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ABSTRACT: Herein, we report a novel green photochemical
procedure for the direct functionalization of terminal olefins with
radical precursors promoted by technical lignin architectures.
Spruce Kraft lignin was initially subjected to solvent refining to
achieve fractions presenting a controlled molecular weight and fully
characterized structural features. The obtained fractions were then
tested as photoinitiators for organic transformations under visible
light irradiation. The results demonstrated that a low molecular
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weight refined lignin, namely, L-EtOAc, was able to successfully 111 ¢ o :‘ ... : »
promote relevant photoinduced radical reactions, providing several 1 a1 . ‘: %y L o?
densely functionalized alkyl halides (14 examples, up to 98% yield). e REfTi-Fin g ——
Mechanistic investigations were also performed to understand the  Technical lignin Lignin Fractions

role of lignin architecture in the reaction pathway. This work
proposes an innovative role for lignin in organic chemistry, laying the basis for a brand-new field for the valorization of cheap
technical lignocellulosic byproducts, while opening new exciting scenarios concerning green photochemical processes.
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1. INTRODUCTION have been effectively exploited."” > Because of this, the
general feeling is that the advance within this research field
would require the development of novel, efficient, inexpensive,
and safe photoinitiators capable of working under visible light
irradiation.>* ™ Moreover, it is worth mentioning that these
metal-free photoactive promoters must be readily available on
a large scale to allow their industrial application. Fully feeding
into the current green transition principles, a further
improvement for photochemical ATRA reactions would be
centered on the exploitation and valorization of natural
architectures deriving from agro-forestry byproducts. Among
all-natural architectures, lignin represents an excellent choice
for designing novel green photochemical transformations.
Indeed, lignin constitutes a ubiquitous byproduct of the
paper and ethanol industry with an overall world production of
about 100 million tonnes/per year.”~* Lignin structure
mainly derives from the biologically driven radical reactions of
unsaturated phenols, among which p-coumaryl alcohol,
coniferyl alcohol, and synapyl alcohol constitute the majority.

Atom transfer radical addition (ATRA) reactions are simple,
robust, and atom-economical strategies to prepare valuable
alkyl halides."”” The overall process involves the addition of a
suitable radical precursor (R—X) to an unsaturated hydro-
carbon, thus creating both a new C—C and C—X bond (where
X is a halogen atom) in one synthetic step.” From a
mechanistic point of view, the ATRA reaction generally
proceeds through a radical chain propagation manifold. Since
the groundbreaking work of Kharasch, organic chemists have
developed a large number of approaches to initiate the ATRA
mechanism.”™"> More specifically, the radical initiation step
may be achieved through two general activation modes: (i)
thermal activation or (ii) photochemical activation. Originally,
the homolytic cleavage of the C—X bond, within the radical
precursor, was achieved by exploiting harsh reaction
conditions, such as high temperatures or high-energy ultra-
violet-light (UV-light) irradiation."”'* Subsequently, potential
explosive radical initiators (eg., organic peroxides and azo-
nitriles) or harmful metal-based promoters have been
employed for this purpose.'”'® In recent years, novel
photochemical and photocatalytic methods have been
designed to initiate ATRA reactions under ultraviolet-visible
(UV—vis) light irradiation."”'® In this context, precious and
potentially toxic metal complexes, substoichiometric amounts
of organic chromophores, and photoactive (nano)materials
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Figure 1. (A) Lignin refining approach by sequential solvent extraction. (B) Fractionation yields. (C) Molecular weight distribution of the obtained
fractions determined by size exclusion chromatography (SEC) using a SEC 1260 infinity (Polymer standard service, Germany) equipped with a
PSS precolumn, PSS column 100 A, and PSS GRAM 10,000 A analytical columns thermostated at 60 °C; the calibration plot was constructed with
pullulan standards. (D) Main reactive functional groups were determined by *'P NMR.

