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ABSTRACT: Lignin samples isolated from Miscanthus giganteus
using organosolv processes were treated with vanadium catalysts
that were previously developed in our group. We demonstrate
that the catalyst with high β-O-4′ bond-cleaving activity in
dimeric lignin models was also effective in depolymerizing actual
lignin. Molecular weight-lowering was evidenced by gel
permeation chromatography (GPC), whereas 2D NMR experi-
ments showed that β-O-4′ linkages were selectively cleaved in the
degradation process, just as in the case of lignin models.
Monophenolic degradation products were also formed, and the
individual molecules were identified and quantified by GC/MS.
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■ INTRODUCTION

The development of biorenewable chemicals and fuels from
nonfood sources is of great interest because of the escalating
global demand for energy, diminishing petroleum reserves, and a
concern over rising CO2 emissions.1 Lignocellulosic biomass,
often described as a recalcitrant material that is resistant to
degradation,2 is composed mostly of cross-linked polysaccharide
networks, glycosylated proteins, and lignin. The challenge in
efficiently breaking down lignocellulosic biomass remains an
impediment to its utilization as an ideal carbon-neutral energy
source. Although major improvements have been recently
achieved in the bioconversion of cellulose to ethanol using
enzyme technology,3 the fact that only 38−48% of the total plant
biomass can be used renders the entire process inefficient and
uneconomical. On the basis of the principles of biorefining,4 the
ability to efficiently extract the intrinsic energy content of a given
substrate is crucial for favorable process economics.
Lignin is a complex plant-derived biopolymer that accounts for

∼20% of all terrestrial biomass, with a molecular structure largely
composed of phenylpropanoid residues (p-hydroxyphenyl,
guaiacyl, and syringyl) derived from three hydroxycinnamyl
alcohol-based monomers: p-coumaryl, coniferyl, and sinapyl
alcohols (Figure 1).
Although the exact monolignol content of lignin is species-

dependent, the interunit linkages that connect monomer units
tend to be common to all, and these include: the β-O-aryl ether
(β-O-4′), resinol (β−β′), phenylcoumaran (β-5′), biphenyl (5−
5′), diaryl ether (4-O-5′), and 1,2-diaryl propane (β-1′) linkages
(Figure 2). The β-O-4′ moiety accounts for a significant

percentage of all the linkages in lignin and also happens to be
one of the weakest and most abundant bonds within the
structure, thus presenting itself as an obvious target with regard
to lignin depolymerization. Thus, a catalyst that can effectively
cleave β-O-4′ bonds will significantly lower the overall molecular
weight of the lignin. Furthermore, if such a process could be
carried out under mild and inexpensive conditions, the utilization
of lignin for high-value applications5 may become practical.
Although much research has dealt with the general

degradation of lignin,5 less attention has been focused on the
selective cleavage of specific linkages within the polymer.6−8 In
addition, extending model system chemistry to actual lignin has
in many cases been fraught with obstacles. For example, Binder

Received: May 5, 2013
Published: May 21, 2013

Figure 1. The three major precursor building blocks of lignin. (The
substituted aromatic cores derived from these alcohols are referred to as
H (p-hydroxyphenyl), G (guaiacyl), and S (syringyl).
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and co-workers have successfully used Brønsted acid catalysts to
degrade 2-phenoxyanisole in an ionic liquid, but they were
unable to achieve the same results with organosolv lignin under
identical conditions.9 The recently developed transition metal-
catalyzed depolymerization of lignin model compounds10 may
have to contend with the issue of lignin having limited solubility
in the aromatic hydrocarbon solvents employed in these
processes. Although the efforts of Lercher and co-workers have
resulted in successful catalytic lignin depolymerization, harsh
conditions such as high temperatures and pressures were
required.11

