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Pinoresinol is a high-value monolignol-derived lignan used in plant defense and
with human health-supporting effects. The synthetic yield and isolation efficiency of
racemic pinoresinol from coniferyl alcohol by conventional radical coupling methods is
sub-optimal. In this work, a facile and efficient synthetic approach was developed to
synthesize pinoresinol with much higher yield. By using 5-bromoconiferyl alcohol, which
was synthesized in high yield from 5-bromovanillin, to make 5,5’-bromopinoresinol via a
peroxidase-mediated radical coupling reaction takes advantage of the smaller variety of
radical coupling products from the 5-substituted monolignol, producing simpler product
mixtures from which 5,5’ -bromopinoresinol may be readily crystalized with good yield
(total yield of 44.1% by NMR; isolated crystalline yield of 24.6%). Hydro-debromination
of the crystalline 5,5'-bromopinoresinol to pinoresinol was essentially quantitative. Gram
quantities of pinoresinol were conveniently synthesized by using this approach. This
simple alternative pathway to make pinoresinol will impact pinoresinol-related research
including structural characterization and modification of lignins, as well as clinical
applications of pinoresinol and its derivatives.

Keywords: 5-bromoconiferyl alcohol, bromopinoresinol, coniferyl alcohol, radical coupling, lignin

INTRODUCTION

Pinoresinol structures with a $-f’-linkage between two monolignols are important structures in the
lignins from softwoods, dicots, and monocots, especially in some technical lignins from hardwood
(Yue et al., 2012b; Li et al., 2020). Not only do they affect the lignification pathway, but also
have implications for the biorefinery. Pinoresinol is also a vital lignan, a usually optically-active
dimerization product of two coniferyl alcohol monolignols, that displays important physiological
functions in planta, as well as in human nutrition and medicine (Lewis et al., 1995; Pellegrini
et al., 2010). Lignans have drawn enormous attention because of their abundance in nature and
their various biological activities including antibacterial, antifungal, antiviral, antioxidative, and/or
cytotoxic properties (Paska et al., 2002; Min et al., 2003; Umezawa, 2003; Milder et al., 2005; Suzuki
and Umezawa, 2007; Lin et al., 2016). Such lignans are commonly found as optically active p-f’-
linked dimers (Davin et al., 1992; Pare et al., 1994), such as pinoresinol and syringaresinol as shown
in Figure 1. Some lignans are structurally similar to dilignols, or units in oligolignols, that are
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metabolites involved in lignification (Eberhardt et al., 1993;
Pare et al., 1994; Morreel et al., 2004). Chiral (4)-pinoresinol
and (-)-pinoresinol are formed through a dirigent-protein-
mediated radical coupling of coniferyl alcohol (Halls et al.,
2004). However, racemic pinoresinol and oligomers containing
pinoresinol are often found in plant metabolites destined for
lignin, a racemic polymer that contains significant amounts
of pinoresinol substructures, especially for softwood lignins
or plants that are down-regulated in syringyl-specific genes
(Eberhardt et al., 1993; Ralph et al., 1999).