In particular, the radical polymerization, controlled by the
vegetal cells, produces a complex tridimensional structure able
to embed cellulose and confer stability and protection to the
entire plant."*** Lignin, usually isolated from the black liquor
resulting from the cellulose extraction process, appears as a
mixture of aromatic architectures, presenting a huge variety in
terms of composition, chemical connectivity, molecular weight,
and functionalities. In particular, the presence of phenyl-
propane units, conjugated double bonds, quinone, and
chalcone structures is mainly responsible for the lignin
substantial UV absorption within the wavelength range of
250—400 nm, while aggregated-induced emissions affect
mainly its fluorescent character.””™>° In particular, lignin
exhibits a primary absorbance which is mainly attributed to the
m—n* transitions of the aromatic structural units and the n—z*
transitions of the carbonyl groups directly bounded to
aromatics.”’ > While on one hand, such a plethora of
structural features is allowing 11%n1n to emerge as a promising
UV blocker in materials science,”* >’ on the other, its diversity
in functionality and molecular weight are detrimental to its
involvement in valuable fields such as photoreaction
promotion. In recent years, lignin and its derivatives have
been effectively employed as components for the production of
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novel photoactive materials (e.g., composites, nanostructures
and supramolecular hydrogels) that showed to be capable to
drive the synthesis of valuable chemicals, including polyolefins
and H,0,.°%7%° In this context, the implementation of refining
processes would be beneficial in overcoming technical lignin
variability, producing more homogeneous fractions in terms of
molecular weight and functionality. This approach was
successfully e loited for the apphcatlon of lignin as an
antioxidant,”’ ~®* pollutant absorber,”>*® and constituent of
thermosetting materials, improving reproducibility and the
understanding of the lignin structure on performance.”””""
Here is proposed a new method to valorize lignin as a novel
photochemical promoter in ATRA reactions between terminal
olefins and suitable radical precursors. Initially, technical lignin
has been refined to achieve fully characterized, reproducible
fractions presenting a controlled molecular weight. The
resulting fractions were then tested as photoinitiators in a
model ATRA transformation. While optimizing the method-
ology, the role of lignin architecture and the impact of its
chemical structure have been assessed to better understand the
main aspects regulating the reaction and its application on a
wide range of substrates. Lastly, a mechanism for the lignin-
promoted photochemical reaction has been proposed. We
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Table 1. Overview of the Fractionation: Main Functional Groups, Molecular Weight, and Yield

lignin aliphatic OH (mmol/g)* phenols (mmol/g)”
L-pristine 2.0 4.7
L-EtOAc 1.0 5.7
L-EtOH 1.4 5.2
L-MeOH 1.7 5.2
L-acetone 1.5 4.8
L-residual 22 4.0

—COOH (mmol/g)* M’ M, PD” yield (%)°
0.5 3500 8000 2.3
0.7 340 800 2.3 7.8
0.6 780 1800 2.3 33.3
0.5 1100 2500 2.2 12.7
0.4 1900 3800 2.0 10.4
0.4 6900 24,000 3.5 32.6

“Quantified by *'P NMR. “Determined by size exclusion chromatography (SEC) using a SEC 1260 infinity (Polymer standard service, Germany)
equipped with a PSS precolumn, PSS column 100 A, and PSS GRAM 10,000 A analytical columns thermostated at 60 °C; the calibration plot was

constructed with pullulan standards. “Isolated yield.
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Figure 2. Main connecting units in Kraft lignin.
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believe that this work may open new directions in the synthetic
photochemistry promoted by natural architectures. Indeed, for
the first time, technical lignin structures find a new valorization
pathway, by actively contributing to photochemically triggered
organic transformations. The results here obtained constitute
an important step toward the exploitation of cheap and green
photopromoters in organic synthesis.

2. EXPERIMENTAL SECTION

2.1. Materials. All chemicals were of analytical grade and used as
received unless stated otherwise. Spruce Lignoboost Kraft Lignin was
gently supplied by Chalmers University (Sweden); ethyl acetate
(EtOAc), ethanol absolute (EtOH), acetone, and acetonitrile were
supplied by Merk and used as received.

2.2. Lignin Fractionation. S0 g of pristine lignin (L-Pristine) was
introduced in a flat bottom flask equipped with magnetic stirring
along with S00 mL of solvent. The mixture was stirred at room
temperature for 2 h; then, the soluble and insoluble fractions were
separated by using a Buchner funnel with filter paper under reduced
pressure. After filtration, the insoluble fraction was dried and
resuspended in another solvent (in the solvent order EtOAc, EtOH,
MeOH, and acetone). The soluble fraction was concentrated under
reduced pressure. The lignin fractions were named based on the
specific solvent used for fractionation, namely, L-EtOAc, L-EtOH, L-
MeOH, L-Acetone, and L-Residual.