Despite the difficulties, several catalyst systems, both
heterogeneous12 and homogeneous,13 have been tried on actual
lignin, with varying degrees of success. Recently, our group
investigated the reactivity of a series of vanadium complexes with
dimeric lignin model compounds and discovered catalysts that
can effectively and selectively cleave β-O-4′ bonds in these lignin
substructures.14 In the present paper, we demonstrate that this
vanadium-based chemistry can be applied to degrade lignin
extracted from Miscanthus giganteus. Using GPC and 2D NMR
analysis, clear evidence of depolymerization resulting from
selective β-O-4′ bond cleavage was obtained. The results of these
lignin degradation studies resemble the data obtained with lignin
models in terms of the relative activities of the different catalysts,
selectivity for β-O-4′ bonds and the type of functional groups
obtained from the reaction. Last, we also identify and quantify the
volatile phenolics produced in the reaction using GC/MS.

■ RESULTS AND DISCUSSION
Degradation of Lignin Models. Our recent work on the

degradation of lignin model compounds14 investigated a series of
vanadium complexes bearing Schiff base ligands (Figure 3) as
catalysts for C−O bond cleavage. Catalyst 5 was empirically
found to be the most active of the series, converting 95% of the
dimeric lignin model 7 under optimal conditions to give various
degradation products via β-O-4′ bond cleavage and a small
degree of benzyl alcohol oxidation (Scheme 1). By contrast,

complex 1 was the least effective in β-O-4′ bond cleavage and
preferentially catalyzed benzylic oxidation instead. In general, the
catalysts with tridentate ligands favored C−Obond cleavage over
benzylic oxidation, with higher selectivities corresponding to
larger bite angles. The increased reactivity of catalyst 5 can be
attributed to its bulky tert-butyl substituents, which allow the
ensuing vanadium-based intermediates to remain as catalytically
active monomeric species instead of being shunted toward
insoluble inert aggregates. The aryl enone 8 obtained in our
model studies was interesting not only for its novelty, but also
because it is a product of a redox-neutral transformation.
In an effort to elucidate the mechanism of this nonoxidative β-

O-4′ bond cleavage, several degradation experiments on various
lignin model derivatives were subsequently carried out. A
plausible mechanism based on a one-electron process was
proposed (Scheme 2). The initial step in this mechanism
involves ligand exchange at the vanadium center and requires the
benzylic hydroxyl group to be unalkylated. The benzylic
hydrogen is abstracted from the intermediate to give a ketyl
radical that eliminates an aryloxy radical to generate an enolate
species. Breakdown of this enolate gives rise to the observed
enone product as well as a vanadium(IV) complex that is
reoxidized to vanadium(V) by the aryloxy radical, completing the
cycle. Molecular oxygen was found to be unessential for catalyst
turnover, although it did increase the reaction rates. As such,
these catalytic degradations can be conveniently conducted in
the presence of air.
Additional experiments involving lignin substructures focused

on the more complex systems, such as the trimeric model
compound 11 (Scheme 3). This compound also underwent the
vanadium-catalyzed β-O-4′ bond cleavage reaction upon treat-
ment with catalyst 5. The dimeric lignin model compound 7
featured in Scheme 1 could also be degraded under identical
reaction conditions in the presence of cellobiose (a model
compound for cellulose), proceeding with the same selectivity
and efficiency as without the cellobiose. Moreover, the cellobiose
itself was unaffected by the reaction conditions. The encouraging
results obtained with these complex systems suggested that the
vanadium catalysts might be able to degrade plant-derived lignin,
as well. On the other hand, the complex three-dimensional
structure of lignin could inhibit any of the steps in the catalytic
cycle, including access of the catalyst to the β-O-4′ benzylic
alcohol or preventing the required geometry for elimination of
the aryloxy group. To assess these possibilities, we undertook a
series of studies on the reactivity of our vanadium catalysts
toward lignin extracted from M. giganteus with various solvents.

