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Bakuchiol is an emblematic meroterpene class of natural product extracted from Psoralea corylifolia. It has
been reported to possess a broad range of biological and pharmacological properties and is considered as
a leading biomolecule. It is highly desirable to devise an efficient approach to access bakuchiol and its
chemical biology applications. In this review we provided structural features, isolation methods, various
chemical routes and late-stage functionalization (LSF) approaches for bakuchiol and its derivatives.
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1. Introduction

Investigation of natural products plays a vital role in the field of
drug research and development as a source of new effective life
saving drugs.’ In general, the natural product research covers
isolation, chemical synthesis and their biological properties.
These studies are mutually beneficial and are often carried out
independently.” Bakuchiol is an meroterpenoid class of natural
product (Fig. 1). Since its discovery and isolation in 1966,
bakuchiol and its chemically modified analogues have been
recognised to facilitate a multitude of biological properties like
anticancer,® antioxidant,”® estrogenic,® antimicrobial,” liver
protective,® human carboxylesterase 2 (hCE2) inhibitory,”
immune-suppressive activities'® etc. Moreover, this scaffold is
generating lot of interest in the skincare world because of its
retinol like functionality.”* Bakuchiol is found to have no or
little side effects when compared to retinoids, thus replacing
the latter from the place of top anti-ageing molecule.”” This
evidence suggests that bakuchiol has potential for further
development, application and research.

Like every natural products, the lack of suitable isolation and
purification methods, low concentration in natural sources are

Fig. 1 Structure of (+)-bakuchiol.
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and future perspectives of bakuchiol

increasing their demand and restricts the usage. Thus, organic
chemists are now involved in the development of new synthetic
routes for the production of bakuchiol and their analogues. The
construction of its carbon tetra alkylated stereocenter is the key
step in the total synthesis.’* This goal have been achieved
through several strategies. This review gives an insight into the
isolation, various synthetic routes and functionalization
approaches in the production of bakuchiol and their analogues.
Overall, this review throws light on the structure-activity rela-
tionship, and the important applications of bakuchiol to
science and society foreseeing the future prospectives.

2. Occurrence and isolation

Bakuchiol (Syn. Chiba) was first extracted from the seeds of
Psoralea  corylifolia L. Medik (Bakuchi, now Cullen
corylifolium L.) by a team of scientists at the Indian Institute of
Chemical Technology (IICT). This plant belongs to Fabaceae
family and it has long been a part of Indian and Chinese
medicine." The other plant sources of bakuchiol includes Pro-
sopis glandulosa,**® Otholobium pubescens,**® Pimelea drupacea,*™
Ulmus davidiana,”*® Piper longum,*** Aerva sanguinolenta,¥
Fructus psoraleae,**® Psoralidium tenuiflorum,*" Bridelia retusa,*™
Elaeagnus bockii,*¥ Spiraea formosana,** and Nepeta angustifo-
lia.*® Among these, P. corylifolia is currently the only natural
source for obtaining bakuchiol on a larger scale.'® Bakuchiol is
the most abundant compound in this species, which accounts
for 6.24% weight of the dried seed."” Other than bakuchiol, P.
corylifolia  serves as a source of several other
meroterpenoids.*®*

In general bakuchiol isolation was performed by cold or hot
extraction with suitable solvents and purified through repeated
column chromatography.*® There are number of factors which
limits the wuse of bakuchiol due primarily to its low
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Scheme 1 Method for isolation of natural bakuchiol.

concentration in natural sources, as well as the co-existence of
phototoxic agents such as psoralen, isopsoralen and other
coumarin type compounds increasing the sensitivity of skin to
ultra violet radiation and promotes skin cancer.”®

However, Jia and Hong,** developed improved method for the
large scale isolation, purification and analysis of bakuchiol from
P. corylifolia seeds. As illustrated by the following Scheme 1, the
base hydrolysis opens up the lactone ring of the furanocoumarins
(psoralen and isopsoralen), thereby converting them into the
corresponding salts of carboxylic acids, which can then be easily
separated from the remainder of the mixture by a water workup.**
The bakuchiol obtained in the organic layer appears as a dark
blue spot under excitation at 254 nm and was obtained as a clear
colourless oil. The extraction methods and techniques do play
a major role in isolation of bakuchiol from P. corylifolia seeds. In
solvent based extractions, bakuchiol percentage was found to be
higher in non polar solvent like petroleum ether, suggesting that
non polar solvents are best suitable one for the extraction of
bakuchiol in large scale from the seeds of P. corylifolia.

The use of green solvents minimizes the risk during extrac-
tion and is safe to handle. Most organic solvents are flammable,
volatile, and often toxic and are responsible for environmental
pollution and the greenhouse effect. The green method of
separation has gained remarkable interest among the scientific
community in recent years. Extraction of bakuchiol with
advanced methods was rarely explored. A study on ultrasonic
assisted”® and supercritical CO, extraction®® of bakuchiol re-
ported highest yield when compared with other conventional
methods. Further, many advanced extraction techniques
(microwaves, ultrasonic, pressurized liquids, supercritical
fluids, and electric fields etc.) showed many advantages,* such
as reduction in energy and solvent consumption, increased
efficiency and selectivity, thereby meeting the increased market
demands and eco-friendliness.

Therefore, more research efforts have to be taken for the
development of effective green protocols to isolate bakuchiol
from natural resources with high purity. The research areas
such as (i) to improve and optimize existing processes (ii) to
innovate in processes and procedures, and (iii) to find alterna-
tive solvents etc. has to be focused to develop an eco-friendly
green and economically feasible protocol.
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3. Biosynthesis

Bakuchiol has their own structural and chemical diversity,
which is produced in nature from a mixed biosynthetic pathway
involving combination of isoprene-based and amino acid based
building blocks (Scheme 2). Looking to the structure, bakuchiol
has aside chain atom, isoprenoid in nature and an aromatic
ring, along with the two carbon side chains. Banerji and Chin-
talwar conducted experimental studies?**? on two to three
month-old mature plants of P. corylifolia using different
labelled precursors. This systematic study showed that the
aromatic ring of bakuchiol is derived from a phenylpropane
pathway and monoterpene side chain is derived from mevalo-
nate pathway (MVA). The distribution of labels in the iso-
pentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate
(DMAPP) moieties are found to be equal. Leucine gets incor-
porated into bakuchiol with extensive randomisation.

4. Structure-—activity relationship
(SAR)

The multiple bioactivity of bakuchiol depends on its chemical
entities. Structurally, bakuchiol (4-(3-ethenyl-3,7-dimethyl-1,6-
octadienyl)-phenol) is partly phenolic and partly terpene
(phenol unit in conjunction with terpene), hence it is

Phenylpropane pathway

/@/\/COOH
HO

p-Coumaric acid

Mevalonate pathway

)\A)MOPP

GPP

Scheme 2 Biosynthesis of bakuchiol.
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a meroterpene combining those two structural elements in
a single molecule. In other words, the structure consists of
a single hydroxyl group on the aromatic ring and an unsatu-
rated hydrocarbon chain (at para-position) with three olefinic
linkages and one tetra-alkylated (all-carbon) quaternary stereo-
center.® One of the olefinic linkage (styryl) is conjugated with
the aromatic ring and the absolute configuration (asymmetric
stereocenter) is shown to possess (S)-chirality in its chemical
structure.”” The long hydrophobic alkane chain of bakuchiol
leads to its poor water solubility and druggability.”® Where as,
the phenolic hydroxyl group of bakuchiol is able to combine
with endogenous molecules (glucuronic acid and glycine) via
covalent bonds, resulting in enhanced first-pass metabolism.*
The structural units and physicochemical properties (Lipinski's
rule)*® of bakuchiol demonstrating its drug-likeness are illus-
trated in Table 1.

