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ABSTRACT: Phenolic moieties strongly influence lignin reactivity
and physical properties, and thus accurate quantification of phenolic
groups in lignin is a critical analytical chemistry need. Today, *'P
nuclear magnetic resonance (NMR) spectroscopy is widely

¢
considered the standard method to this end, but this approach BN
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uses a hazardous and expensive derivatization agent, and the NMR
spectroscopy experiments are time consuming due to long relaxation
times. Here, we report a complementary method that enables
accurate identification and quantification of phenolic groups in lignin 1
samples using pentafluoropyridine (PFP) as a derivatizing reagent
followed by ’F NMR spectroscopy. Using dimethyl sulfoxide as a
solvent in the presence of K,COy3, phenolic hydroxyl groups in lignin
model compounds were fully converted to the corresponding
tetrafluoropyridyl-ether products within 1 min. PFP exhibits high
selectivity for the reaction with phenolic hydroxyl groups relative to aliphatic alcohols, and we show that side reactions with
carboxylic acids, if present, can be avoided through the addition of 40% water to the reaction solvent. The PFP '°F method achieved
similar results compared to 3'P NMR spectroscopy when applied to reductive catalytic fractionation oil from poplar, softwood kraft
lignin, and corn stover milled wood lignin, thereby offering a safe and cost-effective method for phenolic measurements in lignin.
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Bl INTRODUCTION spectroscopy. However, they have not seen widespread use due
to insufficient ability to resolve and quantify more detailed
structural features, such as the substitution pattern ortho to the
phenol."'~'* A F NMR method utilizing fluorobenzylation
was reported by Barrelle and others, but isolation of the
derivatized lignin was required prior to analysis; moreover, a
significant overlap between the derivatization agent and
phenolic groups in the F spectrum was observed.'>™"
Quantitative *C NMR spectroscopy is rich in structural
information, and reports combining analysis of acetylated and
underivatized samples can quantify a vast array of structural
features, which are useful for sample fingerprinting.'®"’
Nevertheless, *C NMR spectroscopy for lignin suffers
drawbacks due to large sample amounts required and/or
long NMR experiment acquisition times for spectrometers not
equipped with a cryoprobe, complex spectra, and overlap
between phenolic hydroxyl group resonances.'"

Lignin is a complex plant heteropolymer formed from the
radical coupling reactions of monolignols that include p-
coumaryl, coniferyl, and sinapyl alcohols, producing the p-
hydroxyphenyl (H), guaiacyl (G), and syringyl (S) aromatic
units in the polymer linked via C—O (e.g,, f-O-4 and 4-O-5)
and C—C (e.g, B, -1, and 5-5) bonds." In recent years,
additional monolignols have been reported that further expand
the chemical diversity in this plant biopolymer.” Lignin has
been widely recognized as a source of renewable aromatic
compounds, and process modeling and analysis to this end
have demonstrated that lignin valorization to fuels, chemicals,
and materials is essential to the viability of lignocellulosic
bioreﬁning.‘g_7 To date, many promising approaches to extract
and valorize lignin from plants have been investigated, many of
which induce chemical changes in the polymer. The resulting
distribution of functional groups in lignin-derived products,
particularly phenolic hydroxyl groups, governs both reactivity

and material p1'operties.3’8_10 Thus, accurate identification and Received:  January 7, 2023 §§T§J?H‘ﬁ£!§

quantification of these phenolic hydroxyl groups are important Revised:  March 2, 2023 e ; M|

for lignin valorization pursuits. Published: March 28, 2023 ?&2
Various methods for characterizing phenolic groups in lignin 5

have been reported, including infrared spectroscopy, UV—vis

spectroscopy, and 'H nuclear magnetic resonance (NMR)
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One of the most widely implemented methods for
quantifying phenolic groups in lignin is phosphitylation
followed by 3'P NMR spectroscopy analysis.”' Originally
used to characterize coal condensates,””*> the method was
adapted for lignin characterization by Argyropoulos et al. and
has since been extensively applied on a variety of lignins.”* >
Briefly, a derivatizing agent, commonly 2-chloro-4,4,5,5-
tetramethyl-1,3,2-dioxaphospholane (TMDP), is combined
with the lignin sample dissolved in pyridine/deuterated
chloroform. From a 1D P NMR experiment, distinct
resonances are obtained for aliphatic alcohols, carboxylic
acids, and various phenolics (S-substituted, G, and H) that are
integrated relative to an internal standard. The advantages of
the *'P NMR method include the organic solvent mixture
capable of dissolving a variety of lignins, commercially available
reagents, and a straightforward procedure and NMR experi-
ment. However, the method also suffers from several
drawbacks. Importantly, the phosphitylation reagent is hazard-
ous, with the potential for serious skin and eye damage (GHS
1B skin corrosion, category 1 serious eye damage) upon
exposure. It is also expensive ($217/ g from Sigma-Aldrich at
the time of writing) and degrades if exposed to moisture.
Furthermore, NMR experimental times of ~1 h per sample are
required due to high spin—lattice relaxation values (T;) of the
phosphorus nuclei. When coupled with the limited stability of
the derivatized samples, the throughput for *'P NMR
measurements is limited.”’

Recently, pentafluoropyridine (PFP) was shown to be an
effective phenol protecting group by selectively reacting at its
4-position to form the corresponding tetrafluoropyridyl (TFP)
ether.”® In this work, we demonstrate that PEP can fully react
with phenolic groups in lignin to form the corresponding TFP
ethers. These TFP ethers exhibit distinct chemical shifts in a
F NMR spectrum based on their ortho-substitution. The
effects of reaction time, solvent, and ring substitution pattern
on the rate of reaction were investigated, and the optimum
system was found to be 40% H,0/DMSO with a reaction time
of S min. Given these results, the method potentially offers a
safer (GHS category 4 acute toxicity for PFP) and cheaper
($6.04/g for PFP on Sigma-Aldrich at the time of writing)
alternative to *'P NMR to quantify phenolic content in lignin
samples.

B MATERIALS AND METHODS

As described below, we tested the use of '’F NMR spectroscopy with
multiple lignin substrates, including lignin oil from reductive catalytic
fractionation (RCF) of poplar and corn stover milled wood lignin
(MWL). We describe the preparation, *'P derivatization, and NMR
measurements for these samples fully in the Supporting Information
(SID).

