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Sinomenine is a tetracyclic alkaloid that is extracted from the traditional Chinese medicine sinomenium
acutum. It has been reported to possess low cytotoxicity and a variety of biological activities, such as anti-
tumor, anti-inflammatory and anti-arthritic effects. However, the relatively short biological half-life of
sinomenine hinders its extensive clinical application. Hence, extensive research on its structural modifi-
cations has been carried out in recent decades. The reaction sites can be classified into four categories
based on functional groups—aromatic ring (A-ring), benzylic position (B-ring), enone (C-ring) and trialky-
lamine (D-ring). This review summarizes the representative examples of each modification to date and
discusses the synthetic difficulties, especially the chemoselectivity and stereoselectivity of reactions. The
future prospects of synthesis of sinomenine derivatives from sinomenine-like derivatives and by some
novel late-stage functionalizations, which can be potentially applicable to sinomenine, of structurally
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acutum. Traditionally, sinomenium acutum has been used for
treating arthritis patients in China.' Recent studies showed
Sinomenine 1 is an alkaloid and is a biologically active com- that its primary ingredient, sinomenine 1, was responsible
ponent extracted from the root of an herbal plant sinomenium for the anti-arthritic effect.>™ Sinomenine has also exhibited
a wide spectrum of biological activities, such as anti-tumor,
anti-arrhythmic, immunosuppressive, anti-hypertensive, and
anti-inflammatory effects.”>°® In particular, sinomenine was
used as a combinational therapy with methotrexate to treat
rheumatoid arthritis effectively.” Despite the promising bio-
logical properties of sinomenine, some potential adverse clini-
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Fig. 1 Structures of sinomenine 1, morphine 2a, codeine 2b and dex-
tromethorphan 2c.

cal effects and relatively short biological half-life of sinome-
nine were reported.®® Structural modification thus became a
hot topic for optimizing the properties of sinomenine.

Sinomenine is a morphine-type compound consisting of a
tetracyclic framework (Fig. 1). Structurally, it is similar to
codeine except for having an oxa-bridge between C4 and C5,
opposite stereochemistry of the D-ring and different substitu-
ents at C6 and C7 positions. Other natural products like dex-
tromethorphan 2c also possess a similar tetracyclic framework
without having the oxa-bridge that is found in morphine 2a
and codeine 2b. Sinomenine is composed of three labile func-
tional groups—tetrasubstituted aromatic ring, o,f-unsaturated
ketone and trialkylamine. Therefore, four major reaction sites
are identified as aromatic ring (A-ring), benzylic position
(B-ring), enone (C-ring) and amine (D-ring). The multifunc-
tional groups of sinomenine also give rise to difficulties in the
chemoselectivity of reactions upon modifications. In some
cases, one single step generated several products that pure
compounds were inseparable’® or one useful synthetic inter-
mediate was obtained in a low yield."" In view of these, devel-
oping high selectivity synthetic protocols is of the utmost
importance for advanced research in the future drug design of
sinomenine.

The pharmacological effects, mechanisms and -clinical
applications of sinomenine and its derivatives have been sum-
marized in numerous reviews.">*'> Although some reviews
briefly summarized the synthesis of some important deriva-
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tives, the systematic analysis of selectivity and reactivity issues
in synthetic protocols was not made."*** Thus, we would like
to reveal some representative examples of each modification
and discuss the synthetic issues found in the synthesis. To
provide new insight into the development of novel sinomenine
derivatives, synthetic strategies of sinomenine derivatives from
functionalizations of other naturally or commercially available
sinomenine-like derivatives are also reviewed.

2. Modifications of the aromatic ring
(A-ring)

Among different chemically active functional groups of sino-
menine 1, the tetrasubstituted aromatic ring of sinomenine is
the most considerable site for modifications due to its broad
scope of chemical reactivity and less sterically hindered
environment.

2.1 Electrophilic aromatic substitution

Electrophilic aromatic substitution is a typical reaction for
benzene. The A-ring of sinomenine 1 is highly prone to electro-
philic attack due to the high electron density and extra stabiliz-
ation of cationic intermediates by electron-rich substituents.
Electrophilic aromatic substitution of the A-ring of 1 and its
derivatives has been reported with high regioselectivity at the
C1 position by halogenation, nitration and Friedel-Crafts
alkylation.

Halogenation of 1 with N-halosuccinimide (NXS, X = Cl, Br
or I) resulted in aryl halides 3a-c with moderate to high yields
(55-85%, Scheme 1).">'® In the absence of the enone moiety,
the iodination of C-ring non-functionalized derivatives also
provided iodide 4 with a comparable yield (84%)."”
Halogenations using NXS also worked well in other substrates
with 1,2- and 1,4-reduced enone of the C-ring.'® Only mono-
halogenated products were observed when using NXS as the
halogenating reagent. Similarly, bromination of 1 with
bromine in dichloromethane only generated mono-haloge-
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Scheme 1 Electrophilic aromatic substitutions of sinomenine 1.
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Scheme 2 Proposed reaction mechanism of a-bromination of 3b.

nated derivatives. However, the reaction of 1 with bromine in
acetonitrile afforded intermediate 3b” with dibromide at C1
and C5 positions, and subsequently basic treatment caused
ring closure between the C4-hydroxy group and C5-bromide to
afford morphine derivatives.'® The a-bromination of ketone at
C5 involves the formation of enol (Scheme 2). A more polar
solvent stabilizes the formation of enol and consequently
facilitates the a-bromination. Hence, bromination using a rela-

Vincent Kam Wai Wong received
his Ph.D. from the University of
Hong Kong in 2006 and then
worked as a post-doctoral
research fellow at Hong Kong
Baptist University for three
years. In 2009, he was promoted
to a research assistant professor.
He started working as an assist-
ant professor in the State Key
Laboratory of Macau University
of Science and Technology in
2011 and was promoted to an
associate professor in 2015. His
research focuses on the relationship between autophagy and multi-
drug-resistant, apoptosis-resistant anti-tumor effects via SERCA
inhibition and AMPK activation.