Depending upon the structural variation, more or less
similar group of compounds shows divergent biological activi-
ties. There is a relationship between molecular structures and
their biological activity, and this principle is referred to as
structure activity relationship (SAR).** The bioactivity of
a bakuchiol molecule can often be predicted from its molecular
entities (pharmacophores) using data about other similar

Table 1 Chemical structure and physicochemical properties of
(+)-(S)-bakuchiol

Vinyl groups

Aryl C-H bond
ortho to phenolic OH

Isopropylidene
groups

Stereocenter

Phenolic” Aryl C-H bond
-OH group meta to phenolic OH
No. Physicochemical properties
1 3D structure

2 Molecular mass 256 Da
3 Molecular formula Cy3H,,0
4 Molecule class Mono-terpenoid
5 H-bond acceptor 1
6 H-bond donor 1
7 Rotatable bond 6
8 Stereocenter 1
9 Molar refractivity 84.10
10 ilog P 3.54
Structural similarity HO Functional similarity

X
S8 OH OH

Resveratrol Retinol

HO'

© 2022 The Author(s). Published by the Royal Society of Chemistry
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molecules like resveratrol. Bakuchiol has structural similarities
with resveratrol, both having a 4-hydroxystyryl moiety. More-
over, this styryl moiety linked pyrone, chromene and quinazo-
line derivatives reported potent biological properties.**
Therefore, the presence of similar pharmacophore in the
bakuchiol moiety suggests that it may also show similar activ-
ities of resveratrol and related molecules.*

It has been found that the biological activity of bakuchiol
depends significantly on the structural determinants such as (i)
phenolic Csp>~OH group, (ii) vinyl groups (iii) stereoisomeric
and (iv) terpenic chains. These structural features are essential
in the interactions between substrate and its target protein/site.
Swiss-Target Prediction®* provided a set of suggestions of
potential molecular targets for bakuchiol (Fig. 2). There are
limited reports on molecular docking of bakuchiol with
different targets,* and the details were described in Table 2. In
addition, structural modification via late-stage functionaliza-
tion (LSF) on Csp®-OH, phenolic C-H bonds, vinyl and iso-
propylidene groups of bakuchiol revealed their great potential
and bioactivity (Table 3).**® We here described the structure-
activity relationships of bakuchiol and its analogues.

Bakuchiol is known to be very effective in the inhibition of
oxidative stress. Many researchers reported the action of
bakuchiol in preventing the mitochondrial lipid peroxidation
and the protection of other enzymes from the oxidative
stress.*** This action of bakuchiol in preventing the oxidative
stress is highly co-related to its structure, as the phenoxy Csp-
OH group would contribute in trapping lipid peroxy radicals.
The Csp>~OH group is conjugated to a double bond (like
resveratrol) leading to a stronger stabilization of bakuchiol
radical as compared to other phenolics. It has a terpenoid side-
chain at the para-position of the phenoxy ~OH group, providing
an affinity for hydrophobic enviornments.*® From a proposed
antioxidant mechanism of bakuchiol, it was found that the
terpenoid chain with an easily abstractable hydrogen atom
adjacent to its trisubstituted olefin linkage is giving it an
enhanced antioxidant activity. The other two double bonds
appear to be insignificant when comes to the antioxidant
property. Bakuchiol can be considered to possess two antioxi-
dant pharmacophores through the phenolic -OH group and the
terpenoid functionality. The terpenoid substituent of

Swiss-Target Prediction

16.0%

32.0%

12.0%

o
40% 4 oo 4.0% 0%

B Enzyme 3 Nuclear receptor
1 Electrochemical transporter [ Family C G protein-coupled receptor
Oxidoreductase M Reader

Surface antigen M Transmembrane 1-electron transfer carriers

I FamilyA G protein-coupled receptor
Other cytosolic protein
Kinase

Fig. 2 Predicted molecular targets of bakuchiol.
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Table 2 Molecular docking of bakuchiol with different targets
S. Hydrogen boning with
no. Target Structure residue Hydrophobic bonding with residue Reference
1 DNA polymerase (alpha) Asp1004 DG111, DC11, Gly958, Tyr865 and Tyr957 35a
Gly6, Ala17, 1le18 21 27, Gly29, Trp30 d
2 BthTX-I (20QD) Asp48 and Cys44 Hi}; o al7, Ile18, Tyr21, Tyr27, Gly29, Trp30, and -,
Transcriptional activator Ala50, Ala 127, Ile52, Leu36, Leu125, Cys79, and
3 . Asp73 56 and 64 ! ’ ! ! ’ ’ 30
protein (LasR) sp73, Tyr56 and Tyr val76
Estrogen receptor 1 alpha Leu391, Phe404, Leu387, Leu346, Met421, Ile424,
 (Esn1) Glu3s3 and Argd%4 | 555 and Gly521 34
Hematopoietic cell kinase
5 (Hek) Met341 Leu273, Phe278, Val281, Val323, Leu393 and Ala403 35c¢
6 Mitogen-activated protein  Met109 Val30, Tyr35, Val38, Ala51, Leu75, Ile84, Leu167, and 35¢

kinasep (p38a)

7  Tyrosinase inhibitors (2Y9X)

bakuchiol, being an electron-donating group, is expected to
reduce the bond dissociation enthalpy (BDE) of its phenolic
moiety, which inturn enhances its antioxidant activity.

Thus, besides the phenolic group, the lipophilic alkenic side
chain may also play a vital role in the antioxidant properties.’”

Chen and co-workers (2008) found that C(12) and C(13) of
bakuchiol was potential sites to be modified, that could improve
the inhibitory activity and the introduction of conjugated
groups to the C(3) position of the phenol led to higher immu-
nosuppressive activity. The electron-withdrawing group -NO,
and electron-donating groups -CH,OH and -NH, at C(3) posi-
tion did not cause obvious change of the inhibitory effect but
improved the cytotoxicity. The chiral quaternary center (C-9)
also showed increased cytotoxicity.**

A study describing the structure-cytotoxic activity relation-
ships clarified that an alkyl group was necessary for bakuchiol
to be cytotoxically active against L929 cells. Moreover, this to
study showed that double bond in the unsaturated hydrocarbon
group exerted little influence on the cytotoxic activity.®* In

8818 | RSC Adv, 2022, 12, 8815-8832

Leul71

His84, His93, His243, His258, His294, His295,

Phe291 and Phe263 35d

another study, bakuchiol showed enantiomer-selective anti-
viral,*® and anticancer activities.** They found that the S-isomer
displayed far better activity than the R-isomer.

Reddy et al. evaluated the antibacterial activity of modified
bakuchiol derivatives. From the SAR point of view, several
inferences could be drawn such as (i) disturbing the phenolic
character or the substitution pattern in the phenyl part of
bakuchiol showed its high sensitivity towards modification with
undesired results, (ii) modification at the isopropylidene group
also showed discouraging results. These results points out the
specificity of the structural modification and how it influences
the different activities. However, modification at ethylene group
at C(18) proved to be a good strategy to harvest very potent
antibacterial molecules. This study also showed that rein-
forcement of an additional C(4) hydroxyphenyl or mono
methoxyphenyl moiety (modified at C(18) position) plays an
important role for the enhancement of activity. Disubstitution
either in phenolic ring or in modified ring showed a decrease in
the overall inhibitory activity against the tested pathogens.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Selected functionalized bakuchiol analogues and its functionalization sites and its up-regulated activity

