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/Abstract: A ring-closing alkene metathesis (RCM)/ oxyselena-
tion-selenoxide elimination sequence was established to the
sodium salts E- and Z-25 of the originally proposed structure
for the recently isolated cytotoxin aruncin B (1), as well as to
the sodium salt Z-34 of a related ethyl ether regioisomer;
however, none of their corresponding free acids could be
obtained. Their acid sensitivity, together with detailed analy-
sis of the spectroscopic data indicated that profound struc-
tural revision was necessary. This led to reassignment of ar-

uncin B as a Z-y-alkylidenebutenolide Z-36. Although a relat-\
ed RCM/ oxyselenation-selenoxide elimination sequence was
used to confirm the y-alkylidenebutenolide motif, a -iodo
Morita-Baylis—Hillman reaction/ Sonogashira cross-coupling-
5-exo-dig lactonisation sequence was subsequently devel-
oped, due to its brevity and flexibility for diversification.
Aruncin B (36), together with 14 y-alkylidenebutenolide ana-
logues, were generated for biological evaluation.

/

Introduction

Inhibitors of antiapoptotic proteins from the Bcl-2 family are
currently considered to be promising leads for drug discovery
programs, especially for the treatment of drug-resistant tu-
mours."” In 2011, Woo and co-workers re-
ported the isolation of several previously

EtO
\ unknown cytotoxins from the aerial parts
d N o OXtract of Aruncus dioicus var. kamtschati-
2 .
cus, a plant found on the Korean island
1 OH

Ulleungdo.” Among these, aruncin B (1,
Figure 1) stood out: early biological stud-
ies showed inhibitive properties towards
Bcl-2 family proteins, with some selectivi-
ty for malignant over human cells.”’ The
structure of aruncin B (1) was originally
assigned using spectroscopic methods, as a monoterpenoid
containing a dihydropyranol core.? It features an unusual

Figure 1. Originally
reported structure of
aruncin B (1).2
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cross-conjugated exocyclic enol ether and, as originally report-
ed, a potentially acid-labile tertiary allylic ethyl ether and car-
boxylic acid functionality within the same structure. The olefin
geometry and absolute configuration remained undetermined.
Its unusual structural features and promising biological activity
made aruncin B (1) an interesting target for synthetic studies.
In this Full Paper, we detail our synthetic studies towards the
originally reported structure of aruncin B (1), as well as two
closely related isomeric structures, its structural revision and
synthetic routes leading to the correct structure.”’ The concise-
ness and convergent nature of the latter enabled access to a li-
brary of analogues for biological evaluation.

Retrosynthetically, aruncin B (1) could be derived from a di-
hydropyranone core (A, Scheme 1), with installation of the key
enol ether being achieved through an ethoxyselenation-selen-
oxide elimination sequence (C—B—A).”! Diene C would be
obtained by ring-closing alkene metathesis (RCM) of an appro-
priate precursor triene (D).

Results and Discussion
Synthesis of a model dihydropyranone 8

So as to establish the viability of the above strategy
(Scheme 1), we first examined a simplified system that lacked
the a-side-chain (i.e., R=H). O-Alkylation” of the bis allylic al-
cohol 2 (Scheme 2, obtained by addition of vinylmagnesium
bromide to 3-methyl-2-butenal),”® using the a-bromo Weinreb
amide 3 (prepared from bromoacetyl bromide and N,O-dime-
thylhydroxylamine),”” proceeded in modest yield. Subsequent
addition of vinylmagnesium bromide gave the acid-labile
enone 4."% RCM using Grubbs Il cat. (Gll) produced an insepa-
rable 3:1 mixture of desired dihydropyranone 5 and terminal

16525 © 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Original retrosynthesis.
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shown in E); this coordination would also enhance
the e-0” acceptor ability of the ring C—O bond, thus
increasing the relative e-o donor ability of the allylic
ring C—C bond (vs. the ring C—O bond), which al-
ready preferentially directs the attack anti to itself.
This diastereoselectivity is also found in methoxyha-
logenation of a-isobutenyl-substituted 5- and 6-
membered cyclic ethers."?