Lignin Degradation Studies. For the degradation studies
involving an actual plant-derived substrate, lignin was extracted
from M. giganteus using dioxane, acetone, and ethanol to give
samples of dioxasolv lignin, acetosolv lignin, and ethanosolv

Figure 2. Various linkages between monolignol units in lignin: (a) β-O-
4′ (β-O-aryl ether); (b) β−β′ (resinol); (c) β-5′ (phenylcoumaran); (d)
5−5′ (biphenyl); (e) 4-O-5′ (diaryl ether); (f) β-1′ (1,2-diarylpropane).

Figure 3. Structures of our recently developed vanadyl-based
complexes.
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lignin, respectively (see the Experimental Section for details).
Degradation reactions were carried out by treating the
organosolv lignins with vanadium catalysts at 80 °C over 24 h
in sealed vials (Scheme 4), using 10:1 acetonitrile/THF and 8:1
ethyl acetate/THF mixtures (and also acetone in the case of
acetosolv lignin)15 as the solvents.
Control experiments, in which catalyst was absent, were

conducted simultaneously. Upon completion, each of the
resulting mixtures was evaporated to dryness and analyzed by
GPC and 2D NMR to characterize changes in molecular weight
distribution and functional groups, respectively. In the case of
dioxasolv lignin, 24-h treatment with catalyst 5 resulted in the
lowering of the overall molecular weight distribution based on
GPC analysis (Figure 4a). The same extent of degradation was
not observed in the controls where the catalyst was absent.17

Both solvent mixtures were found to be equally effective. Both
acetonitrile and ethyl acetate were optimal solvents in lignin
model studies; however, in the case of the lignin itself, THF had

to be added to bring about complete miscibility of all the reaction
components. Degradation experiments with acetosolv lignin also
produced a moderate shift toward lower molecular weight
species upon catalytic treatment (Figure 4b). As a solvent,
acetone performed as well as MeCN/THF and ethyl acetate/
THF mixtures.
Negligible depolymerization was again observed in the control

where the catalyst had been deliberately omitted. In the third set
of experiments involving ethanosolv lignin, GPC analysis showed
less pronounced reduction in molecular weight distribution after
catalytic treatment (Figure 4c). This was expected because
ethanosolv lignin contains a large percentage of ethylated benzyl
alcohol groups as a result of the pretreatment process that uses
acidified ethanol. These modified β-O-4′ linkages are inert to our
vanadium catalyst because the protected OH groups cannot
coordinate to the vanadium metal centers. The small percentage
of β-O-4′ linkages with free benzylic OH groups meant that there
were fewer susceptible sites on the lignin to be cleaved, and as a
result, the change in overall molecular weight distribution was
less significant.
To investigate the role of β-O-4′ bond cleavage in lowering the

lignin molecular weights, a similar set of degradation experiments
using catalyst 1 (structure shown in Figure 3) in place of catalyst
5 were conducted. Compared with 5, the vanadium complex 1
had previously been shown to be a poor catalyst for β-O-4′ bond
cleavage in lignin models, and we thus expected the extent of
lignin degradation to be much smaller with 1. As expected, the
reaction of 1 with dioxasolv and acetosolv lignins resulted in
minimal reduction in the lignin molecular weight, as measured by
GPC (Figure 5 and Supporting Information Figure S4).
Moreover, ethanosolv lignin remained completely unaffected
on treatment with catalytic amounts of 1 (Supporting
Information Figure S5). Complex 1 does catalyze the cleavage
β-O-4′ to a small extent and is also able to oxidize free benzylic
alcohols, accounting for its minor effect on overall molecular
weight of dioxasolv and acetosolv lignins. With ethanosolv lignin,
no effect was observed since the majority of benzylic OH groups
are ethylated and thus not susceptible to either β-O-4′ cleavage
or alcohol oxidation.
Hanson et al.,18 recently reported that 8-quinolinate vanadium

complex 6 catalyzed selective C−C bond cleavage in phenolic
lignin model compounds. Therefore, in addition to testing the