S. Selected modified

no. analogues Functionality and modified site

Up-regulated activity Reference

_~ OH

NS

O-Methylation at phenolic -OH (site-I) and aryl group introduced at ethenyl

Anti-proliferative

1 . . 41
<o group (site-I1I) activity
|
S N =z
. Lo . . . Anti-proliferative
2 [1,3] oxazine ring introduced at phenolic -OH and phenolic 0-CH (site-I) activity 44
3 Cationic group introduced at phenolic -OH (site-I) Anti-microbial activity 46
. . . . . Anti-proliferati
4 Electron withdrawing gp introduced at C(3) position (site-I) acttivilzyo erative 42
Lo . . . - . . Anti-proliferati
5 Pyridine substituted piperazine moiety introduced at C(3) position (site-I) acttiviliyo erative 45
Anti-proliferation
P 43

OR

Later, they tested anticancer activity of bakuchiol analogs
comprising of acyl, amino, halo, nitro, styryl and cyclized
products. Results showed that addition of styryl moiety at vinyl
group enhanced the anticancer activity.*'

In another study on anti-proliferative activity against human
liver cancer cell line (HepG2), the SAR indicate that (i) the
substitution pattern in the phenolic part of bakuchiol showed
sensitivity towards modification with promising results at C(3)
position; (ii) modification at the isopropylidene group showed
a moderate activity, (iii) the modification at terminal olefin
resulted in greater potency when an electrophilic group was
present. Furthermore, the study showed that addition of
a hydroxyphenyl or mono methoxyphenyl moiety at C(4) plays
an important role in the anti-proliferative activity.*” Similarly,
Ryu and co-workers found that modification of double bond at
isopropylidene group was a critical pharmacophore for the
inhibitory activity on the proliferation of tumor cell lines such
as A549, SK-OV-3 and SK-MEL-2.** Sangwan et al. studied the
structure-activity relationship between Mannich-type deriva-
tives of bakuchiol (substitution at ortho position of phenol

© 2022 The Author(s). Published by the Royal Society of Chemistry

Aryl group introduced at ethenyl group (site-III)

activity

Anti-microbial activity 41

group) with four human cancer cell lines (MIA-Pa-Ca-2, HCT-
116, MCF-7 and HL-60). It revealed that aliphatic primary
amine analogs showed better anticancer effects than parent
molecule as well as aromatic primary amine analogs. Among
the aliphatic straight chain primary amine analogs, cytotoxic
activity was found to be enhanced with increase in the number
of carbon atoms along the chain length as better inhibitory
effect was displayed.** Later, they synthesized another set of
ortho functionalized Mannich derivatives of bakuchiol. The
compounds with free -OH and ~-COOH groups in aminoalkyl
moiety of bakuchiol analogs enhanced the anticancer activity.
Furthermore, N-substituted piperazine derivative with 4-pyri-
dine substitution was found most potent and induces apoptosis
in lung cancer cells (A549) via caspase activation and PARP-1
cleavage.* Recently, Lin et al. (2021) designed and synthesized
a series of new membrane-active O-alkylated bakuchiol deriva-
tives by biomimicking the structure and function of cationic
antibacterial peptides. They assumed that the incorporated
basic cationic group could enhance the interaction between
bakuchiol derivatives and negatively charged bacterial cell

RSC Adv, 2022, 12, 8815-8832 | 8819
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membrane via electrostatic interaction and then the iso-
pentenyl lipid chain and the benzene ring can be inserted into
the phospholipid bilayer of the bacterial cell membrane, which
destroys the integrity of the bacterial cell membrane, leading to
the leakage of bacterial intracellular contents and bacterial
death.*® These findings indicate that bakuchiol represents an
ideal bioactive scaffold for the synthesis of potent analogs and
their SAR studies.

The late-stage functionalization (LSF) of bakuchiol is
a powerful tool to speed up the synthesis of potent derivatives of
bakuchiol. The recent developments in LSF on bakuchiol were
described in Section 6. It has been found that the key func-
tionalities such as phenolic -OH group, phenolic ortho-C-H
bonds, vinyl and isopropylidene groups embodied in bakuchiol
and it makes structural modification. The structurally modified
analogues showed remarkably higher activity which depends
upon the upcoming functional groups. During structural
modification, there is a chance of elevation in hydrophilic
character and the change of topology, which may effect its
potential bioactivity profile.

5. Chemical synthesis

Since its discovery in 1966,® several approaches towards the
synthesis of bakuchiol have been developed. From the synthetic
perspective, the stereochemistry is one of the most important
feature and the construction of tetra-alkylated carbon stereo-
center is the key step in the total synthesis and enantioselective
construction of all-carbon quaternary stereocenters itself is
considered a challenging task.*®* Moreover, installation of
alkenyl groups C(17-18) at sterically hindered positions*® also
make additional level of difficulty in the total synthesis.

The stereoselective catalysis for the creation of all-carbon
quaternary stereogenic centers in bakuchiol systems were
developed in the last decade showing the contemporary interest
of this molecule. Recently, enantioselective catalysis reflect the
constant strive and creativity in the design and execution of
carbon stereocenter. The Claisen rearrangement of geranyl enol
ether, 1,4-addition of vinylcuprate species with «,B-unsaturated
carbonyl compound, rearrangement of epoxy silyl ether, intra-
molecular diazosulfonate carbene insertion into a tertiary C-H
bond, Cu-catalyzed Sy2'-type allylic substitution, a-alkylation of
a,B-unsaturated amide, allylmetalation, allylboration, hydro-
boration of allylic phosphonates with pinacolborane and diazo
compounds with boronic acids are existing methods. Herein we
sequentially discussed the various strategies and approaches.

After the isolation and structural elucidation of bakuchiol
from P. corylifolia, Damodaran and Dev (1967) reported a three-
step synthesis of methyl ether derivative of bakuchiol starting
from geraniol (Scheme 3).*° Initially, geraniol (2) is treated with
ethyl vinyl ether 3 to affords corresponding geraniol enol ether 4
in 56% yield. Further, it undergo thermal reaction (Claisen
rearrangement) to furnish aldehyde 5 along with quaternary
carbon center, subsequently compound 5 undergoes reaction
with p-methoxyphehyl magnesium bromide (6) to give alcohol
and which on dehydration with alumina afford rec-methyl ether
of bakuchiol (7).

8820 | RSC Adv, 2022, 12, 8815-8832
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Scheme 3 Damodaran and Dev's methods for rac-bakuchiol methyl
ether synthesis.

In the same year, Carnduff and Miller (1967)** reported the
first total synthesis of rac-bakuchiol. They also used geraniol (2)
for the construction of terpene unit. In this rearrangement
strategy, p-methoxyacetophenone diethyl acetal was heated (160
°C) with 2 and in the presence of mercuric acetate in diglyme to
resulting methoxyacetophenone enol ether. Further, in situ
Claisen rearrangement reaction of enol ether to form corre-
sponding ketone with quaternary carbon center of bakuchiol
(9). After reduction, elimination affords racemic bakuchiol
methyl ether (7, 76%). Finally, removal of the methyl protecting
group (demethylation) was achieved through 2 under reflux
with Grignard reagent under solvent-free and high temperature
conditions (Scheme 4).

Later, Takano group (1990)** demonstrated the first enan-
tioselective synthesis of (+)-bakuchiol, starting from treatment
of chiral (S)-O-benzylglycidol (10) with methyl lithiopropiolate
in the presence of boron trifluoride etherate to form 11 which
was then cyclized to form o-B-unsaturated-d-lactone 12. The key
step to form the chiral center of bakuchiol was the reaction of 3-
lactone 12 with vinylmagnesium bromide in the presence of
copper(i) iodide which proceeded in a stereoselective fashion
from the stereoelectronically favorable face of the molecule to
give the d-lactone 13 with a quaternary center. This is the
quaternary center that makes up the heart of the bakuchiol
molecule. The total synthesis of enantio-enriched bakuchiol
was completed by manipulating the molecule around the chiral
center in a total of twelve steps with an overall yield of 16%. This
method required the purchase of chiral starting material to
facilitate the establishment of the chiral quaternary center of
bakuchiol (Scheme 5).