Vincent Kam Wai Wong

This journal is © the Partner Organisations 2020

View Article Online

MeQ. Cl MeO. F
Ho O‘ KF, DMSO HO OG
‘ _’}\l\ 18-crown-6 ether ‘ _/L
o (o]

Review

OMe

3a 3d (50%)
MeO. O | MeO. O CF4
HO cat. Cul HO

_L FSO,CF,COMe _,\N

Sk O
0] [e]

OMe

3c 8 (40%)

Scheme 3 Fluorine—halogen exchange of 3a and nucleophilic
trifluoromethylation of 3c.

tively more polar solvent, MeCN (dielectric constant of MeCN
vs. CH,Cl, = 37.5 vs. 8.93), occurs at both C1 and C5.

Other 1-substituted electron-withdrawing groups were
synthesized from halides 3a/3¢c but not directly from 1
(Scheme 3)." Fluoride 3d was generated by fluorine-halogen
exchange using potassium fluoride as the fluorinating reagent.
Similarly, nucleophilic trifluoromethylation of iodide 3c
afforded 1-trifluoromethyl derivative 8 (Scheme 3).

The Friedel-Crafts type reaction with formaldehyde and
nitration with sodium nitrite generated 1-hydroxymethyl
derivative 5 and 1-nitro derivative 6 respectively (Scheme 1),
which were important synthetic intermediates for further
functionalization, such as alkylation and acylation.*’™?
Furthermore, the reduction of the nitro group with SnCl,/
EtOH under reflux conditions was performed selectively to
yield amine 7 without over-reduction in the C-ring. Otherwise,
typical reduction conditions using a palladium catalyst and
hydrogen afforded the 1,4-reduced product as mentioned in
Scheme 25.

Interestingly, the electrophilic aromatic substitution of 1 is
highly regioselective at the C1-position. The intramolecular
H-bond between C3-methoxy and C4-hydroxy was proposed to
increase the mesomeric and inductive effects of the
C4-hydroxy group toward the para-position (C1) (Scheme 1).**
Meanwhile, the intramolecular H-bond diminished both
effects of the C3-methoxy group toward the ortho-position (C2).
The steric strains for substitutions at C1- and C2-positions are
similar. Therefore, the regioselectivity of 1 was governed by the
electronic factor.

2.2 C(sp®)-C(sp’) coupling reaction

The C(sp®) functionalization of the A-ring of 1 can be achieved
by palladium-catalyzed C(sp*)-C(sp?) coupling reaction via the
key intermediates aryl halides derived from halogenation as
mentioned in section 2.1.

Catalytic cross-coupling reactions of aryl iodide 4 with
various acrylates and Pd(OAc), by the Heck reaction generated
cinnamate derivatives 9a-e with high yields (84-93%,

Org. Chem. Front,, 2020, 7, 4089-4107 | 4091
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9f, R = Me (36%2; 99%")
9g, R = Et (33%2; 94%P)
9h, R = t-Bu (25%2; 93%")
9i, R = n-Bu (45%2; 92%")
9j, R = Cy (47%2; 93%P)

9b, R = Et (91%)
9c, R = -Bu (84%)
9od, R = n-Bu (92%)
9e, R = Cy (86%)

10a, R = 4-EtPh (86%)
10b, R = 4-EtOPh (93%)

Scheme 4 Cross-coupling reactions of aryl halides with aryl and
alkenyl coupling partners catalyzed by palladium.  Reactions were per-
formed without a microreactor. °RReactions were performed with a
microreactor.

Scheme 4)."” Using a microreactor for the Heck reaction pro-
vided the same products 9f-j with higher yields by 46-68% in
a short reaction time (20 min).>* Generally, palladium-cata-
lyzed cross-coupling reactions afforded (E)-isomers of adducts
as the major products because the syn-f-hydride elimination of
the reaction occurred via the less steric congestion to afford
the thermodynamically favourable (E)-olefin. Milder reaction
conditions using Suzuki coupling with aryl boronates also pro-
duced the corresponding aryl-aryl coupling products 10a-b
with comparable yields (86-93%, Scheme 4).>° Further exten-
sion of the substrate scope of coupled products is potentially
performed by using the Heck reaction in conjunction with CO
insertion.

2.3 O-Alkylations and esterifications

Sinomenine possesses the C4-hydroxy group which is prone to
further chemical modifications and is one of the major nucleo-
philic sites of sinomenine. To date, the O-alkylations and ester-
ifications have been reported leading to ether and ester deriva-
tives respectively.

