
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

0/
26

/2
02

5 
11

:3
7:

04
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Iterative synthes
Institute of Industrial Science, The Univers

Tokyo 1538505, Japan. E-mail: kkudo@iis.u

† Electronic supplementary information (E
spectral data, HPLC trace and co
10.1039/d2ra00108j

Cite this: RSC Adv., 2022, 12, 5275

Received 7th January 2022
Accepted 6th February 2022

DOI: 10.1039/d2ra00108j

rsc.li/rsc-advances

© 2022 The Author(s). Published by
is of nitrogen-containing
polyketide via oxime intermediates†

Yuta Takeuchi, Shun Kawasaki, Kengo Akagawa and Kazuaki Kudo *

Typical polyketides consist of C, H, and O atoms, whereas several types of N-containing polyketides are known

to show intriguing properties. Because conventional synthetic approaches for such compounds focus on only

specific structures, a more general method is desirable. Here, we have developed an iterative synthesis of

nitrogen-containing polyketide. Chain elongation of carboxylic acid via decarboxylative Claisen

condensation with malonic acid half thioester was iteratively performed to construct carbon frameworks. b-

Keto groups formed by the chain elongation were appropriately converted to O-methyl oximes for

incorporation of nitrogen atoms. Cyclization of the resulting oxime intermediates followed by reductive

N–O cleavage afforded structurally diverse nitrogen-containing polyketides such as 2-pyridone, 4-

aminopyrone, and 4-aminosalicylate. This method was finally applied to the synthesis of (R)-6-aminomellein,

which is a nitrogen-substituted derivative of bioactive compound, (R)-6-methoxymellein. The versatility of

the present method would enable the synthesis of diverse polyketides with nitrogen functional groups,

which can be potentially utilized for the development of novel bioactive compounds.
Introduction

Polyketides constitute an important class of secondary metab-
olites owing to their biological activities and have been utilized
for potent pharmaceuticals.1 We have recently developed an
iterative method for polyketide synthesis inspired by the
biosynthetic mechanism.2 In this method, chain elongation of
carboxylic acid via decarboxylative dehydration condensation
withmalonic acid half thioester (MAHT) is iteratively performed
to form polyketide precursors. The advantage of the above
strategy is that a variety of structures can be constructed by
a tailored method, and chemical modications such as reduc-
tion or alkylation can be easily made to the intended positions.

Similar to the typical natural polyketides, the constituent
elements of the products obtained by our method are limited to
carbon, hydrogen, and oxygen. Meanwhile, several types of
nitrogen-containing polyketides are known in nature.3 For
example, 2-pyridone is one of the most notable compounds
because of their intriguing and valuable biological properties,4

and the studies on their chemical synthesis has attracted much
attention5,6 (Fig. 1a). In addition, the replacement of oxygen
functional group in polyketides with nitrogen counterparts can
be an effective approach for drug design. Wang and co-workers
reported the development of E6201, a novel compound exhib-
iting anti-inammatory effect, by replacing methoxy group of
ity of Tokyo, 4-6-1 Komaba, Meguro-ku,

-tokyo.ac.jp

SI) available: Experimental procedures,
pies of NMR spectra. See DOI:

the Royal Society of Chemistry
natural polyketide with ethylamino group7 (Fig. 1b). From these
points of view, the versatile method for the synthesis of
nitrogen-containing polyketide is of great value, and we
considered that our iterative method has potential to be utilized
for such strategy on account of its exibility.

The proposed method is shown in Scheme 1. The carbon
frameworks are iteratively constructed by the condensation with
MAHT 1. The b-keto group formed in each chain elongation is
converted to O-methyl oxime (or protected as appropriate).
Oxime intermediates thus obtained are cyclized, and the N–O
bond is cleaved to afford nitrogen-containing polyketides.
Fig. 1 (a) Natural bioactive 2-pyridone compounds. (b) Replacement
of methoxy group in natural polyketide with ethylamino group for the
discovery of E6201.
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Scheme 1 Proposed method for the synthesis of nitrogen-containing polyketide. R ¼ alkyl group.

Scheme 2 Synthesis of linear triketide compounds withO-methyl oxime(s): (a) COMU, DIEA, then 1, iPrMgBr, DME, rt; (b) MeONH2$HCl, CH2Cl2/
pyridine, rt; (c) CsOH, H2O2, 1,4-dioxane/H2O, rt; (d) TMSO(CH2)2OTMS, TMSOTf, CH2Cl2, 0 �C to rt.