OMe
N-"0H
Hg(OAc),
. SO o
Diglyme
8 | 2
160°C, 2 hr.  MeO
o o™ a) NaBH,
b) POCl,,
N py., reflux
Me CH3Mgl
X"\ 175°C, 15 min
HO 1 MeO

Scheme 4 Carnduff and Miller's first total synthesis for rac-bakuchiol.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Bu,AlH Meg vy Meg /©/
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THF,-80°C
—_—
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HO
MeSO0,Cl, Et,N
4-N,N-dimethylaminopyridine
1 MeMgl Me CH,Cl,, rt Me
(S)-(+)-bakuchiol 175°C, 1_0 min. 67%
89% yield
MeO MeO

Scheme 5 Takano and co-workers enantioselective synthesis.

In 1991, a three-step strategy for rac-bakuchiol was devel-
oped by Araki and Bustugan,* utilizing geranylindium reagent.
Geranylindium sesquibromide 17 was reacted with 2-(4-
methoxyphenyl)acetaldehyde (18) to form alcohol 19 in 85%
yield (Scheme 6). The alcohol 19 was then reacted with mesyl
chloride-pyridine to form compound 20. Potassium tert-but-
oxide was used to treat the crude mesylate (20) and gave the
methyl ether 7. It was important to note from this synthesis that
bakuchiol is an acid labile molecule. Upon treatment with acid,
bakuchiol cyclizes to the p-methyl-8-ene (21, cyclobakuchiol)
analogues.

In 1999, a new synthesis of (+)-bakuchiol (1) was developed
by the Asaoka group.** This method used a silyl group to direct
stereoselective alkylation to construct the chiral quaternary
carbon center early in the synthetic pathway. Lithium diiso-
propylamide (LDA) followed by allyl bromide and LDA followed
by methyl iodide were reacted with cyclohexenone 22 to yield
cyclohexenone 23. Scheme 7 shows this chiral center being
established in 28. After the chiral center was established, 28 was
manipulated over a total of sixteen steps to yield 1 with an
overall yield of 5%. This method required the purchase of
a chiral starting material. The bulky silyl group acted as a chiral
auxiliary to set the desired stereochemistry.

In 2008, Fukuyama and co-workers® developed an efficient
and facile methodology for constructing chiral all-carbon
quaternary center via 1,4 addition using vinylcopper()

MeO
( ) 18\©\/CHO * s
In,Br; —_— —
W 3 InyBr3 85 % Ui
MeO

17 19
MeSO,Cl
| N pyridine
97%
Acid Me t-Bu'OK
- -
R=H X — 80%

HO 21 RO 7 MeO 20

Scheme 6 Araki and Bustugan synthesis via a geranylindium reagent.
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22 23
Me

A

a) MeCu, DIBAL, HMPA \/:Q/()
2} MeCU; DIBAL; HMPA:
b) Ethylene glycol, PPTS Me,Si o

MeO.

S-p-Tol

a) NalO,, cat. 0sO,
- >
b) p-MeOCgH,MgBr

a) MeOH, cat. MeONa;

a) H;0" b) Ac,0, Et;N, cat. DMAP;
—_—
b) m-CPBA ¢) CF,COOH
MeO
a) DIBAH
b) PhsP*CMe,
MeMgl
175°C, 10 min.
89% yield

MeO 7

Scheme 7 Asaoka and co-workers synthesis via stereoselective
alkylation using silyl group.

reagents. They prepared chiral Michael acceptor 29 in 76% yield
over three-steps (Scheme 8). Further, chiral Michael acceptor 29
was added to the copper lithium reagent made from vinyl tin in
a diastereoselective manner to create the quaternary carbon
center in 30. This method required the purchase of chiral
phenyl oxazolidinone auxiliary to form 29 and stoichiometric
amount (1.9 equiv.) of toxic (vinyl)4Sn to set the desired
stereochemistry. The asymmetric addition yielded the desired R
enantiomer of 30 in a ratio of 95 :5 with the less favored S
enantiomer of 30 giving an enantiomeric excess (ee) of 90%.
This approach led to the total synthesis of desired product with
an overall yield of 20% over ten steps.

In the same year, Chen and Li (2008)°® demonstrated simple
and convenient synthetic route for rac-bakuchiol. Here, they
prepared key intermediate 33 via 1,4 addition of citral (32) with
vinylmagnesium bromide under Cu(r) catalyst. Further,
attacked by Grignard reagent and other necessary rearrange-
ments such as hydroxyl group was eliminated and methyl pro-
tecting group was removed to complete the synthesis of

Y °
\) PhLi (6.7 equiv.) b ) 5 OH
(vinyl),Sn (1.9 equiv.) O N~/ @) LIOH, 30% H,0,,
" CuCN (4.0 equiv.) Pp _THF-H20,0 °Ctort
———— > > S
4 EO, -78 10 -50 °C b) EtOH, EDC.HCI ~ Me'
9 4-DMAP, CH,Cl, OTBDPS
oteDPs 19h, 79%
29 30 ©)LiAIH4, THF, 0°C 31

a) HF/pyr/MeCN (1:3:5)
b) Dess—Martin periodinate
¢) Me,CHP*Ph;Br", n-BuLi, THF, 0°C;

= 50% yield

MeMgl, 175°C.
-— T
89%

a) Dess—Martin periodinate, CH,Cl,
b) p-MeOCgH,MgBr, THF,0 °C

f) MsCl, 4-DMAP, CH,Cl,
77% yield

MeO

HO MeO 7

Scheme 8 Fukuyama and co-workers synthesis via stereoselective
alkylation using silyl group.
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Scheme 9 Chen and Li's synthesis via 1,4 addition on citral.

p-MeOCeH4MgBr
THF 91%;

X
OH
Me
A —
19
MeO ~/

POCI3, Py.,
95%

MeMgI
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bakuchiol racemate in four steps with 50% of overall yield
(Scheme 9).

Li et al. (2008)*” synthesized (+)-bakuchiol (1) in ten steps,
with an increased yield of 51%. The total synthesis started from
geraniol (2), which undergo Sharpless epoxidation to form
oxygen silyl ether compound 34. The -OH group of the
compound was protected with a TBS group to form 35, followed
by a rearrangement of the silyl ether to form a chiral quaternary
carbon center 36 (Scheme 10). Further, aldehyde 37 undergoes
Wittig reaction to remove TBS, oxidation, and Grignard reagent
addition and elimination can get (S)-bakuchiol. They also
synthesized its (R)-enantiomer in nine steps with an overall
yield of 40%.

An intramolecular diazosulfonate C-H insertion to install
the quaternary center was achieved by Novikov et al. (2009)*®
This approach started with (—)-citronellol (38) as the starting
material and was converted to citronellol based chiral 3-sulfone
43 in three-steps with high yields. It could be used in the total
synthesis of bakuchiol with an yield of 45% (Scheme 11).

In 2010, Hoveyda et al.>® reported the synthesis of 1 via Ni
Catalyzed NCH-Cu enantioselective allylic substitution (EAS)
reaction (Scheme 12). The synthesis was started with the
phosphonation of geraniol (2) to yield 45, and PB-selective Ni
catalyst was attached to the terminal end of an alkyne followed
by a hydroalumination to afford alkenyl aluminum reagent 46.
The asymmetric substitution reaction of allyl phosphate 45,
through the addition of hand azacarbene silver complex to

Ti(OiPr),, | o tBuMe,SiCl o
Dusopropyl tartrate TBSCL
_ tBuOOH o 1H-imidazole OTBS
—Eazog
DCM 94% DMF
34 99 % Al-complex 35
(1.5 equiv.)
CH,Cl,, -78°C

a) CH,=PPhy, THF 96%

b) BugNF.H,0, THF

CHO ¢) CrO3.2Py, CH,Cl, « CHO
P 91% -
P —O0TBS
a7 j);y

t-Bu t-Bu
MeMal 9395 A 50%, 87% ee
180°C Br oo Br
Me
-, t-Bu t-Bu
1 = Al-complex 1
HO (S)-bakuchiol HO (R)-bakuchiol

Scheme 10 Li and co-workers method of chiral center installation.
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Scheme 11 Novikov and co-workers synthesis via intramolecular
diazosulfonate C—H insertion.