Hydrogen peroxide-induced oxidation™ of ethox-
yselenide 7, followed by syn-elimination of the in

NMeOMe
=\ — = situ formed selenoxide, gave enol ether 8 as a sepa-
B (31%)
r O o GI or Gll . . .
HG —3 - _ d N+ 4N rable mixture of E-/Z-isomers (Scheme 2). Starting
2 Bng/\ (57%) 4 S CHZCIZ from the single diastereoisomer of ethoxyselenide 7,
THF 5 © 6 ° this sequence was expected to deliver only the E-
Gll (0.005 M): 5/6 3:1 (60%) isomer (Scheme 3). TLC monitoring of the reaction
Gl (0.05 M): 5 (59%) T ; ; o
showed initial formation of the E-isomer, which iso-
SePh B0 H «, NOE merises under the reaction conditions and on stand-
ing.'"” One possible mode of isomerisation is via re-
PhSeBr, BN HoOpyr | versible conjugate addition to the d-position of the
EIOHICH,Cl, CHClL/H0 dienone. The configurational lability of the E-isomer
7 (30%) £s8 (27% 28 (27% could be explained by A" strain: C(5)H- (vs. ring O-)

Scheme 2. Synthesis of dihydropyran 8.

olefin-containing dihydropyranone 6; the latter likely being
generated from enone 4 by competing initiation at the gem-di-
methyl-substituted olefin. The less reactive Grubbs | cat. (Gl)
prevented metathetical involvement of the more sterically de-
manding gem-dimethyl-substituted olefin, and delivered exclu-
sively the desired dihydropyranone 5.

Ethoxyselenation of dihydropyranone 5 using PhSeBr/ EtOH
in the presence of Et;N® delivered ethoxyselenide 7, isolated
as a single diastereoisomer. The same level and sense of dia-
stereoselectivity (typically *Jocy_sec 1.5 Hz, Scheme 3) was also
found in the ethoxyselenation of all dihydropyranones exam-
ined later in this work, including selenide 23 (Scheme 7) where
the relative configuration was established by single crystal
X-ray diffraction studies."” Selenation is likely to occur from a
conformer (E, Scheme 3) of dihydropyranone 5, where the iso-
butenyl group is pseudo-equatorial, and allylic strain is mini-
mised. The cyclic ether oxygen atom may direct approach of
the electrophilic selenium species by coordination® (as

~H SePh

PhseBr EtO'/

interaction with CMe,OFEt (see E-8, Scheme 3). Con-

figurational lability of the exocyclic olefin was also

found in the other y-alkylidenedihydropyrans subse-

quently synthesised. E-/Z-Configurations were as-
signed by comparison of the C(5)H chemical shifts (>8.0 ppm
and 7.0-7.5 ppm, respectively).

The above model study showed that a RCM/ ethoxyselena-
tion-selenoxide elimination strategy could be used to form the
cross-conjugated pyranone motif. The ethoxyselenation-selen-
oxide elimination sequence proved to be a mild method to
access the sensitive enol ether functionality. In addition, the
configurational lability of the E-isomer suggested that the nat-
ural product was more likely to possess a Z-configured exocy-
clic enol ether.

Studies towards the originally reported structure
Synthesis of dihydropyranone 14

The viability of the above model study encouraged investiga-
tion of a system bearing an a-side-chain appropriate for arun-
cin B. tert-Butyl a-bromoacetate (10, Scheme 4) proved a more
effective partner than the Weinreb amide derivative 3
(Scheme 2) for the O-alkylation of 3-methyl-2-bute-
nal-derived crude alcohol 2; the latter being
achieved under mild phase-transfer catalysis

g = H}/Q —on~ e ? (Scheme 4).1" After conversion of the resulting ester
N N ; ; nel
Y Br-Sé N 11 to its corresponding B-keto phosphonate 12,
Ph ° 7 °© Villiéras modification”” of the Horner-Wadsworth-
° E OE Emmons reaction provided the RCM precursor,
t . S . .
) EtQ ) triene 13, while installing the required extra carbon
H20, Et0\>—§iezh o PhSe‘jip syn-elimination H—\ W atom at the a-position (missing in model triene 4).
X ( FARN Triene 13 also possessed a greater (acid) stability
N
| o o £ than triene 4. This sequence could be carried out

Scheme 3. Rationale for stereochemical outcome of ethoxyselenation-selenoxide elimina-

tion sequence.