Scheme 1. Vanadium-Catalyzed Degradation of a Lignin Model Compound

Scheme 2. Proposed Mechanism for the Nonoxidative
Vanadium-Catalyzed Cleavage of a Dimeric Lignin Model
Compound

Scheme 3. Vanadium-Catalyzed Degradation of a Trimeric Lignin Model
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catalysts developed by our group, we also investigated the effect
of catalyst 6 (Scheme 5) on the organosolv lignins. The reactions
with complex 6 were conducted under conditions similar to

those above, and the resulting degradation mixtures were
likewise analyzed by GPC (see Supporting Information, Figure
S3), with the observation that catalyst 6 lowers the molecular

Scheme 4. Treatment of Organosolv Lignin (from M. giganteus) with Vanadium Catalyst16

Figure 4. GPC chromatographs showing the molecular weight distributions of untreated (a) dioxasolv, (b) acetosolv, and (c) ethanosolv lignins vs
corresponding controls and postreaction product mixtures resulting from treatment with catalyst 5 in different solvent systems.
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weights of the organosolv lignins to a similar degree as catalyst 5.
In light of these results, we envisioned that the combining β-O-
aryl ether and C−C bond cleavage reactions would produce a
greater degree of lignin depolymerization. However, using a
combination of both catalysts 5 and 6 did not enhance the extent
of degradation of organosolv lignins, as judged by GPC.
2D NMR Studies. Results of the catalytic reactions are most

readily visualized from the oxygenated side chain region in the
NMR spectra, particularly the two-dimensional 13C−1H
correlation (HSQC) spectra. The lignin subunits in the
oxygenated side chain region were assigned by comparison
with the literature.19 As has been established previously, the β-O-
aryl ether (β-O-4′) is a dominant linkage in lignin. The three
different types of lignin used in our study are all rich in β-aryl
ether units (A) with more modest amounts of resinol (B) and
phenylcoumaran (C), as is typical for M. giganteus lignin.20 The
ethanosolv lignin spectrum (Figure 6a) depicts a typical lignin
containing the β-O-4′ (A) cross-peaks; Cα−Hα correlations
observed at δC/δH 71−72/4.8−4.9 ppm; Cβ−Hβ correlations
observed at δC/δH 83/4.3 and 86−87/4.0−4.1 ppm for
substructures linked to G and S units, respectively; and Cγ−Hγ

correlations observed at δC/δH 59/3.5 and 3.7 ppm. Ethanosolv
lignin is also rich in α-ethylated β-O-4′ units (A′) that are not
normally reported, but they become apparent due to pretreat-
ment under acidic conditions with EtOH.21,22

The treated ethanosolv lignin reflected almost the same side
chain signals as those observed in the spectrum of untreated
lignin (Figure 6a, b), except for two distinct differences. First,
there are no apparent β-O-4′ (A) cross-peaks. Second, signals

from resinol (β−β′) substructures (B) that were observed in
both spectra, with their Cα−Hα, Cβ−Hβ, and the double Cγ−Hγ

correlations at δC/δH 85/4.7, 53/3.1, and 71/3.8 and 4.2,
respectively, were present in the treated lignin but with a slight
decrease in their intensity. Both spectra showed the presence of
phenylcoumaran (β-5′) substructures (C), with their signals for
their Cα−Hα and Cβ−Hβ correlations being observed at δC/δH
86−87/5.4−5.6 and 53/3.5, respectively, and that of the Cγ−Hγ

correlation overlapping with other signals around δC/δH 62/3.6.
The α-ethylated β-O-4′ linkages (A′) were not attacked by the