Materials. We purchased multiple chemicals from Sigma-Aldrich,
including PFP, dimethyl sulfoxide (DMSO), acetone, 4,4-difluor-
obenzophenone, potassium carbonate (K,COj;), 4-propylguaiacol, 4-
propylphenol, syringol, guaiacol, phenol, vanillin, syringaldehyde, p-
hydroxybenzoic acid, vanillic acid, syringic acid, vanillin, syringalde-
hyde, vanillyl alcohol, syringyl alcohol, 3,4-dimethoxybenzyl alcohol,
homovanillyl alcohol, 2-(3,4-dimethoxyphenyl)-ethanol, 3-(3,4-dime-
thoxyphenyl)-1-propanol, 4-hydroxybenzyl alcohol, 4-methoxybenzyl
alcohol, 2-(4-hydroxyphenyl)-ethanol, 2-(4-methoxyphenyl)-ethanol,
chromium(III) acetylacetonate (Cr(acac);), softwood alkali kraft
lignin (SWKL), ruthenium on carbon (Ru/C, S wt % metal),
methanol, and dg-acetone. Guaiacylglycerol-beta-guaiacyl ether
(GGE) and 4-propanolguaiacol were purchased from TCI, and 1-
(3,4-dimethoxyphenyl)-2-(2-methoxyphenoxy)propane-1,3-diol
(VGE) ether was purchased from Matrix Scientific. 4-Propylsyringol
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was synthesized from 4-allyl-2,6-dimethoxyphenol (Sigma-Aldrich).*’

The 5-5 GG model compound was produced according to previously
published methods.*

Model Compound and Lignin Derivatization. The substrate
(either lignin or a model compound, typically between 20 and 40 mg)
was loaded into a 10 mL vial with a stir bar. K,CO; (4 molar
equivalents based on the phenol content, unless otherwise specified)
was added. The internal standard (4,4-difluorobenzophenone) was
then added, and the mass was recorded. The solvent was then added
via a volumetric pipette. PFP (4 molar equivalents based on the
phenol content, unless otherwise specified) was then added with a
volumetric pipette to each vial. The vials were briefly (~3 s) shaken
by hand to mix all the components and put onto a stir plate at 800
rpm, at which point the timer was started. Depolymerized lignins such
as organosolv or kraft lignins typically contain higher amounts of
phenolic groups compared to native lignins but vary widely depending
on the process and biomass used.""”" For lignin samples, a phenol
content of 4 mmol/g was assumed for the calculation of the required
K,COj; and PFP. After the desired reaction time, a sample was taken
by filtering the reaction mixture through a 0.2 ym PTFE syringe filter.
For reactions in pure solvent, this was done directly from the reaction
mixture and was repeated over the course of the reaction to obtain
time course measurements. For reactions in H,O/DMSO, 2 mL of
acetone was added to each vial prior to sampling to resolubilize the
lignin and internal standard, and the vials were shaken. For model
compounds, poplar RCF oil, and corn stover MWL, resolubilization
was almost instantaneous. However, for kraft lignin, the vials needed
to be shaken for approximately 1 min before the sample fully was
dissolved. Subsequently, 0.3 mL of the filtered sample was combined
with 0.3 mL of acetone-d/Cr(acac); (2 mg/mL initial concentration
of the dg-acetone solution, for a final sample Cr(acac); concentration
of 1 mg/ mL).

"F NMR Experiments. A 1D '°F NMR experiment with inverse
gating was acquired on a Bruker Avance 300 MHz instrument with a
delay of 6 s, 64 scans, and a sweep width of 242 ppm. Processing was
performed using TopSpin 3.7. The file was apodized with an
exponential line broadening of 2.0 Hz. The internal standard peak was
located and set to —108.4 ppm for reactions in acetone, —106.4 ppm
for reactions in DMSO, or —107.4 ppm for reactions in 40% H,0/
DMSO. The internal standard peak was made as symmetrical as
possible through first-order phasing. Then, the PFP peak at —135
ppm was adjusted to be symmetric with first-order phasing. The
baseline was then corrected using a sixth-order Bernstein polynomial
fit in the order of ranges —80 through —110, then —110 through
—145, and finally —145 through —165 ppm. The MestreNova
automatic multipoint baseline correction feature was also found to
give satisfactory results. Plots of the NMR spectra were produced
using MestreNova 14.1.

B RESULTS AND DISCUSSION

Method Development with Phenolic Model Com-
pounds. PEP has been shown to undergo SyAr reactions with
a range of phenolic substrates in the presence of a base.”**” In
these reactions, the base deprotonates the phenol to form the
phenolate ion, which then adds to PFP, followed by
elimination of the fluoride ion to form the TFP-ether product
(Figure 1A). When a weak base such as K,CO; is used at room
temperature, this reaction occurs exclusively at the 4-position
of PFP; however, stronger bases and elevated temperatures
have been used to enable reactivity at sites ortho and meta to
the nitrogen atom.”® This reaction produces a stoichiometric
amount of HF, but the excess of K,COj; converts the HF to KF
or other potassium fluoride species (see the SI for discussion of
chemical safety).”* By including an internal standard (4,4-
difluorobenzophenone) in the reaction setup, we envisioned a
method where the reaction mixture can simply be filtered after
the desired reaction time to yield a solution that can be
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Figure 1. (A) Reaction of PFP with a phenolic compound to form a TFP ether through an SyAr mechanism. (B) The blue and red fluorine atoms
in the TFP product correspond to the '’F NMR resonance regions from —89 to —95 (DF) and —155 to —162 (UF), respectively. Resonances
marked with a green asterisk belong to PFP, and the resonance marked with an orange asterisk is for the internal standard, 4,4-
difluorobenzophenone. Numbered resonances correspond to 4-propylphenol (1), 4-propylguaiacol (2), and 4-propylsyringol (3) derivatized in

40% H,0/DMSO.

analyzed via '"F NMR to quantitatively measure phenolic
groups.