Me
NHC-Ag(l)
CuCly-H,0

R N TR T
mAl(i-Bu)z
MeO 46

Scheme 12 Hoveyda co-workers synthesis via Ni catalyzed NCH-Cu
EAS.

Me_ MeMgl

180°C

MeO 7 HO 1

control the stereo configuration of the chiral center of the
product. This reaction was used for the synthesis of bakuchiol
enantiomer (er 91 : 9). The synthetic route is very efficient (72%
yield). However, the complex chiral silver azacarbene is difficult
to prepare.

Tadano and co-workers (2012)* utilized the Oppolzer's
(sulfur-based) chiral auxiliaries for the asymmetric synthesis of
(S)-bakuchiol. The chiral auxiliary-controlled asymmetric
Claisen rearrangement was employed in this strategy (Scheme
13). Initially, the Michael addition reaction of N-propioloyl
camphorsultam 47 with geraniol (2) afforded the adduct 48,
which on heating with butylated hydroxytoluene (BHT) at 140 °C

n-Bu3P
N geranlol
N Chgn T \ toluene
c§
48

& o / 140°C '\\
47 _
7
72% (2R,3S)
MeO.
Kon /\(\ p-MeOCgH,MgBr N
49 —— Me & ———
Et,0, 55% OH \ Me

THF/H,0 (1:1)

(S)-(+)-bakuchiol 180 QC 91%
1 >_>

Scheme 13 Tadano and co-workers synthesis via sulfur-based chiral
auxiliaries-mediated Claisen rearrangement.

POCI,

pyridine
reflux, 90%

e
Y
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afforded the Claisen rearranged products 49a and 49b, respec-
tively, as a mixture of diastereomers (dr 9 : 1) in good yield. The
chiral auxiliary of the major isomer 49a was removed by
hydrolysis under basic conditions with simultaneous decar-
boxylation which provided the desired enantiomerically pure
aldehyde 50 in good yield. The aldehyde 50 was reacted with
Grignard reagent, and the resultant alcohol 19 was dehydrated
with POCl; and pyridine. Finally, demethylation was achieved
using MeMgl at high temperature to give the desired (+)-baku-
chiol (1) in good yield.

After the successful total synthesis in fourteen steps from
but-3-yn-1-ol, Fukuyama and co-workers (2013)** developed
another asymmetric 1,4-addition reaction for chiral quaternary
center, through introduction of chirality by the (2'S)-2'-phenyl-
oxazolidinone auxiliary. A geranic acid (51) was treated with
pivaloyl chloride and triethylamine, then (2'R)-2’-phenyl-
oxazolidinone (52) was used as a chiral auxiliary to form
compound 53. Further, 53 underwent an asymmetric 1,4 addi-
tion to form compound 55 which was reacted with sodium
hexamethyl disilazane (SHMDS), followed by p-methoxy benz-
aldehyde addition to form methyl ether derivatives of bakuchiol
(7). Which was further demethylated using the previously
established method with an overall yield of 64% (Scheme 14).

Lei et al. (2013),*> developed an asymmetric synthesis routes
for (S)-bakuchiol through an intermediate 56 bearing a chiral
all-carbon quaternary carbon center, which involves stereo-
selectively unconjugated alkylation of the a,B-unsaturated
imide bearing Evans' auxiliary, Takai-Utimoto reaction, Negishi
reaction, and Heck reaction as key steps (Scheme 15).

X
x COOH ——M=——~
51

[/ﬂCu CN)L|2

PivCl, Et3N, THF

-25-20 °C
T them,LiCl O o o Et,0, -50 °C
52 HN 53 Ph‘ overnight
~N/ e o
1 SHMDS, THF,-78 °C o o
<20MDS,THF,-78 "C
N
p-MeOCgH,CHO P
OMe 55 ph”

Scheme 14 Esumi and co-workers synthesis via asymmetric 1,4-
addition.

A "SoH TBDPSCI, ~NNoR o
_— 1-H-imidazole, DIBALH oR
—» tBuO e HO.
56 CHClrt,4h, st CH,Cly, -40 °C 55
)

° 83% 3h,94%
R=TBS/TBDPS
H (2-methylpropen-1-yl)MgBr
CBry, PPhy Z Y TOR __ FeCl/TMEDA
CHClp, it BF TTHF,0°C,30min
30 min, 86% o) 59 80% BuyNF, THF
3h,91%

CH3Mgl
180 °C

61

HO (S)-bakuchiol MeO

Scheme 15 Lei and co-workers approach using Evans' auxiliary.
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Interestingly, Battilocchio et al. (2016)** disclosed the in situ
preparation of reactive allylic and benzylic boronic acids, ob-
tained by reacting flow-generated diazo compounds with
boronic acids through C-C bond. They briefly demonstrated the
utility of this method for the synthesis of bakuchiol precursor in
one single operation. The geranial diazo 62 species directly
added to the solution of 4-methoxy phenyl boronic acid (63) and
aldehyde 64, the reaction gave a very selective addition to the
boronic acid 63 to form a boronic acid intermediate 66,
following a subsequent quench with aldehyde 64 to form
desired precursor 67 (Scheme 16). Usually, the known route to
this compound uses a multi-step sequence of reactions. The
C-C bond formation in a controlled sequence and thus rapidly
build molecular complexity in an iterative fashion is an
important goal in modern chemical synthesis.

Xiong and Zhang (2016)** developed an asymmetric allyla-
tion of aldehyde with y-disubstituted allylichalides to construct
two contiguous stereogenic centers, including one quaternary
center. A chromium salt and a chiral oxazoline sulfonamide
ligand delivered the allylation products with good functional
group tolerance and high diastereo and enantio selectivities.
Under this mild reaction condition they used readily available
allylation reagents. The synthetic potential of this method was
demonstrated by transformation of an allylation product into
the natural product (S)-bakuchiol. Under this catalytic system,
commercially available 2-(4-methoxyphenyl)acetaldehyde (16)
with geranyl bromide (68) proceeded smoothly to afford sali-
cylic product 19 with 91% ee. Further, 19 was converted into

B(OH),
S /@/
X

62

0.5 ml min~!

OMe

Scheme 16 Battilocchio and co-workers synthesis of bakuchiol
precursor using an iterative coupling method.
CuCl; (5 mol%)

)j
__Complex (10 mol%) /@/'\&
Csl (1 equi.), ZrCp,Cl, MeO

N|CI2 (0.5 mol%), Mn (2. equi.) b) t-BuOK, DMSO
THF, -10°C
CH Mgl

% 5 5

Scheme 17 Xiong and Zhang's method through chromium-catalyst.

= = Br
CHO 68

a) MsCl, Py.
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RSC Adv, 2022, 12, 8815-8832 | 8823


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08771a

Open Access Article. Published on 21 March 2022. Downloaded on 12/4/2025 8:31:39 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

dehydroxylated via a two-step sequence. The final demethyla-
tion of 7 furnished the desired product 1 (Scheme 17).