Scheme 3 Formation of 2-pyridone structure through cyclization of 6
and reductive N–O bond cleavage: (a) DBU, CH2Cl2, rt, then
(MeO)2SO2, DIEA, rt; (b) SmI2, THF, rt.

Table 1 Cyclization of 7 and reductive N–O bond cleavage for the
formation of 4-amino-2-pyridone

Entry Cyclization conditionsa Yieldb of 14 (%)

1 DBU, CH2Cl2, 8 h n.r.
2 KHMDS, CH2Cl2, 8 h n.r.
3 NBS, CH2Cl2, 1.5 h 0
4 Cu(OTf)2, THF, 2 h n.r.
5 CF3CO2Ag, THF, 2 h 23
6 CF3CO2Ag, oxyma, THF, 24 h 74

a All of the reactions were performed at room temperature. b Isolated
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Results and discussion

We started from the synthesis of nitrogen-containing triketide
compounds to conrm the viability of the proposed method
(Scheme 2). Firstly, chain elongation of carboxylic acid 2 with
MAHT 1was carried out according to our previous reports.2a The
keto group of the resulting b-ketothioester 3 was subjected to
condensation with O-methyl hydroxylamine hydrochloride to
give O-methyl oxime 4 in high yield. Hydrolysis of this
compound followed by second chain elongation gave d-
methoxyimino-b-ketothioester 6. The second oxymation could
be carried out on 6 under the same conditions as the rst one to
form b,d-bis(methoxyimino)thioester 7. On the other hand, the
b-keto group of 3 was protected as 1,3-dioxolane to afford
thioester 8, which was converted to b-ketothioester 10 via
carboxylic acid 9 by hydrolysis and chain elongation as repor-
ted.2a The oxime formation on 10 gave b-methoxyiminothioester
11. Thus, the series of linear triketides 6, 7, and 11 containing
the oxime(s) in different positions were synthesized.
5276 | RSC Adv., 2022, 12, 5275–5279
Having the linear oxime intermediates in hand, we sought
the optimal conditions for cyclization and N–O scission. At rst,
we treated the precursor 6 with DBU to induce cyclization via
acyl substitution of thioester with oxime nitrogen, and subse-
quent methylation afforded N-methoxy-2-pyridone 12 (Scheme
3). The N–O bond of the product 12 was successfully cleaved by
yield.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Formation of 4-amino-2-pyrone structure through cycli-
zation of 11 and reductive N–O bond cleavage: (a) conc. HCl/1,4-
dioxane, rt; (b) CF3CO2Ag, oxyma, THF, rt; (c) SmI2, THF, rt.

Scheme 5 Chain elongation for the linear tetraketide compounds
withO-methyl oxime and the formation of 4-aminosalicylate structure
through cyclization of 20 and reductive N–Obond cleavage: (a) CsOH,
H2O2, 1,4-dioxane/H2O, rt; (b) COMU, DIEA, then 1, iPrMgBr, DME, rt;
(c) conc. HCl/1,4-dioxane, rt, then Et3N, CH2Cl2, rt; (d) SmI2, THF, rt.
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the treatment with samarium(II) iodide8 under mild conditions
to give the desired product, 2-pyridone 13.

Next, we applied the above cyclization conditions to 7 but no
conversion was observed (Table 1, entry 1). Use of stronger base
also resulted in no reaction (entry 2). Hence, we tried the
cyclization through activation of thioester using thiophilic
reagents. When we used NBS,9 the starting material was
consumed but complex mixture was obtained without the
desired product (entry 3). While Cu(II)10a did not promote the
Scheme 6 Synthesis of (R)-6-aminomellein: (a) (i) benzyl 2,2,2-trichloroa
(ii) LiOH, THF/H2O, rt; (b) COMU, DIEA, then 1, iPrMgBr, DME, rt; (c) TMSO
rt; (e) MeONH2$HCl, CH2Cl2/pyridine, rt; (f) TsOH$H2O, acetone, rt, then