Alkylations of the labile C4-hydroxy group proceeded either
via Sy2 reactions with alkyl halides®' or the Mitsunobu reac-
tion with alcohols.”® Alkylation of 1 with ethyl bromide using
K,CO; as the base resulted in a low yield of 11a (15%,
Scheme 5) because of the formation of a N-alkylated product
(81% yield).>® Generally, N-alkylation is more favorable than
O-alkylation. When Cs,CO; was used as a base, the yield of 11a
was improved up to 83% (Scheme 5).>" High yield and chemo-
selective alkylation of the C4-hydroxy group was also observed
in derivative 11b probably due to the cesium effect. The
cesium effect resulted in a weak coordination of the cesium
cation with the phenolic anion. The phenolic anion became
more nucleophilic and the O-alkylation was predominant over
N-alkylation.”” Moreover, the cesium cation was proposed to

4092 | Org. Chem. Front, 2020, 7, 4089-4107
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Scheme 5 The 4-O-alkylations of sinomenine derivatives.  K,COs was
used as the base. © Cs,COsz was used as the base.  Reactions were per-
formed under Mitsunobu reaction conditions.

coordinate with trialkylamine to form a quaternary ammonium
compound.”® The lone pair of N atom was no longer available
for the alkylation. Alternatively, the alkylation of the C4-
hydroxy group by the Mitsunobu reaction provided chemo-
selective alkylated products 12a-c in high yields (50-81%,
Scheme 5).%°

Esterification of the C4-hydroxy group of 1 afforded ester
derivatives 13a-c with saturated and unsaturated alkyl chains
in similar yields (~70%, Scheme 6).>>*° Moreover, the pheno-
lic hydroxy group at the C4 position reacted chemoselectively
over the secondary hydroxy group at the Cé6-position, resulting
in esters 14-15 due to the higher acidity of the C4-hydroxy
group.’® Notably, the primary alcohol at the C1-position of
derivative 5 was also susceptible to esterification, resulting in
di-esters 16a-b.>° Incorporation of the PEG moiety at the
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13¢, R = CH=CHCH=CHCH; (70%) 14b, R = (CHy);oCHs (72%)

OMe OMe

16a, R = (CHyp);,CH; (68%)
16b, R = (CH,)14CH (65%)
16c, R = Me (85%)*

16d, R = Et (75%)*

15a, R = (CHy)1,CH; (76.5%)
15b, R = (CH,)14CHj (79%)

Scheme 6 The 4-O-acylations of sinomenine derivatives. ? Reactions
were performed with acid anhydrides.
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C4-substituent by esterification with EDC was also reported.*’
Despite using EDC as the coupling reagent, the acylation of 5
with acid anhydrides generated di-esters 16c-d with higher
yields (75-85%, Scheme 6).>! However, the installation of
longer alkyl chains by acid anhydrides is not as good as the
methodology using EDC with carboxylic acids due to expensive
or commercially unavailable acid anhydrides with long alkyl
chains and the poor atom economy of the reaction.

Derivative 17 with terminal alkyne was obtained using KOH
as the base in an exceptionally high yield (96%, Scheme 7).
The tolerance of sinomenine derivative 17 towards 1,3-dipolar
cycloadditions was reported.®® The 1,3-dipole was not prepared
from sinomenine due to the incompatibility of the C6-carbonyl
group towards its formation. Therefore, the alkyne component
was incorporated into the C4-position of 1 by an Sy2 reaction
with 3-chloropropyne (Scheme 7). The subsequent cyclo-
addition of 17 worked well with both electron-rich and elec-
tron-deficient 1,3-dipoles derived from the corresponding aro-
matic aldehydes, to afford cycloadducts 18a-e with moderate
to high yields (76-91%, Scheme 7). Under similar reaction con-
ditions, 1,3-dipolar cycloaddition of Cil-cinnamate derivative
of (Scheme 4) with 1,3-dipoles resulted in similar yields
(81-93%).>* The cycloaddition of the enone of the C-ring was
not observed probably due to the steric effect of the a-substituent.

2.4 Dimerizations

Synthesis of dimers of sinomenine was reported by using oxi-
dative coupling reactions and the 4-O-alkylation/esterification
conditions as mentioned in section 2.3. Dimers generated by
4-O-alkylation/esterification used dibromoalkanes, diacyl
chlorides or diols as linkers. The full substrate scope can be
referred to the literature.*?

Another strategy for coupling of 1 at the C1-position by oxi-
dation with KMnO, synthesized stereoisomers 21 and 22
stereoselectively at different pH values (Scheme 8).>* The oxi-
dation of 1 under basic conditions (pH > 10) provided 21 as
the major stereoisomer (21:22 = 97.7:2.3) while that under
acidic conditions (pH < 5) provided 22 as the major stereoi-
somer (21:22 = 6.2:93.8). The total yield of both stereoi-

MeO O MeO
e
N e 2L
[¢]

—\ (1.2 equiv.) —\
N —_— N
‘ \ KOH (2 equiv.) ‘ N
DMF, room temp.
o room temp.
OMe OMe
1 17 (96%)

MeO.
R\ \ + -
Qc:r\ho o 18a, R = H (85%)
— NG o 18b, R = p-Cl (91%)
N | 18c,R=p-Br(90%)
‘N_ 18d, R = p-OMe (76%)
\ 18e. R = p-Me (81%)
o
OMe
R

Scheme 7 The 4-O-alkylations of 1 and the subsequent 1,3-dipolar
cycloaddition of alkyne derivative 17.
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yield = 96%, 21:22 = 97.7:2.3
yield = 71%, 21:22 = 6.2:93.8

Scheme 8 Dimerization of 1 by oxidative coupling.

somers diminished at low pH probably due to the strong oxi-
dative effect of KMnO, under acidic conditions.