Highly enantioselective rhodium-catalyzed hydroboration of
allylic phosphonates with pinacolborane affording chiral
tertiary boronic esters strategy (Scheme 18) was developed by
Chakrabarty and Takacs (2017).%* They are readily converted B-
borylated phosphonates to chiral (- and vy-hydrox-
yphosphonates and aminophosphonates and to phosphonates
bearing a quaternary carbon stereocenter. The utility of this
strategy was illustrated by the synthesis of (S)-bakuchiol methyl
ether (7). Here, catalytic asymmetric hydroboration of trisub-
stituted alkene 69 with (S,S)-T2 reaction affords chiral boronic
ester 70 with enantioselectivity >99 : 1 er. Further it underwent
oxidation to form chiral tertiary alcohol 72. The vinylation of
chiral tertiary boronic ester 70 was achieved through cross-
coupling with vinyl magnesium bromide (71). Later, they
carried out the silyl ether deprotection of chiral vinyl pos-
phonate followed by Parikh-Doering oxidation. The Witting
olefination result chiral diene phosphoate formation. Further,
transformation was carried out with some modifications of the
original procedure described by E. ]J. Corey et al. because of the
direct phosphonate olefination is limited in scope since [-
hydroxy phosphonates lacking electron withdrawing substitu-
ents on the a-carbon are not prone to eliminate without acti-
vation. Treating phosphonate 75 with Lawesson's reagent
affords thionophosphonate 76. Deprotonation by n-BuLi fol-
lowed by the addition of 4-methoxy benzaldehyde (18) smoothly
yields (S)-bakuchiol methyl ether 7 (Scheme 18).

Recently, Khan and co-workers (2020)° described regiose-
lective molybdenum-catalyzed allylic substitution of tertiary
allylic electrophiles. This was the first example of the use of
sodium sulfonates as the hetero-nucleophile reagent with ter-
tiaryallylic electrophiles to employ the group VI catalyst in allylic
substitution of tertiary allylic electrophiles to form C-S bonds.
Under the optimal condition tertiary allylic carbonate 77 were
coupled with sulfinate salt 78, high yields of the branched allylic
product 79 was obtained. This was the key intermediate for the
formal synthesis of the rac-bakuchiol (Scheme 19). Further step
involved a previously reported Suzuki-Miyaura cross-coupling
reaction of tertiary allylic sulfone 79 with styryl boronic acid

HO.
Rh(cod)Cl], (0.2 mmol%
TBDPSO._ [Rh(cod)CI, ( n %)  TBDPSO. 2 Mger
AgBF, (0.50 mmol% )
o) (S,S)-T, (0.50 mmol%) o Witting olefination 9 [ Me
L LLDES — . N
. O,;‘Ia' | e PIBH (11 equiv) B AMe yThE 78°C s
07 0er Me THF (c= 1m) EtO" 4= "Bpin b)l, MeOH,-78°c  OFt
r,12h )
69 Bpin 80% 70 c) NaOMe, MeOH 72
OH 91%>99:1 er d) Na,S,0; (aq.)
o
DMSO (2.10 equ.) S )\/Pph
Hunig's base (4.0 equ.) s
Py.SO; (2.10 equ.) 9 Me (74, 1.40 eq.)
PN PYTYINIT Y
dry CH,Cl, EtO (I)Et — 2.5 M nBuLi (1.3 equ.) EtO’Fl’ -
0°C, Under N, atm 73 dry THF, 0°C - rt OEt 45

Lawesson’s
1.6M nBuLi (2.6 equ.) reagent (2.0 equ.)
- Y

-78 © toluene

reflux, 6 h

p-MeOCgH,CHO
7 18

Scheme 18 Chakrabarty and Takacs's strategies via rhodium-cata-
lyzed hydroboration.
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Scheme 19 Khan and co-worker's molybdenum-catalyzed allylic
substitution.

80 to afford methyl ether derivative of rac-bakuchiol 7, and
subsequent deprotection of phenol, thus completing the formal
synthesis.

Bakuchiol has a simple structure with a quaternary carbon
chiral center. Being highly bioactive, it has attracted many
organic chemists to investigate on its chemical synthesis, but
most asymmetric synthetic routes involves chiral entities linked
to carbon skeleton or it has been done racemically and there
have been multiple methods or steps. The first chemical
synthetic attempt was made by Dev group in 1967, the same year
the first total synthesis was reported by Carnduff and Miller.
From 1967 to 1990, no new synthetic routes reported on this
molecule, due to the challenges behind the chemical synthesis.
So far, the synthesis route of the Hoveyda group is the shortest,
with only three steps, and the total yield is 72%, but the chiral
silver azacarbene is not easy to prepare, which limits its appli-
cation to a certain extent. This limitations hinders the devel-
opment of bakuchiol and associated molecules in the
meroterpenoid family.

A deep look into the advanced asymmetric routes is neces-
sary for exploring the enantioselective synthesis of this mole-
cule. The enantiomerically pure molecules can be obtained by
chiral resolution, which involves enantiomerically pure
substrate, reagent, solvent, or catalyst as starting material. We
can choose suitable chiral auxiliaries for the enantioselective
synthesis of bakuchiol. Chiral auxiliaries derived from naturally
occurring compounds, such as amino acids, carbohydrates, and
terpenes, are considered essential tools for the construction of
highly complex molecules. Evans, Corey, Yamada, Enders,
Oppolzer, and Kunz are the some of selected examples of
auxiliaries, which are a powerful tool to obtain intermediates
and final products of total synthesis. On bakuchiol, Oppolzer®
and Evans®* auxiliaries were successfully utilized for its enan-
tioselective synthesis. The choice of the appropriate auxiliary for
each reaction depends on some factors, and these must be
taken into account in the development of new auxiliaries.

6. Late-stage functionalization (LSF)

Bakuchiol is a small molecule having a multi-step chemical
synthetic route as discussed in the above section. The produc-
tion of its analogues is simple as the diversification or

© 2022 The Author(s). Published by the Royal Society of Chemistry
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functionalization is started from its moiety through LSF. Which
means, there is no need to introduce important functional
groups (FG) in the very early steps of the synthesis. Several
strategies and systems have been successfully developed for
chemo/site-selective functionalization of bakuchiol via catalytic
and non-catalytic reactions, C-H functionalizations, and func-
tional group manipulations. It is envisioned that LSF will speed
up the synthesis of its analogues and dramatically accelerate
structural-activity relationships and improve the efficiency and
stability. The chemo/site-selective functionalization is not easy
and it have several challenges: (a) the nucleophilicity of the
hydroxyl oxygen atom often results in O-H substitution in
preference to C-H substitution, (b) the presence of multi-
olefinic bonds often results in unfavorable reactions and (c)
under suitable conditions bakuchiol may cyclize to the cyclo-
bakuchiol derivatives. In this review we have described possible
late-state modification sites on bakuchiol. They include (i)
phenolic hydroxyl (Csp®>~OH) group; (ii) phenolic C(4) carbon
(iii) phenolic C(3)-H bond (iv) olefinic C(12-13) linkage at
terpene chain and (v) alkenyl C(17-18) linkage at quaternary
stereocenter (Scheme 20).

The site-selective diversification of bakuchiol's phenolic
group (sites i or ii) has been reported via either O-H substitu-
tion or C-O bond (ipso position) cleavage. In generally, phenols
have a very reactive hydroxyl (Csp®>~OH) group and a Csp*-O
bond with a high bond dissociation energy (111 keal mol™")
owing to p-m conjugation. Therefore, direct and selective
replacement of C-O or O-H bond with new bonds represents an
important and long-standing goal in LSF. These trans-
formations have broad potential in synthesis because Csp”-O
and O-H bonds are ubiquitous in natural products like baku-
chiol.”” At the same time, achieving selectivity among different
of these bonds remains a challenge.