As one of the structurally simplest lignin dimers, pinoresinol
is an important nucleation site formed by the self-coupling of
coniferyl alcohol during lignification (Umezawa, 2003; Zhang
et al., 2003; Ralph J. et al., 2004; Schroeder et al., 2006; Ralph
etal,, 2008; Yue et al., 2012a). The structure is frequently present
in the lignin of woody and fibrous plants, but the amount
varies significantly in different plants. Because of its wide range
of bioactivities and its chemical structure related to lignin,
pinoresinol and its lignan analog play very important roles in
pharmaceutical research, lignin biosynthesis, and other related
studies (Umezawa, 2003; Zhang et al., 2003; Ralph J. et al., 2004;
Jung et al.,, 2006; Ralph et al., 2008; Yue et al., 2012a; Tamura
et al.,, 2014). Moreover, substantial amounts of resinol (B-p’)
structures, including pinoresinol and syringaresinol, remained
and can be identified in several technical lignins, which is
crucial to the phenolation of alkaline lignin, for example (Li
et al., 2020; Zhao et al., 2020). Studies on the biosynthesis of
pinoresinol structures in lignin, technical lignin modifications,
pinoresinol-related lignans, and pinoresinol contributions to a
healthy human diet or for disease prevention require easy access
to pinoresinol. Normally, commercially available pinoresinol is
isolated from natural sources, such as seeds of flax, sesame,
whole-grain cereals, legumes, fruits, and some vegetables.
Although pinoresinol is widely distributed in vascular plants,
the content is at low level (Umezawa, 2003; Ralph et al,
2008; Li et al, 2019). The isolation processes, which involve
a series of time-consuming and costly separation/purification
steps, are not efficient and at very low yields (such as, 2.6 mg
pinoresinol isolated from 8 kg of dried cinnamon) (Milder et al.,
2005; Li et al., 2019). It is difficult to isolate sufficient pure
pinoresinol and its derivatives from plant materials due to its
low content and the complexity of plant extractives. Therefore,
current commercial pinoresinol that is isolated from natural
sources is expensive [$281 for 10 mg (>95%), Sigma-Aldrich].
Although many synthetic routes have been proposed to make
optically active pinoresinol (Davin et al., 1992; Pare et al., 1994;
Umezawa, 2003; Feng et al., 2006, 2007; Kim et al., 2010), racemic
pinoresinol has been more often prepared from radical coupling
of coniferyl alcohol catalyzed by various oxidants including silver
oxide, ferric chloride, manganese acetate, or copper acetate,
as well as oxidative enzymes (peroxidase or laccase) (Brezny
and Alfoldi, 1982; Vermes et al., 1991; Quideau and Ralph,
1994; Zhang et al., 2003; Saliu et al., 2011; Yue et al, 2012a;
Tamura et al,, 2014). The yields of syringaresinol (analog of
pinoresinol) from radical coupling reactions has always been
much higher than those of pinoresinol because the occupied C5-
position on sinapyl alcohol prevents the production of dimers

from other coupling modes (Zhang et al., 2003). Therefore,
the difficult access to pinoresinol limits its further exploration
in research and clinical applications, and therefore a low-
cost, environmentally friendly method is required to address
this issue.

Herein we report an efficient synthetic strategy for
pinoresinol. In this method, we wused 5-bromoconiferyl
alcohol for the radical coupling reaction to produce the
B-p’-coupled compound as the main product. It is readily
crystallized and subsequently hydrodebrominated to produce
clean racemic pinoresinol.

EXPERIMENTAL
Materials and Methods

5-Bromovanillin (98%) was purchased from Acros Organics
(New Jersey, USA). Horseradish peroxidase (HRP) (EC 1.11.1.7,
181 purpurogallin units per mg solid, type II) was purchased from
Sigma Aldrich. All other chemicals and solvents used in this study
were purchased from Aldrich (Milwaukee, WI, USA) and used
as supplied.

Flash-chromatography was performed on a Biotage® Isolera
One (Biotage, Charlottesville, VA) flash-chromatography
instrument, using pre-packed (or re-packed) SNAP cartridges
(50 or 100 g of silica-gel). Thin-layer chromatography separation
was performed on 1mm normal-phase silica-gel plates,
Uniplate™ (UV 254, 20 x 20 cm). All synthesized compounds
were characterized by the usual array of NMR. NMR spectra were
acquired on a Bruker Biospin (Billerica, MA, USA) AVANCE 500
(500 MHz) spectrometer fitted with a cryogenically cooled 5 mm
TCI gradient probe with inverse geometry (proton coils closest to
the sample). Spectra were processed using Bruker’s Topspin 3.5
(Mac) software. Standard Bruker implementations of one- and
two-dimensional (gradient-selected COSY, HSQC and HMBC)
NMR experiments were used for routine structural assignments
of all synthesized compounds. Typically, 5-10mg of sample
was dissolved in about 0.5 mL deuterated solvent (acetone-dg),
and the central solvent peak (81/3¢ 2.04/29.80) was used as the
internal reference.