vanadium catalyst, presumably because a free OH group is
required for coordination to the vanadium center, as indicated in
the proposed mechanism of C−O bond cleavage. However, this
linkage is a product of the pretreatment and does not exist in the
native lignin.21,22 Since there was no postreaction separation
between the catalyst and the reaction products, several cross-
peaks arising from residual catalyst were observed in the
spectrum (Figure 6b, in red). In addition, small new signals
appeared in both treated lignin spectra. Efforts to elucidate the
source of those new correlations revealed the presence of aryl
enones that are the major β-O-4′ cleavage products arising from
lignin model degradation (Scheme 1), and these give rise to the
correlations at δC/δH 129/5.9, 6.3; 132/7.5 (confirmed by
HMBC experiments, see the Supporting Information). The
HSQC spectrum of the dioxane lignin reflected the same side
chain signals observed in ethanosolv lignin (β-O-4′ (A), resinol
(B), and phenylcoumaran(C)), and there was also no
modification of the β-O-4′ substructures (A). Consequently,
the disappearance of β-O-4′ linkages from the HSQC spectrum
of treated lignin was quite noticeable (Figure 6d). Regarding the
other substructures, no significant change was detected. The
HSQC spectra of the acetone lignin before and after catalytic
reaction revealed the most significant changes (Figure 6, d, e).
Some of these changes (most likely in the carbohydrate moieties)
were observed in the spectrum of the control reaction (Figure S1,
in the Supporting Information); however, the relevant β-O-4′
(A) linkage remained unaffected in the control experiment, as did
the resinol (B) and the phenylcoumaran (C) substructures.

GC/MS Studies. Although GPC and 2D NMR spectroscopy
are useful in elucidating changes in molecular weight distribution
and functional groups, respectively, they are not ideal ways to
characterize or quantify individual degradation products. In
particular, volatile small molecules released by the process would
escape analysis. From the standpoint of being able to eventually
utilize lignin as a renewable aromatic chemical feedstock, these
small molecules (e.g., monophenolics) are especially important
because they represent highly functionalized monobenzenoid
species that could serve as precursors to numerous commodity
bulk chemicals/materials. Therefore, in addition to GPC and 2D

Figure 5. GPC chromatograph showing the molecular weight
distributions of untreated dioxasolv lignin vs postreaction product
mixtures resulting from treatment with catalyst 1 in different solvents.
Chromatographs for acetosolv and ethanosolv lignins are available in the
Supporting Information (Figures S4 and S5).

Scheme 5. Selective C−C Bond Cleavage in Lignin Model Systems Catalyzed by 8-Quinolinate-Based Vanadium(V) Complex 618
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NMR characterizations, GC/MS analysis was also performed on
the product mixture arising from vanadium-treated dioxasolv
lignin (i.e., the lignin that degraded the most accordingly to
GPC). For this, the catalytic degradation was conducted in an
identical manner, except that the final mixture was not
evaporated to dryness prior to analysis. The omission of this
workup step was to avoid the loss of any volatile products.
Control experiments containing no added catalyst were also run
alongside under identical conditions. Precise experimental details
are described in the Experimental Section. The main phenolic

products that were formed are shown in Table 1, in descending

order of quantity detected. Vanillin, syringic acid, and

syringaldehyde were found to be the three most prevalent

degradation products, resulting from the G and S units of lignin

respectively. All other products are also consistent with

fragments that could arise from the cleavage of β-O-4′

carbon−oxygen bonds in lignin.

Figure 6. The HSQC spectra of the oxygenated aliphatic part (δC/δH 50−90/2.8−5.8) of three different untreated lignins (left) and the resulting
mixture after treatment with catalyst 5 (right): (a) ethanosolv lignin, (b) treated ethanosolv lignin, (c) dioxasolv lignin, (d) treated dioxasolv lignin, (e)
acetosolv lignin, and (f) treated acetosolv lignin.
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■ CONCLUSIONS
Lignin model systems are often employed as surrogates for the
more complex polymer to simplify the development of novel
processes for the depolymerization of lignin. However, the
complex three-dimensional structure of natural lignin can raise
concerns about the validity of these model systems and whether
the chemistry discovered employing them will translate to lignin.
In this study, we show that the reactivity observed in the
vanadium-catalyzed nonoxidative degradation of organosolv