The presence of free Csp>~OH group (site-i) can be utilized
for O-alkylations and esterifications with suitable coupling
partners under catalytic or non-catalytic systems. In general
such type of diversification was achieved through a classical
method involving single or multi-step reactions. Some of the
selected examples were outlined in Scheme 21. Notably, bro-
mopropane, with anhydrous K,CO; in acetone as the catalyst
affords O-alkylated derivative 81 (Scheme 21a) and acyl deriva-
tives 82 obtained by treating 1 with appropriate alkanoic
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Formylation Epoxydation
~C4) Nitration —/ Jo 2. +1 Hydroxylation
Mannich reaction A Methoxylation
Amination !
Arylation | w_
-OH C(17-18)
O-alkylation 3 "~ JHydrogenation
Dehydroxylation | _ .---~ Arylation
Amination
Arylation
Advantages Applications

Sustainability
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@ Step-economy
4
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1
4
4
¢

Scheme 20 Late-stage functionalization sites of bakuchiol.
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Scheme 21 Synthetic routes for —OH functionalized bakuchiol
derivatives.

anhydride in presence of catalytic amount of DMAP (Scheme
21b).¥

Bakusylan (83) is an novel hybrid molecule prepared from
salicylic acid with bakuchiol (1) via modified Steglich esterifi-
cation method using DCC as condensing agent and DMAP as
catalyst (Scheme 21c).®* Recently, Li and co-workers (2021)
introduced a well-defined cationic amphiphilic groups under
non-catalytic system.*® Initially they prepared key intermediate
compounds by alkylation of compound 1 with the correspond-
ing a,w-dibromoalkanes. Further, intermediate or O-alkylated
bakuchiols were treated with the corresponding amines to
yield desired cationic amphiphilic derivatives 84 (Scheme 21d).

In last decades, great achievements have been made in
developing cross-coupling reactions of arenols by catalytic
Csp”-0 activation and cleavage by first transforming them into
more active species or weak C-O bonds such as aryl sulfo-
nates,* aryl esters or aryl carbamate derivatives,” aryl alkyl
ethers,” and phenolic salts.”” In 2016, Gautam and co-workers*
conducted a protecting group manipulation on phenolic -OH
group under (Tf),0-DMAP catalytic system, which provides
highly reactive triflated species. Further, Pd(OAc),-Cs,CO3
system with aryl amines and Pd(PPh;),-K,CO; system with aryl
boronic acids provided the desired aminated 85 and arylated 86
products respectively via ipso-C-O bond cleavage (Scheme 22).

Functional group manipulation or pre-functionalization
methods combined with separation and purification, which

Aryl amines
(Tf),0, DMAP, Pyr
Pd(OAc),, Cs,CO4

(£)-binap
—_—
toluene, 120°C

24 h

Boronic acids
(Tf),0, DMAP, Pyr
Pd(PPhs),, KZCO§
DMF,120°C
12h

Scheme 22 C(4) functionalization via ipso-C-O cleavage.
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Table 4 Selected ipso-C—-O bond cleaving reaction on free arenols
z g Coupling partner e
HO” X System
S. no. Coupling partner Catalytic system Reference
B(OH), Ni(COD), (10 mol%)
e NaH, Et3B (1.5 equiv.)
1 | i PCyj; (40 mol%) 73
R o-xylene/THF,
110°C
R.H Pd/C (10 mol%)
: HCO,Na (1.5 equiv)
2 R P ——— 74
CF3CO2H (0.5 equiv)
toluene, 140°C
B(OH), Sg X N
L [Pd], [Cu] RT R
= i = DS
3 (\j 250 s 75a
R
AgSCF3 n-Bu4NI (12.0 equiv.),

4 KI (8.0 equiv.)

xylene, 150 °C

Bopin, (2.0 equiv)
Ni(cod), (10 mol %),

1Ad (40 mol %)
PhMe, 90°C, 12h

1w
v 75b
FaCs” >
/ 1
N I_R
B 76

(0] PyBroP, K,CO3 = iy
. Bh=pLph MeCN, 100 °C Pho 77
H then NiCly(dppp) 0" ppy

leads to additional steps, generates waste, and lowers the effi-
ciency drastically, particularly for late-stage diversification. In
this scenario, there is an demand in cross-coupling of free
arenols (especially phenols) via C-O bond activation. Recently,
several approaches have been explored on arenols for making
various types of bonds such as C-C,”® C-N,” C-S,” C-B’® and C-
P”” bonds (Table 4). Most reports directly use arenols as elec-
trophiles, with some in situ formed intermediate. In addition,
the basic systems remain speculative to some extent. All of these
challenges leave many opportunities for the development of
new C-O transformations, and a bright future for the direct use
of arenols as modern electrophiles in cross-coupling reactions.
These approaches and ideas may helpful diversification of
phenolic Csp>~OH group of bakuchiol and its related
compounds.

The Mannich reaction is an important, one-pot, multi-
component, C-C bond forming reaction that is widely used in
the syntheses of many biologically active and natural
compounds.” Gupta and co-workers** reported that the Man-
nich type condensation-cyclization of bakuchiol with suitable
primary amines and formaldehyde took place in the non-
catalytic system and produced various dual functionalized 3,4-
dihydro-2H-benzo[e][1,3]oxazinederivatives ~ (Scheme  23a).
Continuing their research into Mannich type reaction using
bakuchiol, Gupta and groups,* demonstrated the synthesis of
ortho substituted aminoalkyl bakuchiol derivatives using
secondary amines (Scheme 23b), which were obtained in good
to moderate yield (80-85%).

8826 | RSC Adv, 2022, 12, 8815-8832

Highly regio-specific mono nitration of phenols and
substituted phenols is accomplished employing a metal nitrate
and a catalytic amount of p-toluenesulfonic acid (p-TSA) in
acetone. An exclusive ortho-selectivity was observed with excel-
lent yields.” From this view point, Wu and co-workers adopted
this p-TSA-Ni(NOjy), catalytic system for nitration on bakuchiol

HCHO
R-NH.
THF, reflux
80-85%

HCHO
b R-NH-R'
MeOH, reflux

Scheme 23

O,N
Ni(NOs), 2
p-TSA,

acetone, reflux HO

(CH,0)n OHC
. —

MgCl,

Et,N, THF, reflux ~ HO

Scheme 24 C(3)—H nitration and formylation reaction.
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(Scheme 24a) at C(3)-position. In another study, Chen and co-
workers,*” used MgCl,-Et;N systems® for formylation (Scheme
24b).

Likewise, several advanced site-selective ortho C-H func-
tionalization of phenols have been explored extensively as an
efficient, step- and/or atom-economic (Table 5).*' Therefore, we
can adopt these existing methodologies (with or without
modifications) on bakuchiol, thus may providing opportunities
to explore its functionalities. Previously we developed several
C-H functionalization methods on small molecules similarly.**
Notably, FeCl;-K,S,0g system for para-site-selective oxidative
quinone C-H arylation with phenols,®* AgNO;-TBHP system
for chemo-selective quinone C-H alkylation with alkyl ami-
des,® and CrO;-H,O system for oxidative radical C-H/S-H
cross-coupling of thiols with hydroquinones.®*

Reddy et al. (2010)** developed an strategy for the function-
alization of C(18) atom of the ethenyl group of bakuchiol (1) was
modified (site-iii) by the introduction of substituted aryl groups
through C-C bond formation via Heck and oxidative Heck
coupling reactions (Scheme 25a). These coupling reactions
resulted in the formation of optically pure (R)- and (S)-isomers
and non chiral bisstyryl derivatives based on the nature of the
substituents present at ring A and ring B of the two styryl
moieties residing at C(9) stereogenic centre. Heck reaction
afforded products exclusively with trans geometry at C(17)-C(18)
double bond and this approach did not involve any change in
the stereochemistry of parent molecule at C(9) chiral centre.
The isolated yields of compounds were in the range of 48-97%.
Moreover, they did hydrogenation at non-aryl part (Scheme
25b).”
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Bakuchiol (1) possesses a terpenic chain which is prone to
further chemical modification. The conversion of one of the
methyl group C(14) or C(15) into a formyl group and epoxida-
tion (Scheme 26a/b)™ of the isopropylidene group was effected
to afford compounds 93 and 94 respectively. Moreover, baku-
chiol (1) affords C(13)-hydroxylated 95a or methoxylated 95b
derivatives under the presence of dilute H,SO, with water or
methanol (Scheme 26c).*

