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The first synthesis of bisenarsan; the (45,6S,Z)-2,4,6-trimethylnon-
2-enoic acid ester of (2-hydroxyethyl)arsonic acid, is described. lts
absolute configuration is experimentally determined by preparing
both enantiomers and comparing these to the natural isolate. The
synthesis comprises 10 steps and required the development of an
improved, versatile (2-hydroxyethyl)arsonic acid building block.
The availability of bisenarsan together with the acquired insight
into organoarsenic chemistry supports studies on the unique
bioactivities of arsenic-containing secondary metabolites.

Out of over 400000 natural products reported (through 2022),
only approximately 300 contain arsenicl2, Although rare, these
organoarsenicals exhibit a considerable structural, biological, and
biosynthetic diversity. Many of them are formed via methylation
of inorganic As(III), ultimately providing a detoxification pathway
for inorganic arsenic. These methylated organoarsenicals serve as
precursors to most other organoarsenic natural products, such as
arsenobetaine (Figure [1)), a nontoxic compound found to be the
major arsenic-containing species in a variety of marine animals
and terrestrial fungi. The antibiotic arsinothricin, isolated
from B. gladioli, is instead believed to be formed by reductive
alkylation of inorganic As(III) with the amino acid residue, fol-
lowed by methylation and oxidationZ8.

An intriguing natural product the biosynthesis of which is not
initiated by reductive methylation is bisenarsan (1), isolated from
Streptomyces lividans in 2023 by Hoshino et al.2. Bisenarsan is
the first secondary metabolite isolated from actinomycetes, syn-
thesized from (2-hydroxyethyl)arsonic acid, which is an unprece-
dented moiety in natural products2. The C-As bond in bisenarsan
is believed to be formed by an intramolecular rearrangement
of arsenoenolpyruvate, an arsenic analogue of phosphoenolpyru-
vate. The rearranged organoarsenic product then undergoes en-
zymatic decarboxylation, reduction and O-acylation@. The struc-
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ture of bisenarsan, including the configuration of the alkene and
relative stereochemistry of the methyl branches, was established
using mass spectroscopy and detailed NMR studies, while the
absolute stereochemistry was predicted based on bioinformatics
analysis.

Although the biological role of bisenarsan is still unclear, it was
proposed that this natural product acts as a protoxin, forming
toxic (2-hydroxyethyl)arsonic acid after hydrolysis. It is possible
that this mechanism allows Streptomyces lividans to target organ-
isms possessing esterases that facilitate this reaction, although no
such strains have been identified?.
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Fig. 1 Several notable organoarsenic natural products.

As the number of organoarsenic natural products is so lim-
ited, synthetic methods in this field have been underexplored, al-
though the isolation of arsenicin™1 and arsinothricin™21314 has
elicited important developments in this area. Together with the
unique structure of bisenarsan and its unknown biological role,
this was reason enough to prepare this natural product. Further-
more, to experimentally determine its absolute configuration, it
was necessary to prepare both of its enantiomers.

Bisenarsan is characterized by three stereogenic elements; two
methyl-branched stereocenters and a trisubstituted Z-alkene. We
envisioned that it could be prepared by esterification of a pro-
tected (2-hydroxyethyl)arsonic acid derivative with the corre-
sponding acyl chloride. The required acyl chloride could be pre-
pared from the known (28,4S)-2,4-dimethylheptan-1-ol 3 using a
highly stereoselective Ando olefination reaction, leading to ester
2, followed by hydrolysis and activation (Figure[2).

To this end, known tosylate 4, prepared via enzymatic desym-
metrization of readily available 2,4-dimethylpentane-1,5-dioll%,
was treated with excess ethylmagnesium bromide and substoi-
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Fig. 2 The first-generation retrosynthesis of bisenarsan.

chiometric CuBr-SMe,, to provide alcohol 3 in 61% yield (Fig-
ure[3h). 3 was converted to the corresponding aldehyde 5 under
Parikh-Doering conditions in 94% yield, and reacting 5 with the
known phosphonate 6 and t-BuOK resulted in a highly Z-selective
(Z/E > 20:1 by 'H NMR) Ando olefination that gave ester 2 in
an excellent 93% yield. Hydrolysis of ester 2 turned out to be
sluggish, and the reaction using aqueous lithium hydroxide took
6 d, providing acid 7 in 72% yield. This decreased reactivity of
branched unsaturated esters is known in literature and also ob-
served with esters of the related angelic acid®.
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Fig. 3 a) The first-generation synthetic route b) The optimised synthetic
route to carboxylic acid 7 and the unsuccessful esterification.