2.3. NMR Analysis. 'H-, '*C-, YF-NMR were recorded on a
Bruker 400 Avance III HD equipped with a BBI-z grad probe head S
mm ('H: 400 MHz, *C: 100.5 MHz, "°F: 376 MHz). The chemical

shifts (8) for 'H and 3C are given in ppm relative to residual signals
of the solvents (CHCl; @7.26 ppm for "H NMR, and @77.16 ppm
for 3C NMR, CFCl; @0.0 ppm for '’F NMR spectra). Coupling
constants are given in Hz. The following abbreviations are used to
indicate the multiplicity: s, singlet; d, doublet; t, triplet; q, quartet; m,
multiplet; br, broad signal. NMR yields were calculated using
trichloroethylene as an internal standard. *'P NMR analysis was
performed on a Bruker Biospin Avance spectrometer equipped with a
Broadband Inverse probe and operating at a proton frequency of
400.13 MHz. Data were processed with MestreNova (Mestrelab
Research) using a 90° shifted square sine-bell apodization window;
baseline and phase correction were applied in both directions. The
chemical shifts () for *'P are given in ppm relative to residual signals
of the internal standard (Endo-N-Hydroxy-S-norbornene-2,3-dicar-
boximide) after phosphorylation at 151.2 ppm. The HSQC analysis of
lignin fractions were performed on a Bruker Avance Neo 600 (base
frequency 600 MHz for 1H nuclei) spectrometer, equipped with a
broadband Z-gradient probe.

2.4, Size Exclusion Chromatography. Size exclusion chroma-
tography (SEC), using a SEC 1260 infinity (Polymer standard service,
Germany) equipped with a PSS precolumn, PSS column 100 A, and
PSS GRAM 10 000 A analytical columns thermostated at 60 °C, was
performed to determine the molecular weight and dispersity of the
different lignin samples. The detection system included a UV detector
in series with a refractive index detector. DMSO + 0.5% LiBr was used
as an eluent with a constant flow rate of 0.5 mL/min. A calibration
plot was constructed with pullulan standards. The samples were
produced by solubilizing lignin in the elution mixture at a
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Table 2. Optimization of the Photochemical Atom Transfer Radical Addition (ATRA) Process and Control Experiments:
Selected Results

Lignin (7.5 mg/mL) |
Base (1 equiv.)
NN 4 CeFqal CoFra AN~
Solvent [0.5 M],
1a 2a 16 hours 3a
1 equiv. 2 equiv. Kessil Lamp (456 nm)

ambient temperature
Argon atmosphere

entry” lignin base solvent yield 3a (%)°
1 L-EtOAc 2,6-lutidine MeCN 87 (73)°
24 L-EtOAc 2,6-lutidine MeCN 0
3¢ L-EtOAc 2,6-lutidine MeCN 0
4 - 2,6-lutidine MeCN 0
S L-EtOAc - MeCN 0
6 L-Pristine 2,6-lutidine MeCN 50
7 L-EtOH 2,6-lutidine MeCN 61
8 L-MeOH 2,6-lutidine MeCN 74
9 L-Acetone 2,6-lutidine MeCN 83
10 L-Residual 2,6-lutidine MeCN 0
11 L-EtOAc 2,6-lutidine DMF 12
12 L-EtOAc 2,6-lutidine EtOAc 0
13 L-EtOAc 2,6-lutidine DCM 0
14 L-EtOAc TMG MeCN 0
15 L-EtOAc DBU MeCN 0
16 L-EtOAc Cs,CO;4 MeCN <s
17 L-EtOAc K,PO, MeCN 0

“Reactions performed on a 0.1 mmol scale. “Yields were determined by 'H NMR analyses on the reaction crude, using trichloroethylene as an
internal standard. “Isolated yield. 9Reaction performed under air or in the presence of TEMPO (2,2,6,6-tetramethylpiperidine 1-oxyl, 1 equiv).
“Reaction performed in the dark. TMG: 1,1,3,3-tetramethylguanidine; DBU: 1,8-diazabicyclo[5.4.0]undec-7-ene. MeCN: acetonitrile; DMF: N,N-
dimethylformamide; EtOAc: ethyl acetate; DCM: dichloromethane.