Synthesis of Pinoresinol
As shown in Figures 2, 3, pinoresinol was synthesized via a
simple multi-step route.

5-Bromovanillin acetate 2 was prepared by acetylation of 5-
bromovanillin 1 with pyridine and acetic anhydride (1:1, v/v),
which was accomplished in the traditional way using acetic
anhydride in pyridine (~100% yield). Compound 2, NMR
(acetone-dg, Supplementary Figure 1) 3y: 2.35 (3H, s, OAc),
3.95 (3H, s, OMe), 7.60 (1H, d, ] = 1.61, A2), 7.80 (1H, d, ] = 1.61,
A6), 9.97 (1H, s, Ha); 8c: 20.19 (OAc), 56.99 (A-OMe), 111.73
(A2), 118.45 (A5), 127.21 (A6), 136.71 (Al), 143.48 (A4), 154.33
(A3),167.60 (OAc), 190.87 (o).

Compound 3 was synthesized via a Horner-Wadsworth-
Emmons reaction (HWE reaction) from compound 2 (Ralph
et al., 1992; Brandt et al., 1998; Touchard, 2004). Briefly, NaH
(sodium hydride 60% dispersion in mineral oil, 3.62g, 90.42
mmol) was washed with 50 mL cyclohexane by stirring more than
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3 0OMe

R = H, coniferyl alcohol R =H, pinoresinol

R = OMe, sinapyl alcohol R = OMe, syringaresinol

FIGURE 1 | Traditional pathways for synthesis of pinoresinol and syringaresinol.

EtO O
O H 0 H ;/r

Br OMe Br OMe Br OMe
OH OAc OAc

1 2 3 4

FIGURE 2 | Synthesis of 5-bromoconiferyl alcohol 4. (a) pyridine, acetic anhydride; (b) NaH, triethyl phosphonoacetate, THF; (c) diisobutylaluminum hydride
(DIBAL-H), cyclohexane.

OMe

FIGURE 3 | Synthesis of pinoresinol from 5-bromoconiferyl alcohol 4. (d) H,O», peroxidase; acetone-buffer; (e) FeCls, acetone-buffer; (f) EtsN, Pd/C, Ha, methanol.
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10 min in the reaction flask and the supernatant was carefully
removed, to which 100mL THF (tetrahydrofuran anhydrous,
99.9%) was added. The resultant slurry was continuously
stirred for more than 5min at 0°C (ice-water bath) before
triethyl phosphonoacetate (10.14g, 45.22 mmol) was added
dropwise. After the addition of triethyl phosphonoacetate, the
resulting solution was well-stirred at 0°C for 20 min until
gas evolution ceased. 5-Bromovanillin acetate 2 (11.23 g, 41.11
mmol) dissolved in 10 mL THF was slowly added to the yellow
solution in ice-water bath. The reaction mixture was kept stirring
at 0°C for 1h and monitored by TLC (n-hexanes/EtOAc, 5:1,
v/v). After the reaction was completed, the excess agent was
quenched by adding 1 M aqueous HCI solution to a pH value
< 3. Then, the reaction mixture was evaporated to remove
THEF. The resultant product was re-dissolved in EtOAc and
water, and extracted with EtOAc (300 mL x 2). The combined
organic phase was washed with distilled water and saturated
NH,4CI solution, dried over anhydrous MgSOy, filtered, and
concentrated under reduced pressure at 40°C. The total recovery
of crude product was 13.45g (39.33 mmol, 95.7%). The crude
product was dissolved and recrystallized in #-hexanes/EtOAc
(5:1, v/v) to obtain crystalline compound 3 with a yield of 70.9%.
Compound 3, NMR (acetone-ds, Supplementary Figure 2) dy;:
1.27 (3H, t, ] = 7.09, Ay-OCH,Me), 2.31 (3H, s, OAc), 3.92
(3H, s, OMe), 4.20 (2H, q, ] = 7.13, Ay-OCH;,Me), 6.62 (1H,
d, J = 15.96, B), 7.49 (1H, d, ] = 1.81, A2), 7.55 (1H, d, J =
1.81, A6), 7.60 (1H, d, ] = 15.96, a); 8¢: 14.53 (Ay-OCH,Me),
20.21 (OAc), 56.87 (OMe), 60.90 (Ay-OCH;Me), 111.64 (A2),
118.02 (A5), 120.81 (B), 125.08 (A6), 135.21 (A1), 140.10 (A4),
143.08 (o), 153.84 (A3), 166.68 (Ay), 167.87 (OAc). Melting
point, 104.5-106.0°C.