lignins from M. giganteus closely emulates that originally
observed for the cleavage of β-O-aryloxy bonds in simple models
for the β-O-4′ linkage.
GPC analysis showed that dioxasolv and acetosolv lignins

treated with catalyst 5 had lower molecular weight distributions
compared with control experiments in the absence of catalyst.
The reactivity of 5 toward these lignins parallels that uncovered
in the model studies in several ways. First, two-dimensional
NMR studies (HSQC and HMBC experiments) revealed that
correlations due to β-O-4′ linkages either diminished signifi-
cantly or disappeared completely following catalytic treatment, as
a result of β-O-aryloxy bond cleavage. In addition, these NMR
studies revealed that, as in the model studies, enones are formed
as a result of this C−O bond cleavage. Second, a lesser degree of
depolymerization was observed for lignin samples treated with
catalyst 1 that was also less active in the model systems. Third,
ethanosolv lignin was significantly less reactive toward vanadium-
catalyzed depolymerization. This lower reactivity could be
correlated to a prevalence of ethylated benzylic hydroxyl groups
in ethanosolv lignin resulting of the acidic pretreatment and is
consistent with the requirement for a free benzylic alcohol in the
reactive model compounds. This latter finding highlights that
pretreatment and isolation can dramatically alter the structure
and, in turn, reactivity of lignin toward catalysts. Ideally, for
future development of catalysts, the results obtained in model
studies can potentially be used to inform the appropriate
isolation lignin method. Finally, using GC/MS, we also identified
and quantified the formation of various highly functionalized
monophenolic compounds that could prove useful as part of a
renewable aromatic chemical feedstock.

■ EXPERIMENTAL SECTION

General Considerations. All commercial solvents and
chemicals of ACS-certified grade were purchased from Fisher
Scientific and used as received. The vanadium complexes 1 and 5
were synthesized by Dr. Sunghee Son.14 Lignin samples were
prepared according to the procedure described below.

Preparation of Organosolv Lignin from Miscanthus.
The isolation was carried out according to Bauer et al.22 In brief,
M. giganteus was ground up using a SM200 rotor mill (Retsch,
Haan, Germany) passing through a sieve of 2 mm pore size. The
ground biomass was extracted with water and ethanol at 100 °C
using an ASE350 (Automated Solvent Extractor, Dionex,
Sunnyvale, CA). The extracted biomass was further ground
using a ZM200 rotor mill (Retsch, Germany) passing through a
sieve with a 0.5 mm pore size and refluxed with either 95%
ethanol/5% 4MHCL (v/v) or 95% acetone/5% 4MHCL (v/v)
or 95% dioxane /5% 4 M HCL (v/v) (using a nitrogen
atmosphere for dioxane extraction) for 4 h. After filtration
through a glass microfiber filter, the filtrate was concentrated, and
the dissolved lignin was precipitated in acidified water; collected
by centrifugation (3200g); washed with water; and finally, freeze-
dried.

Molecular Weight Analysis (GPC). Lignin samples were
dissolved in THF and analyzed on a PolymerLabs GPC 50
system (Agilent Technologies, Santa Clara, CA) with a UV
detector and autosampler. The samples were injected onto a
series of two MesoPore columns (300 × 7.5 mm, Agilent
Technologies) including a guard column (50 × 7.5 mm), eluted
at 30 °C with 1 mL/min THF, and detected at 280 nm. The
system was calibrated using polystyrene standards in the range of
Mp 38 640−162 Da (EasiVial PS-L, Agilent Technologies).