The reaction was proposed to undergo a radical oxidative
aromatic coupling via aryl radical 20, similar to the synthesis
of BINOL.* The stereoselectivity was probably controlled by
the reaction rate of radical formation. Under acidic conditions,
the stronger oxidizing power of KMnO, allows the fast for-
mation of radicals, leading to kinetically stable product 22
with less steric hindrance. While the alkaline conditions
diminished the oxidizing power of KMnO,, the slower for-
mation of radicals allowed the re-organization of the confor-
mations of radicals 20 and 1. Finally, thermodynamically
stable product 21 was formed probably due to the extra stabi-
lity arising from intermolecular n-= stacking of the A-ring.

For faster screening of the bioactivity of both stereoisomers,
other oxidants, such as MnO, and FeCl;/H,0,, afforded both
stereoisomers in a ratio of approximately 1:1. More examples
of dimers with a modified C-ring of 1 were found in the
literature.®

Other than the chemical methods, dimerization of 1 can
also be achieved by biotransformation.?”*® Biotransformation
of 1 with Antrodiella semisupina generated dimer 22 in a low
yield (20%).>® The reaction was capable of coupling on mul-
tiple substrates. The biotransformation of 1 with guaiacol gen-
erated dimer 22 (20%) together with C-C coupled derivative
10c (13%) and C-O coupled derivative 10e (5%, Scheme 9).

However, no cross-coupled product was obtained when the
reaction of 1 and catechol was performed with the same
fungus Antrodiella semisupina.”” Another screened fungus
Coriolus unicolor catalyzed the reaction to synthesize both
dimers 21 and 22 (58% combined yield) and C-C coupled
derivative 10d (18%) as a minor product (Scheme 9).

As proposed by the authors, the biotransformation pro-
ceeded via a mechanism similar to the oxidative radical

Org. Chem. Front, 2020, 7, 4089-4107 | 4093
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Scheme 9 Dimerization and cross-coupling of 1 by biotransformation.
@ Reaction was performed with Antrodiella semisupina. ® Reaction was
performed Coriolus unicolor.

pathway as depicted in Scheme 8. The oxidation of 1 and
guaiacol/catechol generated oxygen radicals at hydroxy groups,
which were delocalized to form carbon radicals for subsequent
homo- and cross-couplings. The proposed mechanism was ver-
ified by acetylation of the 4-hydroxy group of 1.>® Once the
4-hydroxy group was protected, no coupled product was
observed. In general, the homo-coupling of 1 was predominant
over cross-coupling probably due to the formation of a more
stable radical derived from 1.

2.5 Future prospects of synthesis of A-ring modified
sinomenine derivatives from late-stage functionalizations of
other derivatives with similar core structures

Sinomenine and the related structures possessed an absolute
configuration of the D-ring opposite to that of codeine deriva-
tives and this was confirmed by X-ray crystallography of the
cyclization product of 1,4-reduced derivative 61 (Scheme 25).*°
Despite the direct modification of sinomenine 1, dextro-
methorphan 2c¢ or other structurally similar derivatives
became an alternative option of the starting material due to
the similarity of the tetracyclic framework and low cost. For
example, 2¢ was shown to be a neuroprotective and anti-
inflammatory agent, similar to 1.*> Moreover, the novel func-
tionalizations of 2¢ and other similar derivatives may be poss-
ibly applicable to sinomenine, especially C-ring non-functiona-
lized derivative 58 (Scheme 24).

Recent developments of novel chemical reactions showed
their compatibility towards complex biomolecules by using
dextromethorphan as one of the examples. Ruffoni et al
showed the regioselective radical amination of arenes with ali-
phatic amines by photocatalysis.*" The amination of dextro-
methorphan 2¢ with 24 different aliphatic amines afforded
2-aminated products with >50% yields in most cases of which
two representative examples are shown in Scheme 10.

The reaction showed high tolerance to the hydroxy group,
halide, ester and alkene. This may allow the reaction to be

4094 | Org. Chem. Front., 2020, 7, 4089-4107
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Scheme 10 Regioselective amination of 2c by alkyl amines.

applied in the late-stage modifications of sinomenine and its
derivatives with a protecting-group-free strategy. Notably,
radical amination of 2¢ with O-aryl hydroxylamine 24 afforded
23c with a diminished yield (44%) but a faster conversion
within 15 min (Scheme 10).*>

The direct C-H amination of arenes with hydroxylamine
mediated by titanium(m) chloride was reported to be appli-
cable in complex natural products including sinomenine-like
derivative 2¢ to provide a shorter synthetic step than typical
amination steps (nitration and subsequent nitro reduction).*?
The reaction of 2¢ with hydroxylamine proceeded via the for-
mation of the aminyl radical ("NH,), which was derived from
TiCl;-mediated N-O bond cleavage, to afford aniline 25 in one
step (65%, Scheme 11). Notably, labile functional groups such
as hydroxy and enone have to be protected prior to utilizing
this protocol.

Similar to the reaction mechanism of the C(sp*)-C(sp?)
coupling reaction as described in section 2.2, Ichii et al
demonstrated the Hiyama cross-coupling of aryl bromides
with aryl(trialkoxy)silanes at a ppm level loading of Pd catalyst
27.** Only one example of the cross-coupling reaction of sily-
lated dextromethorphan 26 was demonstrated in a high yield
(90%, Scheme 12). Notably, the synthesis of silylated 26
involved the use of n-BuLi which was incompatible with the
enone of the C-ring of 1. However, using C-ring non-functiona-
lized derivative 58 or switching the role of 1 from a silylating
reagent to a bromide reagent will be feasible for the reaction.

e il e
L 3
‘N TiCls, H,SO,4 ‘N
AN AN
MeCN

25 (65%)

Scheme 11 The TiClz-mediated C-H amination of arene 2c with
hydroxylamine.
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Scheme 12 Hiyama cross-coupling of dextromethorphan derivative 26
with aryl bromide.