To explore the viability of the proposed ’F NMR method
for identifying and quantifying phenolic groups in lignin,
reactions were first performed on model compounds
representative of the chemical motifs found in lignin (Table
S1). In the proposed method, phenols must react completely
to form the corresponding TFP ethers without the formation
of side products and in a reasonable amount of time.
Furthermore, the '’F NMR resonance must be sensitive to
the substitution ortho to the ether bond to enable the
identification and quantification of different types of phenols.
To examine the viability of this approach, experiments were
first performed on a series of 4-propyl-substituted monomers,
namely, 4-propylphenol, 4-propylguaiacol, and 4-propylsyr-
ingol, which mimic the H-, G-, and S-type substitution patterns
found in lignin, respectively. Reactions were conducted in 10
mL vials at room temperature with magnetic stir bars. The
TFP ether contains two sets of identical fluorine atoms, which
give rise to resonances in two distinct regions in the '’F NMR
spectra: a downfield (DF) region from —89 to —95 ppm (blue
fluorine atoms, blue integration region in Figure 1B) and an
upfield (UF) region from —1S5S5 to —162 ppm (red fluorine
atoms, red integration region in Figure 1B). Conversion of the
model compound can be determined by integration of peaks in
either region relative to the internal standard.

When reactions were performed in acetone with 4 equiv of
PFP and K,CO;, full conversion of each of the three 4-propyl-
substituted compounds to the desired TFP-ether product was
measured within 2 h (Figure 2A), and no side products were
observed in the '°F spectra. The rate of reaction followed the
order 4-propylphenol (H) ~ 4-propylguaiacol (G) > 4-
propylsyringol (S), presumably due to steric hindrance by
the ortho methoxy groups in the case of 4-propylsyringol. The
F NMR resonances of the TFP-ether products were also
impacted by the substitution pattern ortho to the phenol. In
both UF and DF regions, 4-propylphenol exhibited the furthest
downfield shift, followed by 4-propylguaiacol, and then 4-
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propylsyringol. However, the separation between the reso-
nances was larger in the UF region (Figure 1B). Similar
dependencies of substitution on the reaction rate and 'F
NMR shift were observed for both unsubstituted (phenol,
guaiacol, and syringol) and aldehyde-substituted (p-hydrox-
ybenzaldehyde, vanillin, and syringaldehyde) model com-
pounds (Figure 2B). Aldehyde reactions were conducted in
DMSO due to solubility limitations in acetone, as discussed in
further detail below. The stir bar size was also observed to
affect the rate of reaction. When a medium stir bar (15 X 6
mm, which is the size used for model compound reactions)
was used for the derivatization of syringol, full conversion was
observed within 2 h, similar to 4-propylsyringol. However,
using a smaller stir bar (13 X 3 mm) extended the time
necessary for complete derivatization to approximately 12 h.
Further increasing the stir bar size (30 X 8 mm) showed no
increase in the reaction rate (Figure S1A,B).

To further investigate factors impacting the reaction rate, the
slate of model compounds used was expanded. The G-type
model compounds guaiacol, 4-propylguaiacol, and vanillyl
alcohol all showed similar yields of the TFP ether after 5 min
of reaction time in acetone (Figure 2C). However, when
vanillin and acetophenone were used under the same
conditions, the reactions exhibited higher conversions at §
min, with the vanillin reaction being complete. These
differences correlate with the relative acidities of the aromatic
compounds (guaiacol pK, = 9.93; 4-propylguaiacol pK, = 9.85;
vanillyl alcohol pK, = 9.78; vanillin pK, = 7.36; acetovanillone
pK, = 7.81)*° and indicate that the population of the phenolate
may be governing the observed reaction rates. In general, the
phenolic hydroxyl groups on compounds where the a-position
is a ketone, ester, or aldehyde are more acidic than those where
the a-hydroxyl is still present or has been removed or
etherified.”” A single lignin sample can contain multiple
functionalities at the a-positions, and this is expected to impact
the observed rate of reaction of different lignin samples
accordingly.”***’

https://doi.org/10.1021/acssuschemeng.3c00115
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Figure 2. (A) Time course measurement of TFP-ether formation for 4-propylphenol (H), 4-propylguaiacol (G), and 4-propylsyringol (S) in
acetone. Conditions: 4 mL of acetone, 4 equiv of K,CO; and PFP, room temperature. (B) Yield of TFP ether for phenol, guaiacol, and syringol
(conditions: 1 mL of acetone, 4 equiv K,CO;3 and PFP, room temperature, S min reaction time) compared to the selectivity observed for the
combined reaction of p-hydroxybenzaldehyde, vanillin, and syringaldehyde. To accommodate for the high expected rate of reaction of the
aldehydes in DMSO, the relative rates were measured by derivatizing the three substrates in the same vial with only 0.2 equiv of PFP based off the
total phenols loaded, allowing for the selectivities of the TFP ethers to indicate the relative rates of reaction. Conditions: 1 mL of DMSO, 4 equiv of
K,CO3, S min, conversion is limited by adding 0.2 equiv of PFP. (C) Yield of TFP ether for guaiacyl-type model compounds. Conditions: S min
reaction time, 1 mL of acetone, 4 equiv of PFP and K,CO;. (D) Reaction of syringol in DMSO (red), acetone (yellow), and dioxane (purple).
Conditions: 4 mL of solvent, 4 equiv of K,CO; and PFP, room temperature. The error bars indicate the range of duplicate measurements.