To facilitate hydrolysis towards 7, we sought to prepare its
corresponding methyl ester instead. Michaelis-Arbuzov reaction
of phosphite 8 and methyl bromoacetate yielded phosphonate 9
in 92% yield, which was then mono-methylated using the pro-
cedure developed by Bressin and coworkersi? to give the de-
sired Ando reagent 10 (Figure ). Olefination of the alde-
hyde 5 with this reagent gave methyl ester 11, which was con-
verted to 7 by TMSOK-promoted demethylation with an improved
yield and reaction time (82%, 4 h) compared to the hydroly-
sis of 2. To prepare bisarsenan, activated 7 had to be cou-
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pled to (2-hydroxyethyl)arsonic acid. However, to avoid inter-
ference of the arsonic acid function and allow its solubilization
in organic solvents, this group has to be masked. As shown
by Ioannou et al. 1812 this is commonly done by treatment of
(2-hydroxyethyl)arsonic acid with an excess of thiophenol (not
shown), which converts the arsonic acid group to a rather la-
bile diphenyl dithioarsonite group in 13. Carboxylic acid 7 was
converted to the corresponding acyl chloride 12 ((COCI),, cat.
DMF), but the esterification (pyridine, DMAP)2Y18! with 13 did
not lead to the expected product. When an equimolar or excess
amount of 13 was employed, decomposition of the acyl chloride
took place, while with an excess of the acyl chloride the reac-
tion did not proceed to completion even after a prolonged time
at elevated temperature. Referring to the earlier noted lack of re-
activity of the carboxylic function in 7, we attempted to prepare
the corresponding acyl fluoride (not shown), which was expected
to make the carbonyl group more accessible owing to the smaller
atomic radius of fluorine compared to that of chlorine?!. Disap-
pointingly, treating carboxylic acid 7 with NMe,SCF52 yielded
an inseparable mixture of products arising, inter alia, from Z/E-
isomerisation, which has also been observed for derivatives of an-
gelic acid®. These results prompted us to revise our synthetic
approach.

To circumvent the reluctant hydrolysis and esterification reac-
tions altogether, we explored the design of a novel Ando reagent
already containing the masked arsonic acid. In addition this ap-
proach would lead to a shorter and more convergent route. The
diphenyl dithioarsonite group, however, was considered unsuit-
able for this application because it is incompatible with the basic
conditions of the olefination step. Furthermore, its instability on
silica is undesirable. We envisioned that a cyclic dithiocatechol-
type arsonite would be more stable, in analogy with the chelate
effect in transition metal complexes. With this in mind, it was
proposed to prepare bisenarsan by deprotection of the ester 14,
which would in turn be prepared by olefination of aldehyde 5
with a suitable Ando reagent (Figure [4).

5\/(0

5

5 ﬂ Ando
7 O\/\ OH Deprotection S\AS,S olefination
o O 2 0\)
o

Bisenarsan (1)
14

Fig. 4 The second-generation retrosynthesis of bisenarsan.

The synthesis of the required Ando reagent 19 commenced
with the Michaelis-Arbuzov reaction between benzyl bromoac-
etate and phosphite 8, which yielded phosphonate 15 in 70%
yield (Figure ). Methylation yielded benzyl ester 16 in 81%
yield, which was quantitatively converted to the correspond-
ing carboxylic acid 17 by hydrogenolysis. The protected (2-
hydroxyethyl)arsonic acid fragment 18 could be prepared on
gram scale in a two-step procedure. Treating arsenic tri-
oxide (As,05) with NaOH and 2-chloroethanol provided (2-
hydroxyethyl)arsonic acid’®, which was reacted in situ with
toluene-3,4-dithiol, a less expensive derivative of benzene-1,2-
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dithiol. Alcohol 18 prepared this way in 66% yield could be
purified on silica and stored in air for weeks without noticeable
decomposition. Since purification of (2-hydroxyethyl)arsonic
acid requires tedious ion exchange chromatography, and its
dithiophenol derivative 13 decomposes on silica, this proce-
dure represents a significant improvement in the synthesis of (2-
hydroxyethyl)arsonic acid derivatives.