Chem. Eur. J. 2017, 23, 16525 - 16534 www.chemeurj.org

with either diethyl or dimethyl methylphosphonate
in similar yields (50-60% over 2 steps); however, di-
methyl methylphosphonate was preferred due to its

16526  © 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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idine;? Luche reduction®" of ketoacid 19 failed to
deliver aruncin B (1).

Redox interchange and FGI endgame

The above results suggested that it might be neces-
sary to have the correct ring and o-side-chain oxida-
tion levels in place prior to installation of the sensi-
tive enol ether functionality; an initial redox inter-
change was therefore considered. 1,2-Reduction of

OH
dihydropyranone 14 using DIBAL-H,? followed by

\9* ChemPubSoc
O Europe
1.
BngJ/
— — / MeP(O)(OMe), — /
H THF nBuLi o
(o) 2 oBu o OtBu THFE o P(OMe),
10 0 (e}
Br 0 11 12 (96%)
NaOH a o
nBu4NHSOfcat. (93% over 2 steps)
PhMe
HCHO aq =\ J Gl — —
K,CO; (10 mol%)
s, g — "IN o N
THF CHCly, OH
OH then o)
13 O >=\ 14 (94%) 15
(49% over 4 steps)

Scheme 4. Synthesis of key intermediate, dihydropyranone 14.

higher water solubility, enabling removal of excess during
aqueous workup, rather than by distillation. In contrast to the
model study, RCM of triene 13 using Gl did not give hydroxy
dihydropyranone 14 in a useful yield (a25%), probably due to
the slightly more sterically demanding nature of the a-hydrox-
ymethyl-bearing olefin partner. Gll proved more promising,
giving dihydropyranone 14 along with dihydropyranone 15
(ca. 9:1 mixture, inseparable); however, the latter could be con-
verted to 14 by subsequent addition of excess 2-methyl-2-
butene."® Dihydropyranone 14 possesses all the carbon atoms
of the originally assigned core structure of aruncin B (1).”

Original late-stage function group interconversion (FGI) at-
tempt

The ethoxyselenation-selenoxide elimination sequence previ-
ously described (Scheme 2) was carried out on dihydropyra-
none 14 (Scheme 5) to give, via ethoxyselenide 16, a (separa-
ble) mixture of Z-/E-enol ethers 17. Unfortunately, these inter-
mediates undergo rapid decomposition on standing and could
not be used in a subsequent (oxidation) step. However, oxida-
tion of the ethoxyselenide 16 using excess Dess—Martin period-
inane (DMP) resulted in simultaneous selenide oxidation-selen-
oxide elimination and oxidation of the primary alcohol to the
corresponding aldehyde,"™ resulting in the more stable Z-ke-
toaldehyde 18. Oxidation to the ketoacid 19, proved very chal-
lenging, proceeding at best in only 4% yield using CrO; in pyr-

EtO  SePh
s N\ PhSeBr, Et;N H202 pyr
OH  EtOH/CH,Cl, OH CHZCIZIHZO
o]
14 16 (69% EA17 17%
z17 (30%)
DMP
NaHCO;3
CH,Cl,
Cro NaBH,, CeCl
0 d YcoH — %2 d Ncopm
MeOH
18 (34%) O 19 (4%) O

Scheme 5. First attempt at late-stage FGI of dihydropyranone 14.