When attempting to derivatize a wider array of model
compounds in acetone, solubility issues were encountered. For
example, when the derivatization of syringaldehyde was
attempted in acetone, no product was observed in the '"F
NMR spectrum, and instead a white precipitate was formed.
While acetone is a common laboratory solvent and allowed for
the convenient measurement of the reaction rate, other
solvents such as DMSO offer improved ability to dissolve a
wide range of lignins.’* ™" Repeating the derivatization of
syringaldehyde in DMSO showed full conversion to the TFP
ether within 1 h. Aside from affecting the solubility of the
substrate, solvent choice can also modulate reaction kinetics,
especially for SyAr reactions.”"”"** Given the fast reaction of
vanillin, reactions were instead performed with syringol to
measure the effect of solvent on the reaction rate. When
DMSO was used as the solvent, full conversion of syringol to
the desired TFP ether was observed within 1 min, much
shorter than the 2 h required for the same reaction in acetone
(Figure 2D). Reactions in dioxane, another common solvent
for lignin, displayed the lowest reaction rate, achieving less
than 15% conversion in 1 h. The observed solvent effect may
be a result of the higher solubility of K,CO; in DMSO
compared to the other solvents*** and reinforces the
conclusion that reactivity of alcohols with PFP is dependent
on the deprotonation of the alcohol. In the scope of the
prescribed method, the drastic increase of the reaction rate can
reduce time needed for derivatization and ultimately lead to a
higher throughput if desired. We thus selected DMSO as the
preferred solvent for further investigation due to the faster
reaction rate and improved dissolution ability.
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Given the promising results showing complete and selective
conversion of model compounds to their corresponding TFP
ethers, we further expanded the scope of model compounds
tested to 31 total (Table S1). While quantitative yields of the
desired TFP ether were observed for most model compounds
using DMSO as a solvent, issues were encountered when
carboxylic acid-containing models were used. For example,
when syringic acid was derivatized in DMSO, only an ~62%
yield of the TFP-ether product(s) was measured across
multiple resonances in the '"F NMR spectrum (Figure
3A,B). Furthermore, 64% of the initial PFP loaded was
converted to tetrafluorohydroxypyridine (TFHP), identified by
previously reported '"F NMR shifts;*> the '"F NMR
resonances for TFHP do not overlap with the TFP-ether
products (Figure 3B). Brittain and Cobb showed that
carboxylic acids react with PFP to form acyl fluorides and
TFHP. These acyl fluorides could then react further with
phenols to yield esters (Figure 3C).*> These side reactions
consume the K,CO; and PFP reagents and also prevent
phenols from being measured, potentially precluding the
method from use on substrates that contain carboxylic acids.

The acyl fluoride-forming reaction relies on the nucleophilic
attack of the fluoride ion on a TFP-ester intermediate. Halides
such as F~ are particularly reactive in polar aprotic solvents
such as DMSO, but reactivity is reduced in protic solvents such
as water.*® Thus, we examined the impact of water content in
the derivatization solvent. As water content in the derivatiza-
tion solvent was increased to 20 and 40%, the yield and
selectivity to a single TFP-ether resonance increased (Figure
3A,B). When the solvent contained 40% water, nearly full
recovery of the desired TFP ether was observed from a single

https://doi.org/10.1021/acssuschemeng.3c00115
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Figure 3. (A) Yield of the syringic acid-TFP ether (teal bars) and
TFHP (gray circles) as a function of water content in the
derivatization solvent. (B) 'F NMR spectra of reactions from panel
A. (C) Desired TFP-ether formation reaction from carboxylic acid-
containing substrates and undesired ester production through acyl
fluoride formation followed by esterification with an additional
phenolic molecule. Conditions: 1 mL of reaction solvent (0, 20, or
40% H,0/DMSO), 4 equiv of PFP and K,CO3, S min reaction time,
room temperature, 2 mL of acetone added to the reaction vial to
resolubilize products and internal standard; the error bars represent
the range of duplicate measurements.

resonance, showing that the addition of water can prevent this
side reaction (Figure 3). TFHP could form from the reaction
of water and PFP; however, only 4% PFP was converted to
TFHP for reactions in 40% H,0/DMSO, indicating that
TFHP is formed mainly from the acyl fluoride-forming
reaction, rather than from the direct reaction of PFP and
water. The presence of water in the reaction solvent is expected
to increase the rate of phenolic derivatization due to the
increased solubility of K,CO;, but the reaction occurs too
quickly to confidently measure the change in rate directly.
Utilizing 40% H,O/DMSO solvent, full conversion of the
starting material was observed in S min for almost all phenolic
monomer model compounds tested, and the average and range
of observed resonances are shown in Figure 4 for each
substitution pattern (the '"F NMR spectra of derivatized
model compounds are shown in Figures S15—S47). The one
exception is that when the model compound 5-5 GG (3,3’
dimethoxy-5,5’-dipropyl[1,1’-biphenyl]-2,2'-diol), which con-
tains two phenolic groups, was derivatized for a standard
reaction time of S min, two resonances were observed in the
F NMR spectrum at —94.12 and —92.78 ppm (Figure S2).
As the reaction time increased, the UF resonance decreased
and the DF resonance increased, indicating that the DF peak is
likely due to the partially derivatized product (mono-TFP
ether). For a reaction time of 5 min, the mono- and di-TFP
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ether accounted for 59 and 25% yield of the starting material,
respectively. Allowing the reaction to proceed to 3 h showed
full conversion to the fully derivatized product (Figure S2B).
When ortho-eugenol, another 5-substituted model compound,
was tested, full conversion to the desired TFP ether was
measured in the desired time of 5 min. These results suggest
that the low quantification for 5-5 GG derives at least in part
from steric blocking of the first derivatized phenol.
Importantly, the partially derivatized 5-5 compound can be
detected by its resonance at —94.12 ppm, which is outside of
the phenolic integration range, allowing for monitoring of this
issue in lignin substrates. Catechol and protocatechuic acid
were both fully converted to the desired di-TFP ethers,
indicating that the 1,2-dihydroxy substitution does not inhibit
full derivatization. However, the derivatization of gallic acid
and 3,4,5-trihydroxybenzaldehyde was unsuccessful, leading to
precipitate formation and under quantification (gallic acid, 78
+ 6%; 3,4,5-trihydroxybenzaldehyde, 58 =+ 2%, duplicate
measurements) across multiple resonances in the '°F spectrum,
presumably arising from the incomplete derivatization
products (Figure S3). The trihydroxy substitution pattern is
known to prompt degradation reactions in the presence of
oxygen, especially under alkaline conditions.*’