Alcohol 18 was esterified with carboxylic acid 17 using DCC
without an additional catalyst to give the phosphonate 19 in 67%
yield. The remarkable activity of carboxylic acids substituted with
an electron-withdrawing group in the a-position towards DCC-
mediated esterifications is rationalised by the intermediacy of a
corresponding ketene?3. Subsequent olefination of the aldehyde
5 with 19 provided the desired ester 14 in a satisfying 61% yield
(Z/E >99:1 by 'H NMR). Finally, treatment of 14 with aqueous
H,0, in CH;CN under optimised conditions removed the dithio-
catechol protecting group and oxidized the arsonite to the corre-
sponding arsonic acid, providing (S,S)-bisenarsan 1 in 85% yield.
Careful comparison of the NMR spectra and mass spectral data
showed that the synthetic material was identical to the natural
product (see SIT).
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Fig. 5 The second-generation synthesis of bisenarsan.

To experimentally determine the absolute configuration of nat-
ural bisenarsan, it was necessary to also synthesise the other
enantiomer, ent-1. To this end, tosylate 20 was reacted with
ethylmagnesium bromide using Corey-House conditions identical
to those employed in synthesis of 3, yielding silyl ether 21 in 81%
yield (Figure[6R). Deprotection of 21 with TBAF provided ent-5
in 64% yield. ent-5 was then converted to (R,R)-configured ent-1
in the same way as its enantiomer.

With both enantiomers of synthetic bisenarsan in hand, to-
gether with sub-mg quantities of the natural isolate, we turned
our attention to the determination of its absolute stereochem-
istry. The conventional way to determine the stereochemistry of
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Fig. 6 a) The synthesis of ent-bisenarsan b) Derivatisation of bisenarsan
for HPLC analysis

methyl-branched polyketides is the conversion to their methyl es-
ters, followed by analysis with chiral GC12. With the reluctance
of the ester group in bisenarsan towards hydrolysis in mind, we
chose another approach. A dithioarsonite of bisarsenan, like 14,
could be suitable for analysis by chiral HPLC using UV-detection.
As 14 itself is chiral at arsenic, a phenomenon that became im-
mediately apparent upon analysis by chiral HPLC, the derivati-
zation of synthetic and natural bisenarsan was carried out with
benzene-1,2-dithiol. Indeed, upon conversion of 1 and ent-1
to 22 and ent-22, respectively (Figure [6b), baseline resolution
was obtained using a Chiralpak AD-H column, with n-heptane/i-
PrOH: 99.5 : 0.5 as mobile phase. Conversion of 50 ug of the nat-
ural isolate unambiguously showed the 4S,6S-stereochemistry of
bisenarsan, thereby confirming the prediction made using bioin-
formatics analysis (See Figures S1-S41). The enantiomeric pu-
rity of the synthesised products was similarly assessed (e.r. =
98:2 for 22 and 95:5 for ent-22) by utilising chiral HPLC of 22
and ent-22 (Figures S2tand S37). To our knowledge, this is the
first report using the benzene-1,2-dithiol derivatisation of arsonic
acids for chromatographic analysis.

In conclusion, the first synthesis of bisenarsan has been ac-
complished in 10 steps. The synthesis led to an improved syn-
thesis of a masked (2-hydroxyethyl)arsonic acid building block
and an extension of the use of Ando olefination reagents. Util-
ising a benzene-1,2-dithiol derivatisation reaction, the synthetic
products and the natural isolate were analysed by chiral HPLC
to confirm the absolute stereochemistry of bisenarsan. These ac-
quired tools will be helpful in the synthesis of newly discovered
organoarsenic metabolites.

The authors thank Prof. Dr. Onaka and Prof. Dr. Hoshino for
kindly providing a sample of the natural bisenarsan and raw NMR
data.
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