm.

5,6‑Dihydroxybenzofuran (17) Yellow wax; 1H NMR: 
δ = 5.23 (2H, br, OH), 6.42 (1H, t, J = 3.2 Hz, H-2), 7.24 
(1H, t, J = 3.2 Hz, H-3), 7.42 (1H, d, J = 0.6 Hz, H-4), 7.48 
(1H, d, J = 0.6 Hz, H-7) ppm; 13C NMR: δ = 106.1 (CH-7), 
106.9 (CH-3), 124.6 (CH-4), 127.9 (C-3a), 143.2 (CH-2), 
144.2 (C-5), 150.1 (C-6), 155.4 (C-8) ppm.

5,6‑Dihydroxybenzofuran ortho‑quinone (18) Red 
oil; 1H NMR: δ = 6.33 (1H, t, J = 3.2 Hz, H-2), 6.88 (1H, t, 
J = 3.2 Hz, H-3), 7.02 (1H, s, H-4), 7.08 (1H, s, H-7) ppm; 
13C NMR: δ = 110.1 (CH-3), 126.5 (CH-3a), 131.2 (C-4), 
133.4 (CH-7), 145.1 (C-2), 150.1 (C-8), 182.3, 182.6 (C-5, 
C-6) ppm.
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