Scheme 1. Scope of Alkenes 1 and the Radical Precursors 2 That Can Participate in the ATRA Process. d.r.: Diastereomeric
Ratio

L-EtOAc (7.5 mg/mL)
2,6-lutidine (1 equiv.) X

2@ *+ RX R
MeCN [0.5 M],
| ~ 16 hours
Ta-k 2a-d Kessil Lamp (456 nm) 3a-0

1 equiv. 2 equiv. ambient temperature

Argon atmosphere

| |
|
C6F13\)\/\/ CsF17\)\/\/ C6F13\)\/\/\/\/

3a: 73% yield 3b: 98% vyield 3c: 88% yield
|
I I Q C6F13\)\/\/\ {
CGF”\)\/\/\OH C5F13\)\/\/\OJ\ N
3d: 55% vyield 3e: 63% yield 3f: 99% yield O
| | |
CeF13\)\/\/\ C.-F \)\/\/\/\/\[]/H CoF
Br 6" 13 6713
\)\/\<‘!)
3g: 98% vyield 3h: 95% yield o 3i: 50% vyield
| limitation d.r. 1:1
! CeF1s Br
CoF 13- A CH(COOE), (EtoocHe. K _~_
3j: 73% yield 3k: <5% yield 3l: 60% vyield
Br Br
EtOOC),HC Et00C),HC. A _~_~ Br
EooepHe N~ (Et000) OH  Bre A~
3m: 25% yield 3n: 50% yield 30: 46% yield
12303 https://doi.org/10.1021/acssuschemeng.5c05307
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concentration of 0.1 mg/mL. The mixtures were first sonicated at
room temperature for 30 min and then filtered with 0.22 pm filters.

2.5. UV-Vis Spectroscopy. Absorption spectroscopy studies
were performed on a Varian Cary 50 UV-vis double beam
spectrophotometer. All of the spectra were recorded at room
temperature using 10 mm path-length Hellma Analytics quartz
cuvettes.

2.6. General Procedure for the Photochemical ATRA
Reactions. A 10 mL Schlenk tube was charged with the radical
precursor 2a-d (0.2 mmol, 2.0 equiv), olefins 1a-k (0.1 mmol, 1.0
equiv), 2,6-lutidine (0.1 mmol, 1.0 equiv), L-EtOAc (3 mg) and
MeCN (400 pL, 0.25M). The reaction mixture was thoroughly
degassed via 3 cycles of freeze—pump—thaw, and then the vessel was
refilled with argon and placed at 4—S5 cm from a Kessil lamp (4 = 456
nm). The temperature was kept at around 30 °C by using a fan.
Stirring was maintained for 16 h. The reaction mixture was filtered
over a silica plug and eluted with a mixture of hexane and ethyl acetate
(95:5). The volatiles were removed in vacuo and the residue was
purified by column chromatography (cyclohexane/EtOAc) to give the
desired products 3a-o.

3. RESULTS AND DISCUSSION

3.1. Lignin Refining and Characterization. Technical
lignin, derived from industrial extraction processes, is mainly
constituted by a heterogeneous mixture of lignin macro-
molecules characterized by a wide range of molecular weights
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Figure 3. (a) Optical absorption spectra recorded in MeCN of 2a,
2,6-lutidine, 1a and a mixture of 2a and 2,6-lutidine. (b) Optical
absorption in MeCN of L-EtOAc and a mixture of L-EtOAc and 2,6-
lutidine.
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Figure 4. (a) L-EtOAc (0.0125 mg/mL) emission in acetonitrile. The
excitation wavelengths are shown in the corresponding box. (b) L-
EtOAc emission (0.0125 mg/mL) in the presence of 2,6-lutidine in
acetonitrile ([2,6-lutidine]: 0.832 mM). The excitation wavelengths
are shown in the box.

and functionalities. As previously reported,’”*® Spruce
Lignoboost Kraft lignin (L-Pristine) was refined by exploiting
the solvent solubility differences in organic solvents of lignin
architectures according to their functionality and molecular
weight. The method was optimized to obtain fractions
presenting a range of reproducible molecular weights and a
more homogeneous range of functional groups, thus striving to
overcome the structural differences of technical isolated lignin
resulting from variable industrial parameters, such as temper-
ature, reaction times, and concentration. As reported in Figure
1a, the pristine lignin (L-Pristine) was subjected to a sequential
extraction in cheap and safe organic solvents such as ethyl
acetate, ethanol, methanol, and acetone. Four solvent-soluble
fractions, namely, L-EtOAc, L-EtOH, L-MeOH, L-Acetone,
and one residual fraction (L-Residual), were obtained by
simple filtration and solvent evaporation. With a total yield of
96.8%, L-EtOH and L-Residual represent the most relevant
fractions (Figure 1b and Table 1), while the others can be
isolated in a range between 8 and 13%.