Compound 4 was produced via DIBAL-H (di-iso-butyl-
aluminum hydride) reduction of ethyl 5-bromoferulate 3 in n-
hexanes as previously described (Quideau and Ralph, 1992).
Ethyl 5-bromoferulate acetate 3 (6 g, 17.54 mmol) was added into
a 500 mL reaction vessel and dissolved in 50 mL cyclohexane after
which it was kept stirring for 5min in an ice-water bath (to make
sure reaction mixture at 0 °C). DIBAL-H (105 mL, 1.0 M solution
in n-hexanes) was slowly added into the vigorously stirring
solution via syringe, reaction vessel was sealed immediately
with plastic cap after the addition. The reaction mixture turned
clear in about 10 min, and was kept stirring at 0°C (ice-water
bath) for 1h. After the consumption of starting material 3
(monitored by TLC), the reaction was carefully quenched by
with ethanol (5 mL) added dropwise at 0°C and released the gas
generated at the same time. Subsequent addition of 1 M aqueous
HCI solution until the mixture turned clear and colorless. The
final pH value of the solution was < 3, and then extracted
with EtOAc (200mL x 2). Combined extracts were washed
with saturated brine, dried over anhydrous MgSOy, filtered,
and evaporated under reduced pressure at 40°C to result in
compound 4 as light yellow oil with the isolated yield over
90%. Compound 4, NMR (acetone-ds, Supplementary Figure 3)
Su: 3.88 (3H, s, OMe), 4.20 (2H, dd, ] = 5.35, 1.68, y),
6.29 (1H, dt, ] = 15.90, 5.27; B), 6.47 (1H, dt, ] = 15.90,
1.55; o), 7.06 (1H, d, ] = 1.88, A2), 7.11 (1H, d, ] = 1.88,
A6); 3¢c: 56.56 (OMe), 63.07 (y), 108.86 (A2), 109.27 (A5),

123.58 (A6), 128.77 (), 129.80 (B), 130.96 (Al), 144.29 (A4),
149.04 (A3).

5,5'-Bromopinoresinol 5 was then prepared via two different
coupling reactions catalyzed by peroxidase or FeCls from 5-
bromoconiferyl alcohol 4 (Figure 3).

Catalyzed by Peroxidase

5-Bromoconiferyl alcohol 4 (207 mg, 0.80 mmol) was dissolved
in acetone (20mL), to which phosphate buffer (200 mL, pH
5.0) was slowly added while kept stirring. (Note: We recognize
that the buffering capacity is low for this system, but it
is non-nucleophilic, so doesn’t produce undesired quinone-
methide-trapping products, and has been used reproducibly
over many decades for radical coupling reactions, including
for the preparation of synthetic lignins.) Then, H;O,-urea
complex (38.2mg, 1.02 eq. relative to the phenols) dissolved
in buffer (~2mL) was added into the acetone-buffer system
and followed by the addition of peroxidase (0.1 mg in 1mL
buffer). The solution turned light yellow and then became
cloudy immediately after the addition of peroxidase. The reaction
mixture was continuously stirring at room temperature for
45 min until the starting material 4 disappeared (monitored by
TLC, n-hexanes/EtOAc, 1:1, v/v). The reaction was quenched
by adding 1 M aqueous HCI solution (2mL) to pH <3. 4,4’
Ethylenebisphenol (20.9mg, 0.098 mmol) was then added as
internal standard for quantification, and the resultant mixture
was extracted with EtOAc (80 mL x 3). The combined organic
phase was washed with saturated brine, dried over anhydrous
MgSOy, and concentrated under reduced pressure at 40°C.
One part of the crude product mixture (20-30 mg dissolved in
0.6 mL acetone-dg) was used for NMR directly. The calculated
yield of product 5,5 -bromopinoresinol 5 was 44.1%, based
on 'H NMR integration. Another fraction of the products
(about 55mg) was loaded onto a 1mm silica-gel plate and
developed twice with EtOAc/n-hexanes (1:1). Each isolated
product was characterized by NMR. Internal standard (5 mg)
and 15mg of 5,5 -bromopinoresinol 5 were isolated from the
TLC plate. The yield of 5,5 -bromopinoresinol 5 was 30.4% after
TLC purification.