Chem. Eur. J. 2017, 23, 16525 - 16534 www.chemeurj.org

selective TEMPO-catalysed oxidation of the primary
alcohol® delivered hydroxyaldehyde 20 (3:1 d.r.,
Scheme 6). For ease of spectral analysis diastereoiso-
mer separation was carried out at this point and the

A 1. DIBAL-H, THF
o

2 3
14 O

OH 2. TEMPO cat.
Phl(OAc),
CH,Cl,

20mj (42% over 2 steps) 20mn (28% over 2 steps)
AgNO3 NaOH |

! EtOH/ H,0

EtO SePh EtO
PhSeBr \
ch03 \ [0x] N
0 COH —x> 0 CO,H
EtOH/
CHyCl, OH

Scheme 6. Redox interchange from dihydropyranone 14 with conformation-
al analysis (*J,_ in Hz).

21 quant 22 (25%)

rest of the sequences presented were carried out on the major
diastereoisomer (20 mj). Relative stereochemistry was originally
assigned by comparison of 3J, ; values of the major contribu-
ting half-chair conformer of each diastereoisomer. In both dia-
stereoisomers, the isobutenyl group is expected to be pseudo-
equatorial; for the major diasterecisomer, the higher 3J, ,
values (>5 Hz) observed are characteristic®” for the oxygen
substituent residing pseudo-equatorial, corresponding to the
trans isomer 20mj. For the minor diastereocisomer 20mn,
lower 3J,_; values (<3 Hz) are characteristic for the
oxygen substituent being pseudo-axial. This prefer-
ence for the formation of the trans isomer has also
been found in the 1,2-reduction of a 4-substituted o-
(hydroxymethyl)cyclohexanone.” Oxidation of the
hydroxyaldehyde 20mj using alkaline AgNO,,*® de-
livered the hydroxyacid 21. Reaction of the latter
with PhSeBr in the presence of an inorganic base
was used to obtain ethoxyselenide acid 22. Various
oxidation conditions (H,0,, NalO,, NalO,, NaHCO;, m-
CPBA/ iPr,NH or O;) were examined with acid 22 to
lastly install the enol ether, but all failed to generate
aruncin B (1); only decomposition was observed.

The efficiency and chemoselectivity of the above
aldehyde to acid oxidation (20mj — 21) encouraged

16527 © 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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consideration of leaving such an oxidation to the last step. Ini-
tial ethoxyselenation of hydroxyaldehyde 20mj proceeded
again diastereoselectively (Scheme 7). The relative stereochem-
istry was confirmed by single crystal X-ray diffraction studies
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system, such as a dienoate, might retard the rate of isomerisa-
tion and enable access to the E-enol ether configuration.

TMSCHN,-induced esterification of acid 21 gave hydroxyest-
er 26 (Scheme 8). Ethoxyselenation, followed by oxidation re-
sulted in the formation of the E-enol ether 27, which
showed a much lower rate of isomerisation com-
pared with dienal 24. Subsequent saponification
gave the sodium salt E-25, which however, similarly
% to its Z-isomer, could not be acidified.

EtO  SePh B0 H \NOE
— N\ H
PhSeBr, EtOH NalO4, NaHCO3
\ T A pbeelait A
o A o A 0}

/0 EtN,CHCl / o MeOH

OH OH OH

20mj 23 (83%) 24 (40% over 2 steps)

A0, NaOH

EtOH/H,0

Z-25 (quant)

Scheme 7. Synthesis of sodium salt Z-25 of the postulated structure of aruncin B.

on the 3,5-dinitrobenzoate derivative of ethoxyselenide 23"
(see Supporting Information). This analysis served not only to
confirm the ethoxyselenation diastereoselectivity rationalised
earlier (Scheme 3), but also the diastereoselectivity in the
DIBAL-H-induced 1,2-reduction of dihydropyranone 14
(Scheme 6). Subsequent oxidation of selenide 23 using NalO,
resulted in the Z-enol ether 24. Oxidation to the acid, using sil-
ver(l) oxide in the presence of NaOH®" gave the sodium salt
25 which corresponded to the conjugate base of the originally
reported structure of aruncin B (1). Various mild acidification
conditions were then examined (workup using pH 6 buffer so-
lution, low temperature addition (—78°C) of accurately mea-
sured 1.0 equiv of HCl, carboxylic acid-supported ion-exchange
resin (@amberlite IR-50)), but only led to decomposition.