As reported in Figure 1c and Table 1, the extraction set is
conceived to isolate fractions presenting an increasing average
molecular weight at each extraction step. Starting from pristine
lignin presenting a M,, of 8000 Da, a portfolio of fractions
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Figure S. (a) Quenching of L-EtOAc emission (0.125 mg/mL,
excitation at 400 nm) in the presence of 2,6-lutidine ([2,6-lutidine]:
0.005S M) and increasing amounts of 2a in acetonitrile. (b) Linear
correlation between the emission intensity (456 nm) and the
concentration of 2a in the presence of 2,6-lutidine ([2,6-lutidine]:
0.005 M).

ranging from L-EtOAc, constituted mainly of oligomers with a
M,, of about 800 Da, up to 24,000 Da for L-Residual was
achieved. The obtained lignin fractions were characterized by a
combined 2D-heteronuclear single quantum coherence
(HSQC) and *'P nuclear magnetic resonance (NMR) analysis
to assess and quantify the most recurring structures and
functionalities. P NMR allows, after proper functionalization,
quantification of the predominant functional groups in lignin,
such as phenols, aliphatic alcohols, and carboxylic acids, while
2D-HSQC analysis provides a comprehensive overview of the
primary connecting units and functionalities present in the
lignin backbone.

As shown in Table 1 and Figures S1—S7, 3P NMR analysis
demonstrated that low molecular weight fractions such as L-
EtOAc and L-EtOH present a higher content of phenols and
carboxylic acids while maintaining the lowest amount of
aliphatic alcohols. Such fractions are the result of a more severe
degradation of lignin architectures during isolation, resulting in
an enhanced oxidation of the alcohols.
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The HSQC spectrum of L-Pristine presents structures
typical of softwood Kraft lignin (Figure S8). The most relevant
units are represented by 5 (86.9/5.40 ppm), 5, (85.1/4.61
ppm, 53.5/3.04 ppm, and 71.1/3.81—4.15), i, (33.5/2.42—
2.53 and 42.8/1.86), and stilbene units (129.0/7.30—6.96
ppm), while the fO4 (59.4/3.42—3.71 ppm, 71.4/4.71 ppm,
and 83.5/4.27 ppm), more typical of native lignin, appears
substantially reduced (Figure 2). Aliphatic alcoholic end-
groups such as cinnamyl alcohol (CA) and dihydro coniferyl
(DCA) alcohol are detected respectively at 120.9/5.34 ppm for
the former, while at 31.1/2.48 and 34.4/1.66 ppm for the
latter. Conjugated carbonyls and acids can be detected at
124.0/7.78—7.45 ppm. Finally, the region related to aliphatic
side chains is detectable at 30—10/2.5-0.5 ppm, while
unsaturated moieties appear at 130—115/57—5.2 ppm. The
isolated lignin fractions reported in Figures S9—S13 depict
substantial differences concerning the main connecting units
reported in Figure 2. L-EtOAc and L-EtOH (Figures S9—S10)
show a complete lack of S units and a substantial decrease in
the fO4 and stilbene units. In both fractions, carbohydrate
signals (3.0—3.5/73—78 ppm) are absent, while for L-EtOH,
the aromatic region appears less variable with a decrease of
unsaturated oxidized moieties. L-MeOH and L-Acetone
(Figures S11—S12) display a higher intensity for the SO4
units, while stilbene and BS are present only marginally.
Interestingly, oxidized conjugated structures, unsaturated
moieties, and aliphatic side chains become irrelevant. L-
Residual (Figure S13) indeed shows an increased intensity for
PO4 while B, f5, and aliphatic side chains are present only in
traces. The unsaturated moieties are completely absent, while
we can easily distinguish signals ascribable to carbohydrate
residues.