Catalyzed by FeCl3

5-Bromoconiferyl alcohol 4 (104 mg, 0.4 mmol) was dissolved
in acetone (12.5mL) to which phosphate buffer (125mL, pH
5.02) was added. Then, iron (III) chloride (FeCls, 65mg, 1.0
eq. relative to the phenols) dissolved in buffer (1-2mL) was
added into the acetone-buffer system. The reaction system
was kept stirring at room temperature for 60 min until TLC
(n-hexanes/EtOAc, 1:1, v/v) showed no starting material 4
remaining. Then, 4,4’-ethylenebisphenol (10.51 mg, 0.049 mmol)
was added into the reaction mixture as an internal standard.
Following the same workup procedure as for the peroxidase-
catalyzed reaction, the crude product was used for NMR
measurement and TLC purification. The calculated yield of
product 5,5'-bromopinoresinol 5 was 30.1% (based on 'H NMR
integration) whereas the isolated yield was 20.4% (by TLC
plate separation).
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Scaled-Up Coupling Reaction of 5-Bromoconiferyl
Alcohol 4
Scaled-up coupling of 5-bromoconiferyl alcohol 4 was carried out
under the peroxidase-catalyzed condition as abovementioned.
Briefly, 5-bromoconiferyl alcohol 4 (4.08g, 15.75 mmol) was
dissolved in acetone-phosphate buffer system (500 mL/2L,
v/v), followed by the addition of HyO,-urea complex (814 mg,
8.66 mmol) and peroxidase (10 mg) dissolved in the buffer,
respectively. After the addition of peroxidase, the solution
turned bright yellow immediately and then became a yellow
slurry in 2min. The reaction mixture was kept stirring at
room temperature and monitored by TLC (n-hexanes/EtOAc,
1:1, v/v). The reaction was quenched when it was completed
by adding 1M aqueous HCl to pH <3 and then the
acetone was evaporated. The resulting mixture was extracted
with EtOAc (400mL x 3). The combined organic phase
was washed with brine, dried over anhydrous MgSO4, and
concentrated under reduced pressure. The crude product was
purified by flash-chromatography (Biotage, 100g silica gel
column X 2) using n-hexanes/EtOAc (1:1, v/v) to obtain
compound 5,5 -bromopinoresinol 5. Compound 5 was then
re-dissolved and crystallized from ethanol, with an isolated
crystalline yield of 24.6%. Compound 5, NMR (acetone-dg,
Supplementary Figure 4) 8y: 3.10 (2H, m, B), 3.84 2H, d, ] =
3.68, y1), 3.85 (6H, s, OMe), 4.22 (2H, m, y2), 4.69 (2H, d, ] =
4.10, o), 6.99 (2H, d, ] = 1.86, A2), 7.11 (2H, dd, ] = 1.88, 0.51;
A6); d¢: 55.03 (B), 56.60 (OMe), 72.29 (y), 85.77 (o), 108.99 (A5),
109.38 (A2), 122.64 (A6), 134.99 (A1), 144.05 (A4), 148.91 (A3).
Melting point, 210.2-211.5°C.