The synthesis of unsymmetrical diaryl sulfide 29 by direct
C(sp’)-H thioarylation using phenyl methyl sulfoxide
activated by triflic anhydride resulted in a high yield (70%,
Scheme 13).*” The reactions demonstrated a high functional
group tolerance, such as aldehyde and enone, which showed
its suitability in the late-stage modification of sinomenine
derivatives.

Direct modification of the C3-methoxy group of 2¢ with
Grignard reagents by nickel catalysis underwent C-O cleavage
and subsequent C-C bond formation to afford derivatives
30a-d in moderate to high yields (52-74%, Scheme 14).*%*
Similarly, C-ring non-functionalized derivative 58 will work
well for the reaction preventing 1 from the 1,2-addition with
Grignard reagents.

The amination of the aryl ring of aryl triflate 31, an enantio-
meric derivative of 2¢, was also reported by Pd-catalyzed cross-
coupling of aryl triflate with aromatic amine. A nearly quanti-
tative yield of coupled product 33 was isolated (98%,
Scheme 15).*® The opposite enantiomer of 31 also underwent
the reaction analogously to yield the corresponding enantio-
mer of 33 in 89% yield. However, another Pd-catalyzed amin-

SPh

MeO MeO
O 1. TF,0, PhS(O)Me O
.1 2DBU
‘N
™ @

2c 29 (70%)

|
N
AN

Scheme 13 The C(sp?)-H thioarylation of 2c with sulfoxide.

MeO. R
O cat. Ni(0)ICy O
] RMgX
N g
N

2c

B
N
N

30a, R = Me;SICH, (74%)
30b, R = +-BUCH, (60%)
30c, R = PhCH, (72%)
30d, R = i-Pr3SICC (52%)

Scheme 14 Nickel-catalyzed cross-couplings of 2c with Grignard
reagents.
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Scheme 15 Buchwald—Hartwig amination of aryl triflate 31 with
p-anisidine.

ation of triflate derivatives with amines was reported with low
yields (<20%) probably due to improper choice of ligands.*’

A novel synthetic protocol for allylic C(sp?)~-H amination
was developed. One example of Pd catalysis of C(sp®)-N frag-
ment coupling reaction of olefin 34 derived from 2c¢ was
reported to give 35 in a high yield (91%) and E-selectivity
(Scheme 16).°>° The reaction is well-tolerant to tertiary amine
(D-ring) by protonation with dichloroacetic acid.

Other than C(sp*)-H functionalization at the A-ring,
C(sp’)-H amination at the benzylic position of 3-alkyl substi-
tuted 36 by manganese catalysis was reported in a moderate
yield (44%, Scheme 17).”" The amination occurred chemose-
lectively at the remote benzylic position but not the benzylic
position at C-10 resulting from the electron-deficiency induced
by the protonation of 3° amine with HBF,. Changing the cata-
lyst from manganese to rhodium provided amination at 3°
amine to furnish hydrazine as the major product.”

Alkyne, an electron-rich functional group, has demon-
strated one of its reactivities towards 1,3-dipolar cycloaddition
in the modifications of sinomenine (Scheme 7). Recently,
diprenorphine 38 with similar core structures to sinomenine
possessed terminal alkyne which underwent double hydro-
boration.>® Unlike the typical hydroboration using transition

BnNHTf BnTfN =
cat. Pd(OAc),
cat. MeO-SOX
CHCI,COOH e )
2,5-DMBQ ‘ N
34 35 (92%, E:Z>20:1)

Scheme 16 The C(sp®)—-N fragment coupling reaction of olefin 34 with

BnNHTf.
N
Sh

Scheme 17 The C(sp®)—H amination of 36 by manganese catalysis.

NHTces

_\
'N

37 (44%, d.r. 1:1)

[Mn"(CIPc)]SbFg
PhI=NTces

HBF 4+OEt,
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neat

38, diprenorphine 39 (67%)

Scheme 18 Borane-catalyzed alkyne double hydroboration of dipre-
norphine 38.

metals, the double hydroboration of diprenorphine was cata-
lyzed by 9-borabicyclo[3.3.1]nonane (H-B-9BBN) to afford gem-
diboryl product 39 (67%, Scheme 18).

3. Modifications of the B-ring

3.1 The modifications of the benzylic position of sinomenine
(B-ring)

The B-ring of sinomenine is one of the most difficult positions
for chemical modifications due to the steric effects of A-,
C- and D-rings.

One strategy is to functionalize the benzylic position by oxi-
dizing the A-ring of 1 into a quinone methide 40 with PhI
(OAc), (DIB).>**> The products obtained were solvent-depen-
dent (Scheme 19). The oxidative dearomatization in H,O pro-
vided quinone methide 40 while that in methanol generated
re-aromatized products 41a and 41b. The formation of 41a and
41b was postulated to result from 1,6-conjugated addition of
40 prepared in situ from 1, with methanol from solvent or
acetate from DIB. The results showed that activated 40 was
highly susceptible to the attack of nucleophiles, even as weak
as acetate. Similar nucleophilic addition was also observed
when 41a was oxidized with DIB in methanol. After the first
oxidation of 41a, 1,2-addition of oxidized product 44 pro-
ceeded with methanol to afford 43 as the major product
(Scheme 19).