Distinction between syringyl (S), guaiacyl (G), p-hydrox-
yphenyl (H), and condensed-G (G, G-type compounds with
substitutions at the S-position other than a methoxy group)
phenolics could be achieved in both regions for most model
compounds tested (Figure 4). One exception was that
aldehydes such as vanillin and syringaldehyde displayed
resonances that were substantially downfield of similarly
substituted phenols, causing an overlap with other integrations
in the DF region (Figure S4). For G, compounds such as
ortho-eugenol and S-S5 GG, resonances were mostly downfield
of S phenolics in the UF region, indicating that G, and S
phenolics can be distinguished in this region. In the DF region,
however, G, phenols completely overlapped with the syringyl
peak, indicating that this region may be a mixed measure of
total S-substituted phenols, rather than purely S-type (Figure 4,
dark blue; Figure S4). Catechol and protocatechuic acid
displayed DF resonances that overlapped with the H region
(—91.0 ppm), but the UF resonances (—156.99 and —156.87
ppm) did not overlap with any other studied model
compounds (Figure S3). Although this may indicate the
possibility of using this region to quantify catechols, this region
is currently included in the G region. Overall, these results
indicate that PFP derivatization in 40% H,O/DMSO followed
by "’F NMR allows for reasonably accurate identification of H,
G, G, and S phenolics. The full list of shifts of all model
compounds tested can be found in Table S1, and comparison
of the select spectra can be seen in Figures S3, S4, and SS.
Recommended integration ranges for quantifying different
phenolics are given in Table S2.

Derivatization Selectivity to Phenolic Hydroxyl
Groups. In addition to phenols, native and derivatized lignins
contain additional hydroxyl groups at the a- and y-positions of
linkages between aromatic rings. For the PFP-based method to
be effective, reactions with these alcohols must not interfere
with phenolic regions in the NMR spectra. If their resonances
do not overlap, their reaction can be ignored. However, if
aliphatic hydroxyl resonances fall within the phenolic
integration region, their reaction rate must be sufficiently
slow compared to the phenolic derivatization rate to ensure
high selectivity to phenolic hydroxyl groups. Aliphatic alcohols,
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products and internal standard.

especially those that lack heteroatoms such as halides, are
considerably less acidic than phenolic alcohols, with aliphatic
alcohols exhibiting pK, values in the range of 15—16.***
Given the evidence above that suggests the link between the
pK, value of a phenol and its TFP-ether formation rate,
reactions with aliphatic alcohols were expected to be much
slower than phenolic reactions. Nonetheless, acidity does not
constitute the full picture of SyAr reactivity, which also
depends on the nucleophilicity of the conjugate alkoxide.

To measure the potential impact of aliphatic hydroxyl
groups on the quantification of phenols, model compounds
containing aliphatic hydroxyl groups were derivatized to
determine their resonance and reaction rate (Table S1).
Aliphatic hydroxyl groups behaved similarly to phenols,
exhibiting a single resonance due to TFP-ether formation. All
tested aliphatic alcohols showed resonances in the UF guaiacyl
or condensed-G phenolic integration region, indicating that
these alcohols would cause interference in measurements of
lignins if converted to TFP ethers during derivatization.
However, in the DF region, most aliphatic shifts were UF of
the phenolic resonances (Figure 4, the gold markers represent
the a-hydroxyl groups; the pink markers represent the y-
hydroxyl groups). The exceptions were some benzylic alcohols
such as vanillyl alcohol, in which the derivatized aliphatic
overlapped with the region for S phenolic hydroxyls in the DF
region. For example, 3,4-dimethoxybenzyl alcohol exhibited
resonances of —93.38 and —158.59 ppm, which are outside of
the phenolic DF region (—90.5 to —93.2 ppm) but overlap
with the UF phenolic region (—155 to —161.35 ppm).
However, vanillyl alcohol displayed resonances of —93.0 and
158.44 ppm, which overlap with the DF and UF integration
regions, respectively (Figure SS).

The fact that aliphatic alcohol resonances overlap with
phenols to a lesser degree in the DF region compared to the
UF region can give insight into the extent of aliphatic reaction
during a derivatization. In the event of aliphatic reaction,
additional resonances will then present in the '"F NMR
spectrum. In the DF region, most of these are expected to be
UF of the phenolic integration region, although some will lie in
the S region, which will inflate the value obtained for the
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phenolic content. In the UF region, all reacted aliphatics will
be quantified as phenols, increasing the value obtained for the
phenolic content, such that the UF measurement will be
greater than the DF measurement. This difference can indicate
the extent to which aliphatic alcohols have reacted, serving as
an internal reference as to whether aliphatic alcohol groups are
interfering in the measurement. If similar values are obtained
for both regions, the interference from aliphatic hydroxyls is
expected to be low, and the UF integration region should be
used as the preferred region, given the greater separation
between resonances. However, if the UF region quantifies a
higher phenolic value than the DF region, we recommend that
the DF region be used for quantification. The syringyl integral
from the UF region may still be integrated since no aliphatic
alcohols displayed resonances there (Figure 4).

Overall, the yields from reactions with other aliphatic
alcohols show that the reaction rate, and therefore the
expected potential interference with phenolic measurements,
was highly dependent on the substrate (Figure SA). Non-
phenolic model compounds such as 2-(3,4-dimethoxyphenyl)-
ethanol showed the highest reaction rates, achieving 51% yield
to the corresponding TFP ether in 5 min in 40% H,0/DMSO
(Figure SA). Conversely, the phenolic analogue homovanillyl
alcohol exhibited only 5% conversion of the aliphatic alcohol.
For the phenolic substrates vanillyl alcohol, homovanillyl
alcohol, and 4-propanolguaiacol, the aliphatic yield decreased
with a longer chain length. The difference in the reactivity of
phenolic/nonphenolic models could be due to inherent
differences in the reactivity of the respective aliphatic alcohols,
such as the aliphatic alcohol of the nonphenolic models being
systematically more acidic or nucleophilic than phenolic
analogues, although this is not expected. Alternatively, this
could indicate an effect where the presence of the phenol
impacts the rate of derivatization through another mechanism,
such as consumption of limited reactants. To elucidate the role
of phenols on the rate of aliphatic reaction, 2-(3,4-
dimethoxyphenyl)-ethanol was derivatized again, this time
with a 1:1 mole ratio of 4-propylguaiacol. Only a 16% yield of
the derivatized aliphatic alcohol was measured, indicating that
the presence of phenols reduces the rate of aliphatic
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Figure S. (A) Yield of TFP-ether products from aliphatic alcohols for phenolic (teal) and nonphenolic model compounds (yellow). Conditions: 20
mg of the substrate, 4 equiv of K,COj; and PFP, 1 mL of 40% H,0/DMSO, room temperature, 5 min reaction time, 2 mL of acetone added post
reaction for resolubilization. (B) Impact of different solvent systems on the selectivity of aliphatic derivatization as a function of phenolic
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derivatization (Figure S6). Substrates containing the f-O-4
linkage such as guaiacylglycerol-f-guaiacyl ether (GGE) and 1-
(3,4-dimethoxyphenyl)-2-(2-methoxyphenoxy)propane-1,3-
diol (VGE) exhibited high reactivity compared to similarly
substituted compounds (Figure SA and Figures S7 and S8).
For instance, the secondary benzylic hydroxyl group on 4-
hydroxy-3-methoxy-a-methylbenzyl alcohol showed only 2.3%
conversion to the corresponding TFP ether in 40% H,O/
DMSO after 5 min, whereas VGE showed almost 58% yield
under the same conditions. The low vyields of aliphatic
derivatization for model compounds containing phenolic
hydroxyl groups demonstrate that aliphatic interference should
be low for most lignin samples that contain free phenolic
groups. However, native-like lignins that contain abundant -
O-4 linkages may be especially prone to aliphatic interference.