Since the geometry of the enol ether was not unambiguous-
ly assigned in the original isolation report of aruncin B (1,
Figure 1), we were interested in establishing whether the E-
isomer would present a higher stability towards acidic condi-
tions. As noted earlier, the E- — Z-isomerisation (Scheme 2)
was suspected to occur in part by reversible conjugate addi-
tion to the d-position of the dienone 17, 18 and dienal 24; we
therefore considered a slightly less electron-withdrawing

A o} TMSCHN,
o] MeOH/PhMe
/  OH
H
21 26 (31%)
EtO EtO
1. PhSeBr, EtOH NOE
Et;N, CH,Cl, A ;I\' S

(92%) 7 5 O o)

" A\ _ NaOH 3\
2. H0,, pyr oMe  THF/EtOH/H0 'ONa
CH,Cly/H,0 oH OH
(54%) 27 E-25
(quant.)

Scheme 8. Synthesis of sodium salt E-25 of the postulated structure of arun-
cin B.

Chem. Eur. J. 2017, 23, 16525 - 16534 www.chemeurj.org

d D—coH

The above results (attempted conversion of 19,
22, 7-25 and E-25 to 1) suggested that structure 1
could not exist (as a free acid) nor correspond to ar-
uncin B: it presents intrinsic elements of instability.
Although we were unable to isolate any decomposi-
tion product(s) that may have helped to clarify the
decomposition pathway(s), we consider the carbox-
ylic acid functionality likely initiates decomposition
via ethoxy protonation leading to facile loss of EtOH
from the tertiary allylic position assisted by the enol
ether moiety.

Synthesis of regioisomeric ether

Comparison of *C NMR data for Z-25 and E-25 with reported
values for aruncin B (1) indicated notable inconsistencies in
the C(3), C(8), and C(10) chemical shifts (Figure 2), and we
therefore considered that the site of etherification could be
misassigned.

Further detailed comparison with *C NMR data of other
known tertiary allylic ethyl ethers (28%% and (F)-O-ethylsubere-
nol (29),”" Figure 2) and alcohols (30 and 318%), suggested
that while the C(8) and C(10) chemical shifts observed in Na
salts Z- and E-25 are not anomalous,”*?? the shift observed
and originally assigned in the natural isolate is more consistent

with the tertiary allylic position being an alcohol.?*3”

59.4\'0 66.7 ©
767N\ o 712X o
d N g N\
ONa OH
2 J
635 OH 767 OH
Z-25 1 E-25
57.7\—0 49.9\—0 MeO
747, 735
N\ N\ o
o
28[28] 29[29] —
HO HO
70.7>§—\l\ 69,5>T\>7
R
30281 3110

Figure 2. Selected *C NMR data for 1, E-/Z-25 and previously reported terti-
ary allylic ethyl ethers and alcohols.

16528 © 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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In addition to the above analytical considerations, the pres-
ence of a free hydroxy group at the tertiary allylic position
might provide a lower acid sensitivity, due to its lower basicity
compared with the ethoxy group, thus limiting initial protona-
tion of the oxygen atom, suspected to trigger decomposition
by loss of H,0O or EtOH, respectively. We therefore focused on
synthesising an alternative regioisomeric structure (34,
Scheme 9) featuring the ethyl ether at C(3).

— Etl — 1. PhSeBr
Ag,O (0] MeCN/H,0O
g\ 2 N ik
\
4 O 4AMS 2 OEt 2. Hy0,, pyr
_ OH OEt CH,Cly/H,0
20mj 32 (50%) (51% over 2 steps)
HO HO
N\ 0 N (o]
d N\ NaOH d N\
OEt  THF/EtOH/H,0 ONa
OEt OEt
Z-33 Z-34 (quant.)

Scheme 9. Synthesis of the regioisomeric structure 34.