DIB
MeOH

OMe

#1a, R = Me (53%)
42b, R = Ac (10%)

OMe

44 (12%)

Scheme 19 Oxidation of 1 by DIB in different solvents.

4096 | Org. Chem. Front, 2020, 7, 4089-4107

View Article Online

Organic Chemistry Frontiers

OMe OMe

OMe OMe OMe

42¢, R = Me (64%)
42d, R = Et (44%)
42e, R = n-Pr (65%)

45b, R = p-MePh (79%)
45¢, R = Et (87%)
45d, R = n-Pr (82%)

46a, R = Ph (65%)
46b, R = 0-MeOPh (67%)

Scheme 20 The 1,6-conjugated addition of 40 with thiols, alcohols
and amines.

After the formation of quinone methide 40, the subsequent
conjugated addition with thiophenol occurred selectively to
afford adduct 45a with a good yield (81%, Scheme 20).
Aliphatic and electron-rich aromatic thiols also worked well in
the reaction (>79% yields). Moreover, the reaction proceeded
with hard nucleophiles, alcohols and amines, to afford 42 and
46 respectively, but with lower yields (44-67%, Scheme 20)
compared with soft nucleophiles (thiols). Generally, the
chemoselectivity of the quinone (A-ring) over the enone in the
C-ring resulted from the formation of a more energetically
feasible product by rearomatization of the A-ring upon the
addition. Surprisingly, the conjugated addition occurred
stereospecifically at the Si-face of 40 due to the sterically hin-
dered D-ring.

3.2 Future approaches of functionalizations of ring B of
sinomenine

As described in section 3.1, the present synthetic strategy on
the benzylic position of ring B is limited to quinone methide
40 and its 1,6-conjugated adducts. Future prospects of modifi-
cations of ring B are possible to be developed by modifying the
synthetic protocols of sinomenine-like derivatives.

The C10-H oxygenation of sinomenine-like derivative 2c
generated mesylate 47 via proton coupled electron transfer
between the mesyloxyl radical and 2c¢ (Scheme 21).°°
Subsequent Sy1 reaction of mesylate with acetate and hydro-

MeO
MeO 1. CuOAc 2. NaOMe
(20 mol%) (5% in MeOH)
_\ TMSOAG
“ MsOOMs
N
(™
47 48 (53%)

2c

Scheme 21 The C10-H oxidation of 2c with bis(methanesulfonyl)
peroxide.
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(a)

2b 51 52
100% conversion, 51:52 ~1:1

Scheme 22 (a) The chemical oxidation of 4-O-benzyl protected
derivative 49 by MnO,; (b) the oxidation of codeine 2b by the biocatalyst
Rhizobium radiobacter R89-1.

lysis provided C10-hydroxy derivative 48 (53%). A minor over-
oxidation product with C10-carbonyl was also observed (10%).

Despite the functionalization at the C10-benzylic position
of sinomenine, oxidation of 4-O-benzyl protected derivative 49
with MnO, yielded the C14-hydroxy derivative 50 (15%,
Scheme 22a).°” Notably, the protection of the C4-hydroxy
group is the key to C14 oxidation. Otherwise, the dimerization
of sinomenine occurred as shown in Scheme 8.

Other than the chemical method for C14 oxidation, it is
also possible to synthesize the C14-hydroxy derivatives from
codeine by using a biocatalyst. The biotransformation of 2b
with the biocatalyst Rhizobium radiobacter R89-1 afforded C14-
hydroxy derivatives 51-52 in nearly 1:1 (Scheme 22b).*® The
tetracyclic framework of sinomenine can be obtained by C4,5-
ether cleavage of codeine derivatives which will be further dis-
cussed in section 4.2.

Recently, some authors®® discovered that a novel fused-ring
between B- and D-rings was constructed by the Burgess
reagent® (Et;NSO,NCO,Me) in a one-pot sequence from a
sinomenine-like derivative, oxymorphone. Based on the proto-
col, C14-hydroxy sinomenine derivative 53 was proposed to
form intermediate 54 with C4-acetylation and N-oxide for-
mation (Scheme 23). Notably, the N-oxidation of sinomenine
has been reported in the literature (Scheme 43a).° Iminium
55 was postulated to be obtained by demethylation of N-oxide
using the Burgess reagent, and then trapped by 14-hydroxy to
form a novel oxazolidone ring in 56. Future strategies could
involve the functionalization between C14- and N-positions to
increase the structural complexity of sinomenine.

4. Modifications of the C-ring

4.1 The modifications of enone of sinomenine (C-ring)

The C-ring of sinomenine possesses the major functional
group, enone, which is reactive towards nucleophilic attack,
amination, reduction, etc.

This journal is © the Partner Organisations 2020
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Scheme 23 Proposed synthetic plan for forming a new fused-ring
between rings B and D.

Interestingly, simple acidic treatment of sinomenine 1
yielded several different products. The enol ether of 1 was
hydrolyzed to a diketone 57 by using HCI in H,O (86% yield,
Scheme 24).°" Further reduction of the C-ring yielded 58 in
one-pot from 1 with a high yield (81%) via the Clemmensen
reduction of the in situ generated diketone 57 from hydrolysis
(Scheme 24)."7 A small amount of two incomplete reduction
products was also reported with either one ketone or one
hydroxy group left in the C-ring, but the actual structural con-
figurations were not determined.

When treating 1 with HCI in ethanol, the transformation
provided the displacement of OMe with the OEt group and/or
rearrangement of enone 59 into 60 in a ratio of nearly 1:1
(Scheme 24).°" Various chain lengths of saturated and unsatu-
rated alcohols also worked smoothly as reported in the
literature.®?