Pinoresinol 6 was produced via debromination of compound
5 under catalytic hydrogenation conditions at the presence of
palladium on activated carbon (Pd/C, 10 wt% loading) and
Et3N in methanol (Sajiki et al., 2002). 5,5’ -Bromopinoresinol
5 (810mg, 1.57 mmol) was dissolved in 80mL methanol
(1% solution of compound 5) with stirring, followed by the
addition of Et3N (381.3mg, 3.77 mmol, 1.2 eq. vs. bromine)
and Pd/C (24.3mg, 10% Palladium on activated carbon, 3%
of the weight of the aromatic bromide). The resulting mixture
was kept stirring under a hydrogen-filled balloon for 2h until
TLC (CH,Cl,/MeOH, 20:1, v/v) showed that all compound 5
had been consumed. The solid catalyst was filtered off using a
polyamide membrane (Whatman, 0.2 jum). The resulting filtrate
was evaporated to remove methanol, then extracted with distilled
water and EtOAc (100 mL x 2). The combined organic phase
was washed with saturated NH4Cl, dried over anhydrous MgSOy,
and concentrated under reduced pressure at 40°C to obtain
pinoresinol 6 (560 mg, 1.57 mmol) as a light-yellow oil with
the isolated yield of ~100%. The obtained pinoresinol could be
crystalized from the oily state (kept in refrigerator for along time)
or recrystallized in ethanol/n-hexanes and gave white crystals.
Compound 6, NMR (acetone-dg, Supplementary Figure 5) 8y:
3.07 (2H, m, B), 3.79 (2H, dd, J = 9.05, 3.80, y1), 3.83 (6H, s,
OMe), 4.19 (2H, m, y2),4.66 (2H, d, ] = 4.32,®), 6.78 (2H, d, ] =
8.01, A5), 6.83 (2H, dd, ] = 8.15, 1.94; A6), 6.98 (2H, d, ] = 1.93,
A2), 7.53 (Ar-OH); 8¢: 55.16 (B), 56.14 (OMe), 72.12 (y), 86.56
(), 110.47 (A2), 115.46 (A5), 119.54 (A6), 134.08 (A1), 146.76

(A4), 148.21 (A3). The NMR data of compound 6 are consistent
with the previously published data (Ralph S. et al., 2004). Melting
point, 113.5-114.5°C.

RESULTS AND DISCUSSION

Synthesis of 5,5’ -Bromopinoresinol 5

As described above, pinoresinol can be produced by
dehydrodimerization of coniferyl alcohol in lignin biosynthesis.
Many synthetic routes have been proposed to make optically
active or racemic pinoresinol via chemical or enzymatic
syntheses by radical coupling of coniferyl alcohol (Brezny and
Alfoldi, 1982; Vermes et al., 1991; Davin et al., 1992; Pare et al,,
1994; Umezawa, 2003; Zhang et al., 2003; Kim et al., 2006; Saliu
et al, 2011; Yue et al.,, 2012a; Tamura et al., 2014; Ricklefs et al.,
2015). Currently, the most commonly used approaches for the
synthesis of pinoresinol are using oxidative enzymes (peroxidase
or laccase) to catalyze coniferyl alcohol dimerization, though
with poor selectivity and yield. The highest yield of pinoresinol
that can be achieved by coupling of coniferyl alcohol is reported
to be no more than 13% (Ricklefs et al., 2015). The low yield
and selectivity resulted in difficult isolation and purification of
pinoresinol from the crude mixtures (Sih et al.,, 1976; Vermes
et al., 1991; Davin et al., 1992; Fukuhara et al., 2013). Another
reason for the high cost of pinoresinol is that the starting material
(coniferyl alcohol) of these reactions is also expensive. On the
other hand, syringaresinol that results from homo-coupling of
sinapyl alcohol was at much better selectivity and yield. The
logical reason is that the substitution by the methoxyl group on
the aromatic C-5 position prevents coupling reactions at this site
and therefore reduces the number of possible coupling routes,
leading to higher selectivity (Vermes et al., 1991; Zhang et al,,
2003). This indicates that an ideal way to improve the synthesis
of pinoresinol is to suppress the undesired side-reactions by
substitution at the C-5 position. We therefore decided to use
the 5-bromo analog as a starting substrate anticipating the
subsequent efficient elimination of aryl bromine.