O-Ethylation of hydroxyaldehyde 20mj in neat Etl in the
presence of Ag,0®" and 4 A MS, was accompanied by oxida-
tion of the aldehyde to the corresponding acid and subse-
quent esterification to give the diethyl ether ester 32. In a simi-
lar fashion to ethoxyselenation described previously, hydroxy-
selenation of ester 32 could be carried out using PhSeBr in
MeCN/H,0,%? followed by oxidation with hydrogen peroxide
to give Z-enol ether 33. Obtention of the Z-isomer contrasts
with the results observed with the dieneoate 27. '"H NMR anal-
ysis of the crude mixture following hydroxyselenation-oxidative
elimination of ester 32 indicated traces of £-33: chemical shifts
for C(5)H (and C(7)H) 8.18 (and 5.51 ppm) (CDCl,), respectively;
these values are higher than those seen for dienoate E-27
(8.03 (and 5.35 ppm) (CDCls), respectively). This difference may
indicate slightly higher electron deficiency in dieneoate E-33
compared with E-27, which might account for the greater E-—
Z-isomerisation of dieneoate 33. Saponification of dienoate Z-
33 delivered the corresponding sodium salt 34, which however
featured similar acid sensitivity to sodium salts 25.

The acid instability of the dihydropyranol sodium salt deriva-
tives and the inconsistencies observed in the analytical data
led us to conclude that the originally assigned structure of ar-
uncin B or the O-ethyl variant could not be correct, and a
more profound structural revision was necessary.

Studies towards a newly postulated structure
The Z-y-alkylidenebutenolide hypothesis

Reported UV data for aruncin B are consistent with an v-
alkoxy-a,f3,y,0-unsaturated carboxyl motif being present in the
molecule.”*3¥ However, acid sensitivity of the tertiary allylic
ether (alcohol) motif cast doubt on its coexistence with the
carboxylic acid functionality, and we therefore considered that

Chem. Eur. J. 2017, 23, 16525 - 16534 www.chemeurj.org
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the carboxyl motif could be esterified. The *C NMR shift for
the ring CH, (in the original assignment) suggested a better
match for a primary alcohol rather than an ether (Figure 3).5%
As discussed earlier (Figure 2), the tertiary allylic position most
likely corresponds to a free alcohol, with the ethyl group being
borne by a secondary alcohol and the reported "C shift for
C(3) is more consistent for an ether rather than a free alcohol
(Figure 3).

EtO
N\
d N—coH \_}ﬂ
o r
OH 65. 3 OMe
64.2 76.7
1 eupaglehnm D (35)

Figure 3. Comparison of selected *C NMR data between 1 and eupaglehnin
D (35)'[35]

These considerations led us to postulate a y-alkylidenebute-
nolide Z-36 as an alternative structure for aruncin B (Figure 4),
with the ester being part of the ring and the dioxygenated
moiety being a side-chain featuring a free primary alcohol and
an ethyl ether of a secondary alcohol.

EtO He
\
o I
Q “OH
OH 0 Ot
Originally assigned Revised
1 Z-36

Figure 4. Alternative structure 36.

The y-alkylidenebutenolide motif is found in various previ-
ously reported natural products (37-44, Figure 5),5°*" includ-
ing the more complex novaxenicin D (43)*” and an oxidised
tirucallane triterpenoid 44.*" Comparison of 'H NMR shifts
with butenolide 37,59 is indicative of a Z-enol ether. Moreover,
BCNMR values of the secondary alcohol (ether) centre ob-
served in compounds 38" and 39,5¥ are also consistent with
the site of etherification being at the secondary alcohol. Com-
parison between 43 and 44, is also consistent with the tertiary
allylic position being an alcohol. The revised assignment of ar-
uncin B as 36 was only contradicted by IR data, with an antici-
pated C=0 stretch value for this type of butenolide of
1755 cm™*¥ and a reported value™ of 1724 cm™" (KBr disc).
However, as we were informed that the original IR spectrum
could not be located and none of the natural isolate was avail-
able for further analysis,“? synthetic studies towards the re-
vised structure were undertaken.