7. Bakuchiol in cosmetology

Bakuchiol, the natural substitute for retinol, is a plant based
natural compound playing a significant role in cosmetic and
pharmaceutical industry without leaving any side effects.” The
properties such as anti-ageing, anti-pigmentation, anti-acne,
anti-cancer, hepatoprotective, cardioprotective, hypoglycemic,
hypolipemic, and antidepressant, antioxidant, anti-
inflammatory and antimicrobial activities makes bakuchiol
a superior component in both areas of cosmetology and phar-
macology."*'** As mentioned earlier, bakuchiol is known to be
functionally similar to retinol but do not have any structural
similarities. Therefore, nowadays many cosmetic preparations
are mainly using bakuchiol as an anti-ageing component,
replacing retinol.*'*

The human skin, the most visible indicator of age, is divided
into three layers namely epidermis, dermis and hypodermis.
The epidermis, the outer most skin layer, is a dynamic system
whose metabolic activity is largely regulated by the integrity of
the permeability barrier. Next to epidermis is the dermis layer
composed mainly of tissues and blood vessels. Dermal

Table 5 Selected coupling partners and catalytic systems for functionalization of phenolic ortho—CH bond

© 2022 The Author(s). Published by the Royal Society of Chemistry

Z Do Coupling partner - 2 -
HOP A System HOPRA
S. no Coupling partner Catalytic system Product/functionality Reference
HO R Pd/C (7 mol%) R A
£-BuOLi (10 mol%) o e s1a
toulene, 160 °C R
N2 CuCl, (5 mol%) Ph
Ph)kCOZMe CHCl, rt MeO,C | X 81b
N
HO R
H o~ Pd(OAc); (1.2 mmol) R
R AgOAC (1.2 equi.) Y 81c
AcOH, 60 °C HO R
o Cu(OAc), (20 mol% o}
Ph)j\H/H toluene, 60°C Ph | X 81d
N
HO R
R1 (1,10 phen) CuCl, (10 mol%) R N N
BN DTPB (2.0 equiv.) Yol 31e
2 cumene, 80 °C 340 /\R
i. [Ir(cod)(OMe)] (1.5 mol%) o
o O dtbpy (3 mol%) NEts, 5
BB, PhMe, 80 °C DEENS 81
o o : | = Lf
ii. pinacol HO™ ™%
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Aryl iodide
Pd(PPhg), (0.05 mmol)
a —»

K,COj3 (7.8 mmol) HO
DMF, 140°C, uW

H,/Pd-C (5%)

I

MeOH, 30 psi,
3 h, 98%.

Scheme 25 C(18)-H functionalization via Heck coupling and
hydrogenation.

SeO,

ACOH:H,0 (9:1),
i, 67%

m-CPBA

N
b +——»
HO CH,Cly, rt, 4 h,

1 80%:;

Dil. H,S0,

H,0/MeOH HO
rt

R=H 95a
R=Me 95b

Scheme 26 Functionalization at terpene chain.

connective tissue contains elastin and collagen; collagen fibers
comprise the biggest volume of the skin and the bulk of its
tensile strength, whereas elastin fibers contribute to elasticity
and resilience. Epidermis is one of the major targets for the
retinoic acids and its major activities are accomplished through
the transcriptional regulation of specific genes. The Cellular
Retinoic Acid Binding Protein (CRABP) transports the retinoic
acids to the nucleus, thus mediating the genomic actions.
Among the CRABP 1 and CRABP 2, the latter is highly expressed
in the epidermis. There are six nuclear retinoic acid receptors
namely RAR (a, B,y) and RXR (o, B,y), which aids in binding to
response components in the DNA and thus carrying out tran-
scription of specific genes. Chaudhuri et al (2014)"“ has
demonstrated with the help of molecular techniques such as
microarray, ELISA etc. that there is a close similarity on the gene
expression profile of bakuchiol and retinol. Bakuchiol appears
to target several cellular pathways similar to those targeted by
retinoids, including the modulation of retinoic acid receptors
genes and up regulation of collagen and extracellular matrix
synthesis enzymes. At the same time, some genes up-regulated
by retinol are not affected by bakuchiol, indicating a possible
advantage of the latter in terms of side effects. Likely, retinol
had no effects on CRBP II and CRBP IV, whereas bakuchiol
showed significantly higher up-regulation. Furthermore, retinol
causes down regulation of CRABP1 gene whereas bakuchiol
causes up-regulation. Thus bakuchiol serves as a compound
having similar but not identical gene expression pattern as

8828 | RSC Adv, 2022, 12, 8815-8832
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compared with retinol, ideally, resulting in retinol-like benefi-
cial effects, without having retinol-like detrimental side effects.
Generally, all the topical retinoid treatment is associated with
an antagonistic reaction commonly referred as “Retinoid
Reaction”. Studies suggest that this reaction is likely the result
of upregulation of inflammatory mediators in the skin.*

Cosmetic preparations with retinol applied directly to the
skin results in burning, pruritus, redness, hives, dryness,
increased keratinization of the epidermis, hypersensitivity to
solar radiation, excessive sweating, hair loss, and dryness of the
mucous membranes of the nose and eye.** Apart from this,
retinoids are known to increase the triglyceride and cholesterol
in blood, muscle pain, bone decalcification and premature
closure of articular cartilages.®® Thus, researchers gave baku-
chiol a special attention, as it is completely safe compound
having several significant advantages over retinol. Its
outstanding photochemical and hydrolytic stability, high
miscibility in various emollients and solubilizers makes it
a highlighted compound in cosmetology. The high photo-
stability allows its usage in day care products also.

8. Conclusion and future
perspectives

Since the discovery of bakuchiol in 1966, it has been found to
exhibit divergent biological properties and nowadays this
molecule is a highlighted one in cosmetology due to its retinol
like functionality. Considering its importance, researchers are
in the quest of finding various natural sources for bakuchiol
extraction and it revealed that P. corylifolia is currently the only
natural source yielding this molecule on a larger scale. There
are number of limitations associated with the isolation of this
compound from P. corylifolia. Hence, ideas about the biosyn-
thesis, structure and structure-activity relationship is necessary
for the development of an effective and green protocol for
isolation and synthesis.

The stereochemistry is one of the most important features in
their chemical structure. Because, the use of racemic mixtures
may contribute to the adverse effects of the molecule particu-
larly they are associated with the inactive or active isomer. From
the available literature, it revealed that the S-isomer displayed
far better activity than the R-isomer. Therefore, its enantiose-
lective synthesis is very important. The construction of tetra-
alkylated carbon stereocenter bearing an alkenyl substituent
is the key challenging step in the chemical synthesis. It has been
done using various approaches, making use of chiral synthons
and auxiliaries either commercial or developed in the labora-
tory. Most of the approaches yielded rec-bakuchiol. The first
attempt at the synthesis of bakuchiol was done in 1967 by the
Dev group and in the same year the first total synthesis was
reported by Carnduff and Miller. From 1967 to 1990, there were
no new approaches for bakuchiol, this was due to the challenges
behind the chemical synthesis. Meantime the biological prop-
erties of this molecule were well established and it is considered
as leading bioactive molecule. After that, scientists were put
more efforts to design and synthesis of bakuchiol and its

© 2022 The Author(s). Published by the Royal Society of Chemistry
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derivatives through LSF. We hope, the informations provided
here could be helpful for researchers in understanding the
trends and difficulties associated with this molecule.
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