Accordingly, an efficient synthetic approach was designed
to synthesize pinoresinol with higher yield than that of the
conventional radical coupling pathway from coniferyl alcohol
(Figures 2, 3). 5-Bromoconiferyl alcohol 4 was used to make
5,5'-bromopinoresinol 5 via a peroxidase-mediated radical
coupling reaction for the purpose of producing less complex
product mixtures. In this study, we used 5-bromovanillin 1
as starting material as the bromine protects the aromatic C-
5 position. Acetylation of 5-bromovanillin 1 using pyridine
and acetic anhydride gave a quantitative conversation yield
of bromovanillin acetate 2. Next, an HWE reaction (using
triethyl phosphonoacetate) was carried out to produce ethyl 5-
bromoferulate 3 from compound 2. The HWE reaction is a
variation of the Wittig olefination reactions (Brandt et al., 1998).
It is a chemical reaction of stabilized phosphonate carbanions
with aldehydes (or ketones) to produce predominantly (E)-
alkenes, and is most commonly applied to triesters of
phosphono-acetic acid that leads to o,B-unsaturated esters. In
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contrast to phosphonium ylides used in the Wittig reaction,
phosphonate-stabilized carbanions are more nucleophilic and
more basic. Likewise, phosphonate-stabilized carbanions can
be alkylated, unlike phosphonium ylides the dialkylphosphate
salt by-product is easily removed by aqueous extraction
(Maryanoff and Reitz, 1989). In this approach, excess triethyl
phosphonoacetate was added to the reaction solution to ensure
the complete conversion of compound 2 as the phosphonate can
be easily removed during a workup procedure. After the reaction,
the obtained product was pure enough for the next step without
requiring further purification. The total recovery yield of ethyl
5-bromoferulate 3 achieved 95.7%, and the yield for crystalline
products was 70.9%. The following step was DIBAL-H reduction
of ethyl 5-bromoferulate 3 to produce 5-bromoconiferyl alcohol
4 with a yield of over 90%. DIBAL-H, being a liquid and miscible
in numerous solvents, is a unique and versatile organometallic
hydride that has been widely used as reduction reagent for the
preparation of fine organic chemicals and pharmaceuticals (Self
et al., 1990; Quideau and Ralph, 1992; Yue et al., 2012a). For
the reduction of compound 3, DIBAL-H in n-hexanes (1.0 M
solution in n-hexanes) solution was used instead of DIBAL-H in
toluene. Although no significant difference on reaction activity
between DIBAL-H hexane solution and toluene solution, using
the n-hexanes solution simplifies the work-up procedure since it
can easily form phase separation from water during extraction
(Quideau and Ralph, 1992). It is important to note that the
reaction should be slowly quenched with ethanol first, and then
fully quenched with dilute HCI (1 M). Both ethanol and dilute
HCI were added carefully and slowly while the reaction mixture
was placed in ice-water bath and stirred vigorously. Ethanol was
first added to degrade excess DIBAL-H and cleave the aluminum-
oxygen bond. No precipitates can be observed during the ethanol
quenching stage. Aqueous 1 M HCI was then slowly added and
white precipitates quickly generated, and continued until the
precipitates disappeared (normally when pH <3). In particular,
the reaction during quenching process, to some extent, was
delayed when adding ethanol and dilute HCI, Slow additions of
ethanol and dilute HCl are therefore necessary to avoid the rapid
generation of gas. Concentrated HCI is not recommended for
the quenching process as it will destroy the product. This step
provided a high yield and purity of 5-bromoconiferyl alcohol
4 in 90% of yield with almost 100% for purity. As the 5-
bromoconiferyl alcohol 4 is not stable to long-term storage, it
should be used immediately for the next coupling reaction.