To further investigate whether derivatization conditions
could impact selectivity, reactions were conducted with vanillyl
alcohol, which contains both a phenolic and an aliphatic
alcohol group. Time course reactions in acetone showed that
the benzylic alcohol was derivatized concurrently with the
phenolic group, and the initial rate of phenolic derivatization
was about 100 times faster than the corresponding reaction
with the benzylic alcohol. When the aliphatic hydroxyl group
was derivatized, the corresponding phenol resonance on the
same molecule was shifted slightly downfield (Figure S9B).
Complete conversion of vanillyl alcohol to the phenol-TFP
derivative was observed in approximately 2 h, at which point
the yield of the aliphatic TFP ether was 4% (Figure 5B, blue
circles; Figure S9A). Decreasing the amount of PFP and
K,COj; used to 1 equiv decreased the reaction rate but did not
alter the selectivity of phenol reaction over aliphatic reaction
(Figure SB, blue diamonds). Similar experiments were
conducted in DMSO and 40% H,0/DMSO, except that the
conversion of the phenol was controlled by reducing the
equivalents of PFP, due to the much faster rate of reaction.
Changing the base from K,CO; to NaOH resulted in multiple
resonances, potentially from reactions at positions other than
the 4-position of PFP. Using Ca(OH),, which is much less
soluble in water, resulted in only 1 resonance but had a slightly
lower selectivity to the phenol (Figure SB, purple square).
Regardless of the solvent and the varying overall rates of
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reaction, the extent of aliphatic reaction at a given phenol
conversion was similar, although reactions in 40% H,O/
DMSO showed a slightly lower selectivity to phenolics. This
suggests that the selectivity cannot not be appreciably
modulated through solvent or base selection and that aliphatic
interference can mainly be controlled by selecting the proper
reaction time for the given solvent.

Application and Benchmarking of the >F NMR
Method on Lignin Substrates. Given promising results of
the model compound studies, we next sought to validate the
F method by comparing phenolic measurements of diverse
lignin substrates to measurements obtained using *'P NMR
spectroscopy (Table S4) and validating the trends observed in
model compound reactions.”*° From model compound
experiments, none of the tested solvent systems showed a
substantial advantage in selectivity to phenolics as a function of
conversion. For the method to be useful for lignin substrates, a
set reaction time should be implemented that ensures the
complete derivatization of phenolic hydroxyls while minimiz-
ing the interference from aliphatic hydroxyls. The real
selectivity will then depend on the absolute rates of reaction
and the total time the substrate is in contact with the reagents,
including the time during reaction preparation and post-
reaction sampling, which is about 1 min for each sample. For
reactions in acetone that occur on the order of hours, small
deviations in the total reaction time for different samples are
inconsequential. However, for reactions in 40% H,0O/DMSO
where the TFP-ether formation is much faster, the time
required for preparation and sampling is comparable to the
total reaction time. Allowing reactions to proceed for slightly
longer could be expected to give lower selectivity to phenols
given the drastically different absolute rates of reactions. Thus,
it is important to confirm the insensitivity of phenolic
selectivity on the derivatization solvent.

We first investigated PFP derivatization of reductive catalytic
fractionation oil (RCF oil) from poplar in acetone. While
acetone showed a lower reaction rate and dissolution ability
compared to DMSO for experiments with model compounds,
its use also allowed for the measurement of spectral
characteristics and quantifications as a function of time,
providing confirmation of trends seen in model compound
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Figure 6. (A) Comparison of various '°F derivatizations with *'P NMR results. (B) *'P spectra of tested lignins. (C) '°F spectra of tested lignins.
Reactions conducted in 10 mL glass vials at room temperature using 20—40 mg of the lignin substrate, 4 equiv of PFP and K,CO; for DMSO and
40% H,0/DMSO reactions and 2 equiv for acetone reactions, reaction time of 24 h for acetone, 1 h for DMSO, and 5 min for 40% H,O/DMSO.
For reactions in 40% H,0/DMSO, 2 mL of acetone was added to resolubilize the precipitated lignin. The error bars show the standard deviation of
three replicate measurements. See Figure 7 for the statistical comparison of the *'P NMR method with the ’F NMR using 40% H,0/DMSO.