Hydrogenation of enone 1 was performed chemoselectively
and stereoselectively with different catalysts (Scheme 25).
Treatment of enone 1 with Pd/C as the catalyst generated 1,4-
reduction product 61 in high yields (83%;>° 79%°"), while that
with PtO, afforded over-reduction product 62 in a comparable

]N 2. NHg
AN

)
TN 57 (86%) 58 (81% in one-pot from 1)
MeO MeO
Ome \ O O
CEN ey e
t i

‘N

MeO. l MeO. !
HO 1. Zn-Hg/HCl HO
A
N
™
[e]

_ N N
o EtO
OEt o
59 60

(80%, 59:60 = 1.1:1)

Scheme 24 Hydrolysis and/or hydrogenation of the C-ring of sinome-
nine 1.
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hydrogenation

OMe \
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‘ _\ .
HO
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Scheme 25 Catalytic reduction of 1 with hydrogen.

yield (70%).° Under hydrogenation conditions, Pt catalyst
reacted with the carbonyl group faster than Pd catalyst.®
Therefore, reduction of 1 with PtO, afforded 62 via the
reduction of the Cé6-carbonyl group followed by C7,8-alkene. As
shown in the half-chair conformation of 1, the sterically hin-
dered A-ring prevents the catalyst from approaching the top
side; thus, the hydrogenation occurs at the less hindered
bottom side, resulting in stereoselective products 61 and 62
(Scheme 25).

To avoid unnecessary side reactions like nucleophilic
addition in the modifications of other reaction sites, protec-
tion of enone with ethylene glycol under acidic conditions
yielded vicinal diacetal 63a in a moderate yield (59%,
Scheme 26).°" Inconsistently, higher yields of diketals 63a-b
(87-91%) were reported probably due to the driving force from
removing water by the Dean-Stark technique.®*

Alternatively, hydrolysis of 1 in the presence of HCI and
ammonium hydroxide produced keto-enamine 64 with a high
yield (78%, Scheme 27)."' The regioselectivity of the nucleo-
philic attack of NH; on the Cé6-carbonyl group of 57 was
probably facilitated by the intramolecular H-bond of phenol
in 57' (Scheme 28a). Treating 64 with lead tetraacetate caused
oxidative cleavage of the C-ring and intramolecular ring-
closure between the C4-hydroxy group and C5 position respect-
ively to afford nitrile ester 65 as a single diastereomer
(Scheme 27).

As depicted in the proposed mechanism in Scheme 28b,
the ring closure of 64 proceeded via a radical oxidation with
Pb(OAc),, resulting in keto-imine 68d. The stereochemistry of

MeO. l MeO. l
HO' TsOH HO'
T’\N OH "\
(7R e g
0 5
(¢]
OMe n

1
63a, n =1 (59%°"; 91%°2)

63b, n =2 (87%%)

Scheme 26 Protection of 1 with glycols under acidic conditions.
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Scheme 27 Hydrolysis and subsequent ring distortion of sinomenine 1.
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Scheme 28 Proposed reaction mechanisms of (a) the formation of
enamine; (b) ring closure and subsequent ring cleavage.

C5 is in the (S)-configuration due to the ring closure at the less
hindered f-face. The consequent oxidative cleavage of 68d gen-
erated 65 as a single diastereomer without altering the stereo-
chemistry at C14. Further modification of 65 to 66 was per-
formed by reduction with LiAlH, followed by ring fusion with
triphosgene (Scheme 27).
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Based on the synthesis of C10-substituted product 42c¢ as
mentioned in section 3.1, treatment of diol-protected 69 under
Schmidt reaction conditions (NaN3/H,SO,) proceeded via sub-
stitution at the C10-position and/or ring expansion to afford
compounds 70 and 71 respectively (Scheme 29a)."' Both
C-10 substituted derivatives 70 and 71 were obtained with
retention of stereochemistry. The azide approached from the
less hindered upper face of secondary carbocation which was
formed and stabilized by delocalization of the A-ring. Similar
ring-expansion product 72 was also observed (51% yield)
when 44 was treated under Schmidt reaction conditions
(Scheme 29a). The proposed mechanism of the ring-expansion
reaction under Schmidt conditions is exemplified by 44
(Scheme 29b). Under acidic conditions, azide attacks the acti-
vated and less hindered Cé-carbonyl group, leading to inter-
mediate 73b. The azide easily extrudes nitrogen gas in many
reactions such as the Staudinger ligation. The formation of
nitrogen gas as the leaving group becomes the driving force
for generating intermediate 73e by a Baeyer-Villiger-like reac-
tion. Finally, derivative 72 was obtained.

A series of sinomenine-pyrazine derivatives were prepared
from the condensation of diketone 57, which was derived
from the HCl hydrolysis of sinomenine 1, with diamines
(Scheme 30).'® Condensation reactions of 57 with symmetrical
diamines provided 74a-c as single products in high yields

Scheme 29 (a) Substitution and/or ring expansion of 69 and 44 under
Schmidt reaction conditions; (b) proposed reaction mechanism of ring
expansion of 44 under Schmidt reaction conditions.
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74d,R = 4/5 -Me (70%, d.r. = 6:1)
74e, R = 4'/5'-CI (72%, d.r. = 3.7:1)
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Scheme 30 Synthesis of sinomenine-pyrazine derivatives by conden-
sation reactions of diketone 57 with diamines.