16529  © 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

AP ChemPubSoc
\{* Europe

OH

N

H 5.34 (5.57)

H 7.37 (7.47) 77.4 (76.7)

¥
CigHaz
o O OMme o
Z-6,7-dihydroxy-2-propylocta- tenuifolide B (38)7]
2,4-dien-4-olide (37)1°¢1

\ MeO

\
o |

R
0]

AOR= \é\/\/OH
41 R="pOH

a2R =¥ OH

(e]
bombardolide A-C (40—42)*°]

novaxenicin D (43)140]

Figure 5. Naturally occuring y-alkylidenebutenolides, with selected NMR data compared

against related reported values for aruncin B (in parentheses).

Model study

Although there are many known methods to y-alkylidenebute-
we were interested in studying whether a RCM/ hy-
sequence,
proved successful to the y-ethylidenedihydropyranoate com-

nolides,*!

droxyselenation-selenoxide  elimination
pounds, would also enable access to the y-ethylide-
nebutenolide motif. We first examined a synthesis of
the model butenolide 52 (Scheme 10), lacking the a-
dioxygenated side chain. Addition of vinylmagnesi-
um bromide to acrolein,*¥ followed by trapping of
the in situ generated magnesium alcoholate by
acryloyl chloride gave the RCM precursor, triene 47
(Scheme 10). RCM-cross-metathesis (CM) cascade™”
using Gll in the presence of 2-methyl-2-butene deliv-
ered the desired lactone 48, as an inseparable (10:1)
mixture with lactone 49.¢'® This RCM-CM strategy
avoids the intermediancy of triene 50 (from 3-
methyl-2-butenal and vinylmagnesium bromide, as
described earlier), which would be required in a clas-
sical RCM approach and proved to be to prone to al-
lylic rearrangement (during aqueous workup and
chromatographic purification). As observed with the
6-membered ring system (Scheme 3), hydroxyselena-
tion of lactone 48 proceeded with complete diaste-
reoselectivity; the relative stereochemistry of hydrox-
yselenide 51 was assigned by analogy with the 6-
membered ring system, on the basis of similar *Joc
sech Values (=1.5Hz). The hydroxyselenide derived
from lactone 49 was removed during chromato-
graphic purification of hydroxyselenide 51. Finally
oxidation-selenoxide elimination of 51 delivered the
Z- and E-isomers of 52. As in the dihydropyranone
series, initial E-isomer formation and isomerisation
over the time was observed, which again indicates a
thermodynamic preference for Z-geometry. 'H NMR
- =CH data (8.20 and 7.34 ppm for E- and Z-52, re-

Chem. Eur. J. 2017, 23, 16525 - 16534 www.chemeurj.org
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spectively; 7.47 ppm for aruncin B (1)) indicates ar-
uncin B should possess Z-geometry.
67.0 (76.7)

CeHis
OH

First-generation synthesis of butenolide 36
With the viability of a RCM/ hydroxyselenation-selen-
oxide elimination sequence to the y-alkylidene bute-
nolide motif established (Scheme 10), the synthesis
of the butenolide 36 via a-functionalisation of lac-
tone 48 was examined (Scheme 11), using a Morita—
Baylis—Hillman (MBH) reaction, followed by appropri-
ate FGI and hydroxyselenation-selenoxide elimina-
tion.

Remarkably, MBH reaction of lactone 48 with alde-
o) hyde 53" using a Mgl,/TMEDA complex-DMAP cat-
alytic system™ delivered butenolide 54 as an insep-
arable E-/Z-mixture. The concomitant and fortuitous
allylic oxidation presumably occured via hydrogen
atom abstraction at the bis-allylic position; this aero-
bic oxidation was not observed on the 6-membered
ring system, and allylic hydrogen atom abstraction is
probably favoured on the 5-membered ring system by genera-
tion of the aromatic oxyfuran radical (show in parenthesis in
Scheme 11). This unexpected oxidation avoids carrying out the
hydroxyselenation-selenoxide elimination steps. Reaction of
butenolide 54 in neat ethyl iodide in the presence of Ag,0, fa-

/\MgBr
M | THF / GII Y\H
then |
o oy

which

45
o 47 (87%
46 (101 80%)
HO
NOE Ho N oF
H Y1.5Hz
PhSeBr y _H202 pyr H 8.20 H 7.34
MeCN/H,0 CH,Cly/H0
51 (66%) E- 52 (26%) pa 52 (26%)

Scheme 10. Synthesis of model butenolide 52 with 'H NMR & values in ppm highlighted.