3.2. Optimization of the Reaction Conditions. To
evaluate the role of lignin as a photopromoter, an
iodoperfluoroalkylation reaction between 1-hexene la and
perfluorohexyl iodide 2a was performed under blue light
irradiation (Kessil lamp, 4,,,, = 456 nm, lamp power: S0 W) at
ambient temperature (Table 2). Specifically, the preliminary
experiment was conducted using acetonitrile as the solvent, L-
EtOAc (loading: 7.5 mg/mL), and 2,6-lutidine (1 equiv) as an
organic base (entry 1, Table 2). Interestingly, under these
reaction conditions, we observed the formation of the desired
product 3a in good chemical yield (87%). Afterward, a series of
control experiments was carried out to obtain more
mechanistic insights on the studied transformation (entries
2—S5, Table 2). In particular, no reaction occurs in the presence
of TEMPO (2,2,6,6-tetramethylpiperidine 1-oxyl, 1 equiv) or
air (entry 2, Table 2). These experiments are consistent with a
radical mechanism. We also confirmed that the studied
reaction is initiated by the photochemical activity of L-
EtOAc. Indeed, we did not observe the formation of product
3a neither in the dark nor in the absence of lignin (entries 3—4,
Table 2). Similarly, a complete inhibition of reactivity has been
observed without 2,6-lutidine (entry S5, Table 2), which is a
non-nucleophilic organic base. Indeed, L-EtOAc shows several
acidic moieties (e.g, carboxylic acids) that can be easily
deprotonated through the use of 2,6-lutidine (see Table 1).
Then, the different fractions of lignin were tested in the model
reaction (entries 6—10, Table 2). The use of the soluble
fractions, namely, L-Pristine, L-MeOH, L-EtOH, and L-
Acetone—provided the desired product in good chemical
yields, spanning between 50 and 83%. On the other hand, the
formation of 3a was not observed when using L-Residual
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Figure 6. Proposed mechanism for the reaction for the photochemical iodofluoroalkylation of 1a with 2a in the presence of 2,6-lutidine. SET:

single-electron transfer; XAT: halogen-atom transfer.

(entry 10, Table 2). These experiments pointed out that the
solubility of the lignin fraction is a critical factor in this
photochemical transformation. In this regard, atomic force
microscopy (AFM) analysis was used to determine the
dimensions of L-EtOAc, which turned out to be 3.2 + 1.4
nm (Figure S16). Based on available data, this fraction appears
to be mainly composed of small oligomers and nanometric
particles (M,, = 800 Da, see Table 1), which shows high
solubility in acetonitrile and more generally in polar organic
solvents. Then, different solvents were tested for the model
reaction (entries 11—13, Table 2), such as dimethylformamide
(DMF), ethyl acetate (EtOAc), and dichloromethane (DCM).
Unfortunately, none of these solvents could rival the
performance offered by acetonitrile (MeCN). Further screen-
ing of the bases did not bring any improvement in the
efficiency of the model reaction (entries 14—17, Table 2). In
particular, we observed that the use of strong organic bases
(such as TMG: 1,1,3,3-tetramethylguanidine and DBU: 1,8-
diazabicyclo[5.4.0]undec-7-ene), which may deprotonate also
the less acidic moieties of L-EtOAc (eg., phenols), led to the
precipitation of the lignin forming an insoluble material under
the reaction conditions. As a matter of fact, the presence of
solid particles may reduce the amount of the photoactive
material in solution, while also leading to the scattering of the
irradiating light. These two aspects have possibly precluded
effective initiation of the radical reaction. Since L-EtOAc
resulted in the best-performing fraction, a structural assessment
after being recovered from the reaction mixture was performed
by *'P NMR and HSQC. As shown in Figure S7, a loss of 98%
of the aliphatic alcohols, 95% of the phenols, and 94% of the
carboxylic acids, respectively, was detected in the recovered
lignin. These results suggest that L-EtOAc underwent
extensive decarboxylation and dehydration reactions in the
photochemical regime. Also, the main structure of lignin was
affected (Figure S14) with a substantial reduction of fO4 and
PP, while S, stilbene units, and unsaturated moieties were
completely absent. In addition, the spectra reported an increase
of conjugated oxidized moieties in the range 7.75—7.65 ppm

along with a qualitative depletion of the secondary carbons in
the aliphatic region (2.75—1.00 ppm).