experiments. The RCF process cleaves -O-4 ether bonds in
lignin, leading to a highly depolymerized oil with phenolic
monomers, as well as dimers and oligomers containing
carbon—carbon linkages.”"”*> While RCF oil is still a complex
mixture, a high percentage of its constituent molecules are
aromatic monomers that are routinely quantified, making it
comparatively simpler than native lignin.>>* Approximately
200 mg of RCF oil was derivatized in a 10 mL vial with 10 mL
of acetone with 2 equiv of PFP and K,COj; using a small stir
bar (see the SI for the impact of the stir bar size), and samples
were time obtained by filtering an aliquot of each vial at the
desired reaction time. Within 1 h of reaction time, well-
resolved peaks for S and G moieties expected of a hardwood
began to appear (Figure S10A). Poplar also contains p-
hydroxybenzoate (PHBA) pendent units that are ester-linked
to lignin and cell wall components.”*° PHBA is converted to
methyl paraben and phenol during RCF in methanol,”” and
these can be individually resolved in both the F and 3'P
methods (Figure 6B and Figure S10A). As expected from
model compound studies, these H units reacted the fastest,
followed by G and then S species (Figure S10B,C).
Comparison of the DF and UF regions showed that the
quantifications of H and total phenol were indistinguishable at
each time point. However, there was disagreement between the
S- and G-type quantifications (Figure S10D). Notably, the
quantity of total S-substituted phenolics quantified from the
DF region was lower than that obtained from the UF region
(DF, 1.55 + 0.01; UF, 1.84 + 0.07; *'P, 1.85 + 0.09 mmol/g)
and more closely reflected the measure of purely S-type
phenols measured from the UF region (UF, 1.47 + 0.03; 31p,
1.63 + 0.07 mmol/g). This was compensated by the DF region
quantifying a higher number of G-type phenols than the UF
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region (DF, 1.36 + 0.02; UF, 1.09 + 0.05; *'P, 1.11 + 0.0S
mmol/g). This discrepancy may derive from species that are
quantified as 5-substituted in the UF region but as G in the DF
region. Model compound studies showed that aldehyde-
substituted compounds, such as syringaldehyde, were sub-
stantially downfield of other S model compounds tested;
however, the presence of oxidized substituents is unlikely,
given the reducing reaction conditions of RCF. Alternatively,
RCF oil could contain additional G, compounds whose
resonances fall downfield of the tested G, model compounds,
5-5 GG and o-eugenol, and the DF resonances may overlap
with G phenolics in the DF regions. Nonetheless, the identical
total quantifications between the UF and DF regions show that
aliphatic hydroxyl groups were not interfering to a large extent,
and thus the UF region can be confidently used for
quantification. After 24 h of reaction, the quantification of
total phenolics in the UF region showed no statistically
significant differences to the values obtained using the *'P
NMR-based method (Figure 6A; 'F, 3.52 + 0.1; *'P, 3.40 +
0.2; a = 0.05). Allowing the reaction to proceed for 48 h led to
little change in integration values or spectral characteristics,
confirming that the reaction with the aliphatic hydroxyl groups
is slow. Further leaving the reaction for 6 days eventually led to
the appearance of additional resonances and increased
integration values, presumably from the eventual reaction of
aliphatic hydroxyl groups.

To confirm the solvent effects observed during model
compound experiments, derivatization of RCF oil was repeated
in pure DMSO (1 h reaction time) and 40% H,0/DMSO (S
min reaction time) using large stir bars. As expected, the
reaction proceeded much faster in the more polar solvents.
When the 40% H,0/DMSO system was used, the lignin began
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to precipitate shortly after the addition of PFP, necessitating
the addition of solvent for resolubilization after 5 min of
reaction time. By using the ratio of 1 mL reaction volume to 2
mL of acetone, we observed full resolubilization of the lignin
sample and internal standard. Identical quantifications were
obtained for all measurements compared regardless of the
solvent (@ = 0.05), indicating that phenol selectivity remained
the same at the time of measurement despite the differences in
the absolute reaction rate (DMSO UF, 3.59 + 0.1 mmol/g;
40% H,0/DMSO UF, 3.52 + 0.1; Figure 6A and Figure S11).
The similar quantifications obtained when using pure DMSO
and 40% H,0/DMSO as solvents can be attributed to the lack
of carboxylic acids in the RCF oil as measured by the *'P
method. Similar to reactions in acetone, allowing reactions in
DMSO and 40% H,0/DMSO to proceed for additional time
led to the quantification increasing above the value measured
from the *'P method, presumably from the formation of
aliphatic TFP ethers. This increase with continued reaction
time was more pronounced in the UF region than the DF
region, in line with the observation that most aliphatic
hydroxyl group shifts do not overlap the DF region.

We next tested the derivatization of softwood kraft lignin
(SWKL) with DMSO and 40% H,0/DMSO solvents, since
SWKL is not soluble in acetone. The kraft process consists of
hydrothermal treatment of wood in the presence of NaOH and
Na,S, inducing extensive structural changes to the lignin.sg’59
These conditions prompt the formation of recalcitrant C—C
bonds at the expense of aryl-ether linkages. Much work has
gone into elucidating the resultant structure, but it is still
largely uncertain.”®*” When SWKL was derivatized in DMSO,
a slightly lower than expected phenolic quantification (*°F UF,
3.52 + 0.08 mmol/g; *'P, 3.77 + 0.07 mmol/g) was obtained
(Figure 6A). This is possibly due to the presence of carboxylic
acids (0.62 + 0.02 mmol/g as measured by the *'P method),
leading to esterification and depletion of phenols. Repeating
this derivatization in 40% H,0/DMSO for S min led to a
higher quantification of 3.92 + 0.0S mmol/g (Figure 6A). DF
quantification was only slightly lower at 3.71 + 0.07 mmol/g
total phenols. Extending the derivatization time to 10 min did
not alter the quantification, indicating that phenols are fully
derivatized within the S min reaction time (Figure S12).
Identification of structural motifs between the '*F and *'P
methods was significantly different: *'P NMR measured 0.67 +
0.01 mmol/g of syringyl phenolics; however, lignin derived
from softwoods should only contain guaiacyl and p-
hydroxyphenyl moieties.”’” This is a known problem with P
NMR spectroscopy deriving from the significant overlap
between G, and S phenolics, regardless of the *'P
derivatization agent used.'' The '’F method measures 0.15
+ 0.01 mmol/g of syringyl units in the UF region, potentially
showing that this method has less overlap between S and
condensed-G phenolics. Total S-substituted content from the
F method was still under-quantified relative to *'P NMR (UF
¥F, 1.05 + 0.01; *'P, 1.59 + 0.02), and the corresponding
measurements of G and H units were higher. This may be due
to the presence of nonconventional lignin phenols such as
substituted catechols, but it is uncertain which method gives a
better description of the functional groups, given the lesser-
known structure of the lignin.