For the synthesis of pinoresinol and syringaresinol, radical
coupling of coniferyl alcohol and sinapyl alcohol catalyzed
by peroxidase(s) in the presence of H,O, are the traditional
methods (Vermes et al, 1991; Davin et al, 1992; Zhang
et al, 2003). In this study, for a better comparison purpose,
coupling reactions of 5-bromoconiferyl alcohol 4 catalyzed by
two different catalysts, peroxidase and FeCls, were studied.
Quantitative 'H NMR characterization showed that the yield
of 5,5'-bromopinoresinol 5 catalyzed by peroxidase was 44.1%,
which was much higher than that of coupling of coniferyl
alcohol (at most 10-12%) (Vermes et al., 1991; Quideau and
Ralph, 1994; Ricklefs et al., 2015). The 5,5 -bromopinoresinol

5 can be purified by TLC separation to give 30.4% isolation
yield and by recrystallization in hexane/ethanol to give 24.6%
crystal yield. For the radical coupling catalyzed by FeCls,
the yield of 5,5'-bromopinoresinol was 30.1% from 'H NMR,
not 58% as reported previously (Brezny and Alfoldi, 1982).
In this case, the isolated yield from TLC purification was
20%, accounting for about 66% of the total obtained 5,5'-
bromopinoresinol, which was consistent with the case using
peroxidase as catalyst.

By comparison, the yield of 5,5'-bromopinoresinol obtained
via peroxidase-catalyzed radical coupling was higher, about 1.5
times, than that from FeCl; catalyzed coupling. Nevertheless,
in contrast to sinapyl alcohol, the B-pf’ bond formation was
not the dominant radical coupling pathway for the coupling
reaction of 5-bromoconiferyl alcohol. More side-reactions
than expected still occurred even with the aromatic C-5
position blocked by bromine, such as f-O-4 dimer, etc. (see
Supplementary Figure 6). Additionally, it is worth pointing out
that, the molar equivalents of H,O; used and the reaction time
are two key variables in the radical coupling reactions. There
will be no pinoresinol formed if H,O, was omitted, whereas
the product will be polymerized (deeply colored precipitates)
with sharply decreased pinoresinol yields (lower than 10%) as
reaction time increased once the H,O, was overcharged. In this
study, 1.1 equivalents (relative to the phenols) of H,O, were
used to ensure full conversion of 5-bromoconiferyl alcohol 4
but to avoid further coupling reactions beyond dimerization.
The reaction was quenched after 45 min to minimize formation
of oligomers. After the normal workup procedure, crystalline
product 5,5'-bromopinoresinol 5 was easily obtained after
column purification.

Debromination of 5,5 -Bromopinoresinol 5
In the last step, a mild and efficient one-pot method was modified
and used for the hydrodebromination of 5,5’ -bromopinoresinol 5
(Sajiki et al., 2002). The reaction proceeded at room temperature
under catalytic hydrogenation conditions, which gave a nearly
100% yield of the required product. It is worth pointing out
that the pinoresinol obtained after hydro-debromination was
pure enough to crystalize without initial purification. No side-
reactions occurred during the debromination, and the NMR
spectra of the final product confirmed the near 100% purity of
the pinoresinol.

CONCLUSION

In summary, we have developed a feasible method for the
synthesis of pinoresinol with higher yield than that of previous
studies. The formation of the p-p’ bond during radical coupling
was greatly improved by using 5-bromoconiferyl alcohol, an
aromatic compound in which the C-5 position is protected by
bromine, over the conventional use of coniferyl alcohol. The
yield of 5,5'-bromopinoresinol 5 (which can be quantitatively
converted into pinoresinol) obtained via peroxidase-catalyzed
radical coupling was much higher than that via an FeCl;s-
catalyzed reaction. With the relatively higher yield, it provides
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a feasible way to obtain pinoresinol on a large scale, which
will benefit the various research activities on pinoresinol
structural characterization in lignins, in human nutrition, and for
pharmacological applications.
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