Finally, size exclusion chromatography (SEC) shows that
postreaction L-EtOAc presents a wider polydispersity and the
appearance of lignin fragments at higher retention times
(Figure S17). Indeed, lignin is involved in concomitant
structural modifications under the reaction conditions, on the
one hand by partially producing lower M,, fragments and on
the other by being subjected to grafting processes of
fluorinated moieties on the structure (Figure S15) with
concomitant consumption of the main functional groups.
Indeed, we observed that some fluorinated radicals may react
with lignin’s functionalities, most probably with the aromatic
groups and olefins. We also studied the stability of a solution of
L-EtOAc in MeCN when irradiated with a Kessil lamp at 456
nm over 16 h (under an argon atmosphere). In particular, the
material proved to be stable under these operative conditions,
as its chemical structure was not degraded under blue light
irradiation. This result further suggested that the degradation
of the material mainly took place under the reaction conditions
when in the presence of the starting materials/additives. Using
the optimized reaction conditions (entry 1, Table 2), we
demonstrated the generality of the photochemical reaction
(Scheme 1). In addition to the perfluorohexyl chain (product
3a), a longer perfluorinated substituent was installed with an
excellent yield to give 3b. We also demonstrated that the
reaction efficiently tolerates various terminal olefins 1
containing alkyl chains, alcohol, ester, imide, halide, aldehyde,
and epoxide moieties (products 3c-j). Surprisingly, the use of
olefin 1j did not afford the desired product (3k). In this regard,
we believe that the poor reactivity of this alkene is due to its
increased steric hindrance. This aspect may prevent this olefin
from effectively undergoing an ATRA process. In addition, an
ATRA reaction between BrCCl; and 1-hexene was performed
under the optimized operative conditions. In particular, we
observed the formation of the final product in a low NMR
yield (about 12%).
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Moreover, we found that styrene was not a suitable substrate
for this reaction. Indeed, this reaction did not lead to the
formation of the final product when this olefin was reacted
with perfluorohexyl iodide. Importantly, other easily reducible
alkyl halides 2 may be used as radical precursors, namely
diethyl bromomalonate 2c¢ and tetrabromomethane 2d. In
particular, products 3l-o were isolated in moderate to good
chemical yields (up to 60%). All products (3a-0) were found
to be stable over time when stored in a desiccator at ambient
temperature. In addition, we tried to reuse the material after
being recovered from a photochemical reaction. The tests
demonstrated that the recycled material was not a competent
photoinitiator, since it was not able to trigger a second ATRA
reaction.

3.3. Mechanistic Studies. To gain further insights into the
role of the L-EtOAc in the photochemical process, we
investigated its photophysical behavior. We first recorded the
absorption spectra of all of the reaction components in MeCN
to make sure that L-EtOAc is the only species capable of
absorbing light at 456 nm (Figure 3). Specifically, we observed
that 1-hexene la may not absorb light in the range between
300 and 500 nm (yellow line in Figure 3a). On the other hand,
the perfluorohexyl iodide 2a (green line in Figure 3a) and 2,6-
lutidine (red line in Figure 3a) do absorb photons only in the
UV region of the spectrum. Moreover, we observed the
formation of an electron donor—acceptor (EDA) complex
between 2a and 2,6-lutidine (black line in Figure 3a).
However, this aggregate does not absorb light at 456 nm.
On the other hand, L-EtOAc can absorb light at 456 nm
(Figures 3b and S18). We also measured the extinction
coefficient of L-EtOAc at 456 nm (€461 -pi0ac = 048 mL/cm-
mg). The extinction coefficients at 456 nm have also been
calculated for all soluble lignin fractions (Figures $18—24 and
Table S1). Moreover, we noted a slight red shift in the
absorption of L-EtOAc when mixed with 2,6-lutidine, along
with an increase in absorbance within the range between 300
and 360 nm (Figure 3b). The deprotonation of carboxylic
moieties on lignin, with concomitant formation of surface
carboxylate anions, could be the cause of this behavior.
Importantly, the material showed good solubility in MeCN
even after the addition of the base. These results, along with
the control experiments depicted in Table 2 (entries 3—5),
suggested the key role played by the deprotonated material in
photoinitiating the radical process.

Moreover, the fluorescence spectra of L-EtOAc showed a
dependence between the emission maximum and the
excitation wavelength (Figure 4), similarly to other organic
nanostructured materials.”””* Interestingly, this trend became
more pronounced with the addition of 2,6-lutidine. Afterward,
we demonstrated that 2a was capable of quenching the excited
state of L-EtOAc when in the presence of 2,6-lutidine (Figure
5).