© 2022 The Author(s). Published by the Royal Society of Chemistry
intended reaction (entry 4), Ag(I)10 quickly converted the thio-
ester and afforded the cyclized product with low yield (entry 5).
This result seemed to be due to side reactions through ketene
formation.10e Fortunately, we eventually found that use of ethyl
2-cyano-2-(hydroxyimino)acetate (oxyma), a recently developed
additive for peptide synthesis,11 suppressed the side reactions
and gave the desired product in good yield12 (entry 6). Both of
the two N–O bonds in 14were reductively cleaved by RANEY® Ni
to generate 4-amino-2-pyridone 15.13 Then, we conducted
deprotection of 1,3-dioxolane in 11 for subsequent cyclization.
Notably, the oxime moiety was stable under the moderately
acidic hydrolysis conditions, and b-methoxyimino-d-keto-
thioester 16 was obtained. Subsequently, the same procedure
was followed for 7. The cyclization proceeded via an intra-
molecular transesterication to give 4-methoxyamino-2-pyrone
17 (Scheme 4). Finally, the N–O bond cleavage was done by
samarium(II) iodide, furnishing 18. The 4-amino-2-pyrone
structure thus obtained has a few examples of existence in
natural polyketide compounds.14 These results demonstrated
that the structure of products can be diversied by simply
changing the position of oxime(s) in linear intermediates.

This method was further extended to nitrogen-containing
tetraketide compound by performing three chain elongations
(Scheme 5). Hydrolysis of thioester 11 and chain elongation of
the resulting carboxylic acid 19 gave b-ketothioester 20.
Deprotection of 1,3-dioxolane followed by cyclization resulted
in the formation of salicylate 21. Remarkably, the cyclization
proceeded via an intramolecular aldol condensation in priority
to potentially competing 2-pyridone formation by employing
the suitable reaction conditions. Samarium(II) iodide was also
available in the cleavage of N–O bond in 21, and 4-amino-
salicylate 22 was obtained.

Finally, we applied the present method to the synthesis of
amino analogue of a natural polyketide with oxyfunctionality.
(R)-6-Methoxymellein is a dihydroisocoumarin compound iso-
lated from carrot cells, and it is known as a phytoalexin which
inhibits the growth of several fungi and bacteria.15 We chose
this compound as a target molecule for our purpose, and
cetimidate, TfOH, 4�Amolecular sieves, cyclohexane/CH2Cl2, 0 �C to rt;
(CH2)2OTMS, TBSOTf, CH2Cl2, 0 �C; (d) CsOH, H2O2, 1,4-dioxane/H2O,
Et3N, CH2Cl2, rt; (g) BBr3, CH2Cl2, �78 �C; (h) SmI2, THF, rt.

RSC Adv., 2022, 12, 5275–5279 | 5277
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carried out the synthesis of 6-demethoxy-6-amino analogue of
the compound (Scheme 6). The synthesis was launched from
carboxylic acid 24 prepared from commercially available chiral
alcohol 23.16 Aer chain elongation, the b-keto group of 25 was
protected as 1,3-dioxolane. The thioester 26 was hydrolyzed to
generate carboxylic acid 27, which was followed by second chain
elongation to give 28. Here, the resulting b-keto group was
converted to oxime for the O to N replacement giving 29.
Carboxylic acid 30 was obtained by hydrolysis of the thioester
29, and subsequent third chain elongation gave a linear
precursor 31. Removal of 1,3-dioxolane followed by cyclization
yielded salicylate 32. Deprotection of benzyl ether and lactoni-
zation proceeded simultaneously by the action of BBr3 to afford
lactone 33. Finally, N–O bond cleavage by samarium(II) iodide
was carried out to give (R)-6-aminomellein (34). Remarkably, no
stereochemical erosion occurred along the synthesis, and the
product was obtained with high optical purity.

Conclusions

We have developed the iterative strategy for the synthesis of
nitrogen-containing polyketides. Because the chain elongation
was performed in the iterative manner inspired by polyketide
biosynthesis, the length of carbon chain and the position of O-
methyl oxime could be easily changed. Therefore, the products
with a variety of structures were obtained by the uniformed
protocol. The synthesis of nitrogen-substituted natural
compound demonstrated the feasibility of present method for
the development of novel bioactive compounds. We believe that
this method can be further extended to more complicated
compounds derived from longer intermediates by combining
with the synthetic method such as convergent strategy.
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