The method was applied to corn stover MWL. MWL is
intended to represent native lignin,”" and *'P NMR shows that
there are a greater number of aliphatic alcohols (2.90 + 0.03
mmol/g) than phenolics (1.94 + 0.05S mmol/g) as expected
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from a lignin that has not been extensively depolymerized
(Table S4). When the "F method was applied, the UF
integration region measurement was 20% higher (2.48 + 0.07
mmol/g) than the DF region (2.06 + 0.2 mmol/g) (Figure
S13). This is likely due to aliphatic reaction during
derivatization, and thus only the DF region was used for
integration. From model compound experiments with GGE
and VGE, it is expected that -O-4 structures in the MWL
caused the increased aliphatic reaction compared to the RCF
oil and SWKL. Reasonable assignment of the phenol type was
achieved, with '"F measuring a higher amount of G-type
phenols (DF 'F, 1.02 + 0.09; *'P, 0.61 + 0.01) at the expense
of 5-substituted (DF '°F, 0.29 = 0.02; 3'P, 0.43 + 0.02) and H-
type (DF F, 0.75 + 0.07; 3'P, 0.89 + 0.01) phenolics.

We thought that mixing could be especially important for
reactions in 40% H,0/DMSO due to the precipitation of the
derivatized lignin during the reaction. Interestingly, using a
medium stir bar led to a slightly lower quantification than
values obtained using the large stir bar for all three substrates,
although results were only significantly different for SWKL
(Figure S1). We thus recommend the use of a large stir bar.

For any quantitative measurement, sample stability is an
important consideration. Sample degradation may prevent
accurate quantification and limits analytical throughput and
flexibility. Sample stability was measured for each solvent
system where applicable by leaving the samples in the NMR
tubes at room temperature. In the DMSO-based systems,
performing 'F NMR experiments on derivatized RCF oil up
to 14 days after derivatization resulted in identical integrations
compared to the samples analyzed immediately after
derivatization, implying that they are stable (Figure S11C).
However, the measured phenolic content of samples
derivatized in 40% H,0/DMSO increased by 3—6% over the
course of 24 h (Figure S14A), indicating that these samples
should be analyzed immediately for best results. It is worth
noting that *'P samples are known to begin degrading
immediately depending on the sample and internal standard,
and it is also recommended that samples are analyzed
immediately.'"”” Experiments with SWKL conducted with
two internal standards (4,4-difluorobenzophenone and 1,4-
difluoro-2,5-dimethoxybenzene) showed no deviation in their
expected ratio, nor did their relative integrations change over
the course of 48 h (Figure S14B). The increase in the
measured phenolic content therefore appears to be caused by
the continued reaction with aliphatic alcohols enabled perhaps
by the increased solubility of K,CO; with the addition of
water, rather than degradation of the internal standard, as is
common with the *'P method.

Overall, the F-based method appears to agree well with the
results obtained from P NMR spectroscopy, with all R*
values greater than 0.9 (Figure 7A). To assess the agreement of
the "°F method compared to the *'P method more thoroughly,
t-tests were performed on quantifications of total phenolics and
individual species (Figure 7B). Total phenolics are very closely
recovered; however, SWKL is significantly different (p < 0.05).
RCF oil is quantified most closely, with only the value of H
phenolics qualifying as statistically significantly different (DF
YE 052 + 0.03; *'P, 0.44 + 0.03). However, almost all
individual quantifications for SWKL and MWL are significantly
different, which indicates that the two methods are not
equivalent for these more structurally complex lignins. While
minimal deviations in the resonance classifications were
observed for model compounds, these differences may point
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Figure 7. (A) Parity plot of quantifications of total phenol (circle),
total S-substituted (square), S (diamond), G (triangle), and H
(square with cross) obtained from the *'P NMR method and the '°F
NMR method using 40% H,0/DMSO as the solvent. (B) Negative
logarithm of the p-value obtained from comparing *'P and ’F NMR
measurements.

to unexamined species in the SWKL and MWL, which violate
the classifications, and a more in-depth structural character-
ization is needed to determine the origin of these differences.

B CONCLUSIONS

In summary, we developed a phenolic measurement method
using PFP as a derivatizing agent followed by '"F NMR
spectroscopy. Reactions with aliphatic alcohol groups can be
limited by tuning the reaction time. If carboxylic acids are not
expected to be present, such as in lignins without ester-linked
units, pure DMSO can be used as a solvent (1 h reaction time),
and samples can be assumed stable. In such cases, the '°F
method could be amenable to high-throughput analysis. The
presence of carboxylic acids necessitates the use of 40% water
as a co-solvent with a shorter derivatization reaction time of §
min, and samples should be analyzed immediately. The
method achieved comparable results to *'P NMR spectroscopy
in terms of total phenolic measurement for the three diverse
lignins studied. Similar distributions of functional groups were
obtained for corn stover MWL and poplar RCF oil, but SWKL
showed significantly different results; most notably, S-
substituted groups were under-quantified using the PFP-
based method. The '°F method exhibits advantages in both the
low cost of the derivatization reagent and its low toxicity, but it
does not overcome the issue of sample stability that is present
in the 3P NMR method. Furthermore, the F method is
hindered by both aliphatic alcohols and carboxylic acids,
whereas the *'P method efficiently measures all hydroxyl
groups. Further developments of this approach could focus on
evaluating derivatization conditions to minimize the interfer-
ence of aliphatic alcohols, but nonetheless, the method can find
immediate application to supplement the analytical toolbox
available to lignin chemists.
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TMDP, 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane;
H, para-hydroxyphenyl; G, guaiacyl; S, syringyl; G, guaiacyl-
condensed; TFP, tetrafluoropyridyl; GHS, Globally Harmon-
ized System of Classification and Labelling of Chemicals; T,
spin—lattice relaxation parameter; RCF, reductive catalytic
fractionation; SWKL, softwood kraft lignin; MWL, milled
wood lignin; UF, upfield; DF, downfield; DMSO, dimethyl
sulfoxide; TFHP, tetrafluorohydroxypyridine; GGE, guaiacyl-
glycerol-f-guaiacyl ether; VGE, 1-(3,4-dimethoxyphenyl)-2-(2-
methoxyphenoxy)propane-1,3-diol
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