In particular, we observed a linear Stern—Volmer correlation
(K, = 19.8 mM™") consistent with the occurrence of a single
type of quenching phenomenon, most probably via a single-
electron transfer (SET) mechanism (Figure Sb). Since the
organic material is presumably negatively charged, it is
reasonable to assume that this photoinduced process likely
proceeds through a SET event. Mechanistically, we thus
believe that the base could deprotonate the carboxylic acids
present on L-EtOAc, which are the more acidic functionalities
within the material, thus resulting in the formation of a soluble
negatively charged material with an enhanced photoreducing
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capability. Then, the photoinduced oxidation of the surface
carboxylate anions, executed by the interaction with 2a, might
trigger their decarboxylation, releasing CO, as a gas. This
irreversible transformation might initiate a material degrada-
tion process. In this regard, it is well-known that, upon an
oxidation step, carboxylate anions can easily undergo
decarboxylation, resulting in the formation of radicals and
CO,,”" in agreement with the previously reported HSQC and
3P NMR results (Figures S7 and S14). Then, the Stern—
Volmer constant was also calculated for all of the soluble lignin
fractions in the presence of 2,6-lutidine. Indeed, L-EtOH, L-
MeOH, and L-Acetone presented a K, of 19.2, 17.4, and 13.8
mM ™/, respectively. Interestingly, L-EtOAc showed the highest
K,, (see Table S1), which can be correlated to the highest yield
obtained in the model reaction (see Table 2, entry 1).
Moreover, it is worth mentioning that L-EtOAc showed the
highest number of carboxylic acids and was the most soluble
fraction in acetonitrile (see Table 1). Taken together, these
aspects may tentatively explain the higher activity of L-EtOAc
in driving the studied reaction. In light of the information at
our disposal, we were able to propose a reaction mechanism
(Figure 6). Upon addition to the reaction mixture, 2,6-lutidine
probably deprotonates the carboxylic groups present on the
surface of L-EtOAc, increasing its reducing power. The
deprotonated species of lignin (Ia) absorbs light at 456 nm,
reaching an electronically excited state (Ia*). Ia* is then
quenched by 2a, upon an SET event. This single-electron
transfer process leads to breaking of the carbon—iodine bond,
thus generating the first radical (ITa) needed for triggering the
ATRA reaction. Indeed, perfluorohexyl iodide 2a is a well-
known radical precursor that can be easily reduced (E,q = —1
V vs SCE) to yield a fluorinated alkyl radical and I” as a leaving
group.”” After the photochemical initiation step, radical Ila is
intercepted by olefin 1a, yielding intermediate ITIa. At last, a
halogen-atom transfer (XAT) occurs that generates the final
product 3a and regenerates ITa. On the other hand, the
oxidized lignin (IVa) may undergo radical degradation
pathways that drastically alter the chemical structure of the
material, while reducing the number of oxygenated function-
alities.

4. CONCLUSIONS

To conclude, we demonstrated for the first time the possibility
of effectively exploiting low molecular weight refined lignin as a
photochemical initiator for relevant ATRA reactions. Indeed,
the molecular weight and the presence of carboxylic acid
moieties resulted as pivotal structural features in promoting the
reaction. The mechanistic studies suggested that the lignin
carboxylate intermediate produced in situ upon deprotonation
of the acidic moieties by 2,6-lutidine is the main factor
responsible for photoreduction of the radical fluorinated
precursors. As a result, this method allowed the production
of several alkyl halides from moderate to excellent yields and
under mild operating conditions. Importantly, L-EtOAc
proved to be an extremely competent photoinitiator. Indeed,
we used this material with a very low loading (0.2 mol %,
calculated on the basis of M,, = 800 Da) to synthesize the
desired model product 3a with a good level of productivity,
namely 3 mmoly, h™ g poa . In this context, classical
organic photoinitiators include hydroxy ketones, phosphine
oxides, benzophenones, thioxanthones, among others. It is
important to highlight that the use of L-EtOAc shows
advantages over that of classical photoactive molecular
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initiators. In particular, L-EtOAc is inexpensive, nontoxic, and
readily available on a large scale. Moreover, it is worth
mentioning that classical radical (photo)initiators are generally
used in stochiometric or substochiometric amounts (up to 100
mol %). Importantly, this photochemical approach allowed the
synthesis of relevant fluorinated compounds that have been
widely used in numerous fields of application including
medicinal chemistry, agrochemistry, and materials science.
These considerations highlighted a brand-new role for a
heterogeneous recalcitrant byproduct such as lignin. Indeed,
this work introduces a novel valorization approach for lignin,
laying the basis for exploring future sustainable photochemical
processes promoted by well-defined biobased compounds.
Therefore, we expect that future investigations in such research
area will contribute to determine new directions in organic
synthesis for both academia and industry.
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