Table 1. The Identity and Yield of the Volatile Monophenolic
Compounds Released by the Vanadium-Catalyzed
Degradation of Dioxasolv-Lignin (1.0 mg in 0.50 mL of
solvent), as Determined by GC/MS
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NMR Spectroscopy. The NMR spectra were acquired on a
Bruker Avance 600-MHz spectrometer equipped with a CPTXI
cryoprobe. Lignin (10 mg) was dissolved in 0.6 mL of DMSO-d6;
the solvent peak was used as an internal reference (δC 39.5, δH
2.49 ppm). We used the standard Bruker implementations of 2D
NMR (COSY, HSQC, HMBC, and HSQC-TOCSY) experi-
ments for structural elucidation and assignment authentication.
HSQC experiments (Figure 6) had the following parameters:
acquired from 12 to 0 ppm in F2 (1H) by using 2048 data points
for an acquisition time (AQ) of 143 ms, 210−0 ppm in F1 (13C)
by using 256 increments (F1 acquisition time 4.0 ms) of 48 scans
with a 1 s interscan delay (D1). Squared cosine-bell apodization
function was applied in both dimensions. HSQC cross-peaks
were assigned by combining the results and comparing themwith
the literature.
GC/MS Analysis. To 50 μL of reaction mixture, 50 μL of