(>75%). The reactions with unsymmetrical diamines also
afforded 74d-e in high yields (70-72%) but poor regio-
selectivity (ranging from 3.7:1 to 6:1). Unfortunately, the
regioisomers of 74d and 74e were inseparable and it was
difficult to determine their structures due to the spectral simi-
larity. One solution was to synthesize separable regioisomers
by increasing the polarity difference of regioisomers by switch-
ing either the 1' or 2’-position with a more polar hydroxy
group.®® Therefore, condensation of 57 with phenylglycina-
mide generated two separable regioisomers 75 and 76 in a
high combined yield (68%), where 75 was the major regio-
isomer (Scheme 30). The phenolic hydroxy groups of 75 and 76
at 1’ and 2'-positions were further diversified by triflylation
and Suzuki couplings with various boronic acids for biological
evaluation. Over 30 examples of condensation products were
synthesized, including imidazole-fused derivatives.'®®"%4°¢
Similarly, Cé-ketone of 1 was also reactive towards the con-
densation reaction without any pre-treatment. The reaction
proceeded smoothly with hydroxylamine and phenyl hydrazine
respectively to afford 77 and 78 in nearly quantitative yields
(Scheme 31).>*°” Condensations of 1 with other aromatic amines
and hydrazines produced imine and hydrazone derivatives with
yields of >81%.°> Further transformation of oxime 77 yielded sul-

MeO. MeO. MeO.
reduction
& sulfonation
RNHZ HO
’N Aliquat 336 _\
R

77, R = NOH (99%) 79a, R = NMs (88% over 2
78, R = NNHPh (96%) steps)
79b, R = NTs (88% over 2
steps)

OMe

Scheme 31 Condensation reactions of 1 with hydroxylamine and
phenyl hydrazine and further transformation of 77 to 79 by reduction
and sulfonation.
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fonamides 79a-b by the stereoselective reductions of imine and
enol ether with Pd/C and subsequent reactions of amines with
sulfonyl chlorides (Scheme 31).*® Alternatively, tosylated oxime
was also obtained by direct tosylation of 77 with TsCL.%>

Despite the 1,4-reduction of enone 1 as depicted in
Scheme 25, 1,2-reduction of enone proceeded stereoselectively
with LiAlH, to afford alcohol derivatives 81a-d with high yields
(88-95%) and in the (S)-configuration at the Cé6-position
(Scheme 32a).°® Reductions of other 1- or 4-substituted deriva-
tives were also reported with high yields and in the
(S)-configuration.'®®® The Cé-hydroxy group with the (R)-con-
figuration was prepared by using another reducing reagent,
NaBH,, in a lower yield even in large excess (19 equiv.,
Scheme 32a).®” The different stereochemical outcomes between
LiAlH, and NaBH, were probably due to different intermediates
formed prior to reduction (Scheme 32b). The reaction of 1 with
LiAlH, first generated lithiated intermediate 84. The hydride
was then proposed to approach Cé-carbonyl from the less steri-
cally hindered side of 84. In contrast, the reaction of 1 with
NaBH, generated a boron complex 85 by alcoholysis.”® The
hydride was delivered to C6-carbonyl from C4-borohydride of
85, resulting in a different stereochemical outcome.

Treatment of the C6-hydroxy group of 82 with DAST
(Et,NSF3;) underwent an Sy2-like mechanism to provide
Ce-fluorinated derivative 83 with inversion of stereochemistry.

4.2 Future prospects of synthesizing sinomenine derivatives
from other naturally and commercially available products (C-ring)

Apart from direct modification of sinomenine, other morphine
derivatives with the C4,5-ether bridge, such as codeine, would

(a) MeO.
RO !
| )
LiAH, ‘ \ 81a,R = H (95%)
HO' 81b, R = Me (96%)

81c, R = Ph (94%)
81d, R = p-BrPh (88%)

MeO.
Et,NSF;  HO ‘
a

™
E

OMe

EtsN

83 (15%)

84 : 85

Scheme 32 (a) 1,2-Reduction of enone 80 and fluorination of alcohol
82; (b) proposed intermediates for different stereoselectivity between
LiAlH4 and NaBH,.
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be a readily available source for synthesizing opposite enantio-
mers of sinomenine by breaking the C4,5-ether bridge.

The ring-opening of 2b with excess n-BuLi resulted in sino-
menine-like tetracyclic derivative 87 in a high yield (74%,
Scheme 33).”" The reaction was proposed to proceed via an
ElcB (Elimination Unimolecular conjugate Base) mechanistic
pathway with the formation of dilithiated intermediate 86.

The breaking of the oxa-bridge of thebaine derivative 88
with zinc under acidic conditions also yielded sinomenine
derivative 90 (90%, Scheme 34).””> The reductive cleavage of
C4,5-ether bridge was postulated to proceed via zinc-activated
complex 89.

Alternatively, the cleavage of the C4,5-ether bridge of the
morphine derivative naloxone was reported by a modified
Wolff-Kishner reduction (Scheme 35).”> The reaction pro-
ceeded via a one-pot, two-step synthesis. The Cé6-carbonyl of
91 was first converted to N-tert-butyldimethylsilylhydrazone
derivative 92 with 1,2-bis(tert-butyldimethylsilyl)hydrazine.
Subsequent modified Wolff-Kishner reduction at room temp-
erature generated the desired tetracyclic sinomenine derivative
93 (81%).

As illustrated by the above examples, breaking the C4,5-
ether bridge of morphine derivatives provides a future prospect

MeO.
J)
n-BuLi (2.2 rquiv.) HO
5 N
Sk
O

THF, -78t0 0°C