internal standard (isopropylphenol, 50 μg/mL in THF) was
added, and the mixture was incubated with 100 μL of N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) containing 1%
trimethylchlorosilane (TMSCl) at 70 °C for 30 min. A 1 μL
portion was injected in splitless mode onto a VF5-ms capillary
column (30 m × 0.25 mm × 0.25 μm, Varian, Palo Alto). An
Agilent 7890A gas chromatograph coupled to an Agilent 5975C
single quadrupole mass spectrometer with the following settings
was used: injector temperature, 280 °C; carrier gas, helium at 1
mL/min; temperature program, 75 °C 3 min isocratic, 5 °C/min
to 150 °C, 0.5 to 160 °C, 2 to 190 °C, 5 °C/min to 240 °C, 70
°C/min to 325 °C, 3min isocratic; ions were detected in full scan
modem/z 35−500. Identification of compounds was achieved by
comparing mass spectra with the National Institute of Standards
and Technology (NIST) database entries or by interpretation of
the mass spectra and comparison to literature data and was
further confirmed by the retention time of standards if available.
Quantitation was performed using selected extracted ions for the
compounds in internal standard calibration mode (m/z 193 for
isopropyl phenol). Background levels of phenols in an unheated,
unreacted mixture of dioxane-lignin and catalyst in solvent were
controlled and accounted for.
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Lima Filho, N.M.; Abreu, C. A.M.Chem. Eng. Sci. 2007, 62, 5386−5391.
(p) Barta, K.; Matson, T. D.; Fettig, M. L.; Scott, S. L.; Iretskii, A. V.;
Ford, P. C. Green Chem. 2010, 12, 1640−1647. (q) Song, Q.; Wang, F.;
Xu, J. Chem. Commun. 2012, 48, 7019−7021. (r) Strassberger, Z.;
Tanase, S.; Rothenberg, G. Eur. J. Org. Chem. 2011, 5246−5249. (s) Yan,
N.; Yian, Y.; Dykeman, R.; Kou, Y.; Dyson, P. J. Angew. Chem., Int. Ed.
2010, 32, 5549−5553. (t) Parsell, T. H.; Owen, B. C.; Klein, I.; Jarrell, T.
M.; Marcum, C. L.; Haupert, L. J.; Amundson, L. M.; Kenltam̈ae, H. I.;
Ribeiro, F.; Miller, J. T.; Abu-Omar, M. M. Chem. Sci. 2013, 4, 806−813.
(u) Song, Q.;Wang, P.; Cau, J.;Wang, Y.; Zhanh, J.; Yu,W.; Xu, J. Energy
Environ Sci. 2013, 6, 994−1007.
(13) For examples of lignin degradation using homogeneous systems,
see: (a) Nagy, M.; David, K.; Britovsek, G. J. P.; Ragauskas, A. J.
Holzforschung 2009, 63, 513−520. (b) Chen, C.-L.; Capanema, E. A.;
Gracz, H. S. J. Agric. Food. Chem. 2003, 51, 1932−1941. (c) Chen, C.-L.;
Capanema, E. A.; Gracz, H. S. J. Agric. Food. Chem. 2003, 51, 6223−
6232. (d) Kim, Y. S.; Chang, H.-m.; Kadla, J. F. J. Wood Chem. Technol.
2007, 27, 225−241. (e) Voitl, T.; von Rohr, P. R.ChemSusChem 2008, 1,
763−769. (f) Gonca̧lves, A. R.; Schuchardt, U. Appl. Biochem. Biotechnol.
1999, 77, 127−132. (g) Villar, J. C.; Caperos, A.; García-Ochoa, F.Wood
Sci. Technol. 2001, 35, 245−255. (h) Partenheimer, W.Adv. Synth. Catal.
2009, 351, 456−466. (i) von Stein, T.; Weigand, T.; Merkens, C.;
Klandermayer, J.; Leitner, W. ChemCatChem 2012, 5, 435−441.
(j) Rahimi, A.; Azarpira, A.; Kim, H.; Ralph, J.; Stachl, S. S. J. Am.
Chem. Soc. 2013, 135, 6415−6418.
(14) (a) Son, S.; Toste, F. D. Angew. Chem., Int. Ed. 2010, 49, 3791−
3794. See also: (b) Radosevich, A. T.; Musich, C.; Toste, F. D. J. Am.
Chem. Soc. 2005, 127, 5802−5803.
(15) In addition to these conventional organic solvents, we also
explored nonvolatile green solvents for the lignin degradation. The ionic
liquids 1-ethyl-3-methylimidazolium (emim) acetate, 1-butyl-3-methyl-
imidazolium (bmim) hexafluorophosphate, and 1-ethyl-3-methylimida-
zolium (bmim) tetrafluoroborate were tested for compatibility with our
vanadium-based chemistry. As expected, [emim][acetate], which has a
nucleophilic anion, was incompatible with the vanadium complexes. On
the other hand, [bmim][PF6] and [bmim][BF4], both of which feature
noncoordinating and relatively inert anions, proved to be excellent
solvents for the vanadium-catalyzed cleavage of β-O-4′ bonds in dimeric
lignin models, yielding results as favorable as those obtained previously
with acetonitrile.14 Unfortunately, ethanosolv lignin was found to be
insoluble in [bmim][PF6], and although the lignin did dissolve readily in
[bmim][BF4], degradation experiments showed the ionic liquid to be
inferior to the much less expensive conventional organic solvents.
(16) Typical experimental procedure: A 5-mL glass vial containing
organosolv lignin (10.0 mg), vanadium catalyst (1.0 mg), solvent
mixture (0.5 mL), and a small magnetic stir-bar was sealed with a screw
cap, then shaken and sonicated for 15 min before being heated with
vigorous stirring in an oil bath at 80 °C for 24 h (with air occupying the
headspace above the reactionmixture). The reactionmixture was cooled
to room temperature, and all the solvents were removed by rotary
evaporation, after which the resulting residue was characterized by GPC
and 2D NMR. For GC/MS studies, rotary evaporation was not done;
the reaction mixture was directly analyzed.
(17) The slight but apparent decrease in molecular weights for the
dioxasolv lignin controls was due to an artifact rather than actual
degradation in the absence of catalyst. Unlike ethanosolv and acetosolv
lignins, heating dioxasolv lignin for prolonged periods produced a small
amount of THF-insoluble residue that likely resulted from the highest
molecular weight polymer chains reacting and combining, causing them
to escape subsequent GPC analysis.
(18) (a) Hanson, S. K.; Wu, R.; Silks, L. A. Angew. Chem., Int. Ed. 2012,
51, 3410−3413. (b) Sedai, B.; Diaz-Urrutia, C.; Baker, R. T.; Wu, R.;
Silks, L. A.; Hanson, S. K. ACS Catal. 2011, 1, 794−804.
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