HO . _OH
o
= Hj(\OTBs \ i
O 53 Al
l Mgl,/TMEDA cat l oz
gl cat. B L
DMAP cat. 0 on oTBS y R
EtOH o
48 54 Z/E 2:5 (15%)
HO
HO ,\‘NOE
Ag,0, 4 AMS TBAF ) |
0
Etl (neat) OTBS THF
O Okt OFEt O OEt

85 (37%) E-36 (65%)

Z-36 (23%)

Scheme 11. First synthesis of alcohol Z-36, the true structure of aruncin B.
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cilitated O-alkylation of the secondary alcohol, to give ether 55
as a single (Z-) geometric isomer. Fluoride-induced removal of
the TBS group gave the free primary alcohol 36. Surprisingly,
the presence of fluoride apparently promotes loss of geometri-
cal integrity of the exocyclic unsaturation, to give the alcohol
36 as a (separable) 3:1 E-/Z-isomeric mixture; the major prod-
uct being the anticipated thermodynamically disfavored
isomer. Analytical data recorded for alcohol Z-36 corresponded
to those reported for aruncin B (see Supporting Information
for details), except for the IR C=0 stretch which had the value
as discussed and anticipated earlier (1755 cm™', film or KBr
disc).

Although the synthetic route shown in Scheme 11 delivered
sufficient material to confirm the true structure of aruncin B, it
was impared by two major issues: 1) transformation of buteno-
lide 48 to ether 54 was low yielding and poorly reproducible,
and 2) loss of geometrical integrity during fluoride-induced de-
silylation.

Second-generation synthesis

So as to address the above issues, we evaluated construction
of the butenolide using a one-pot Sonogashira cross-coupling-
5-exo-dig lactonisation™® (Scheme 12). The dioxygenated side-
chain and the Z-vinyl iodide functionality necessary for the
final cross-coupling were installed simultaneously, by way of a
B-iodo-MBH®® between commercially available methyl propio-
late and aldehyde 53 using in situ prepared Mgl, as a source
of iodide." O-Ethylation of the resulting iodoacrylate 56 was
carried out as previously described (Scheme 11) to give ethyl
ether 57 (Scheme 12), followed by hydrolysis to give the hy-
droxyacid 58. Saponification was accompanied by desilylation,
thus avoiding the potentially problematic use of fluoride in a
subsequent step. The final step with 2-methyl-3-butyn-2-ol
(59) was carried out on up to 1 mmol scale, with a low catalyst
loading, and provided sufficient aruncin B (Z-36) (/200 mg)
for biological evaluation.

H N oTes
O s3

M eo/Lo Mgl O OH Ag,0 O OFEt
CH,Cl/Et,0 56 (96%) 40°C 57 (50%)
OH HO
| /\\\
KoH ] 5o )
o o |
MeOH/H,0 O OFt Pd(PPh),Cl, (1 mol%) OH
(1 M) Cul (2 mol%) O  OFt
58 (87%) Et3N, MeCN 7.36 (60%)

Scheme 12. Synthesis of aruncin B (Z-36) via 3-iodo MBH/ Sonogashira cross-coupling-5-

exo-dig lactonisation sequence.

Possible origin of aruncin B

Previously,” we postulated that the low specific rotation of

natural aruncin B compared with synthetic enantiopure sam-
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ples,®? together with the unusual presence of the ethoxy
group at the f'-position of the true structure of aruncin B, indi-
cated that the latter might not be an actual natural product.
Rather, we suggested that aruncin B was an artefact of the iso-
lation process, resulting from a poorly diastereoselective incor-
poration of EtOH (the solvent used for the extraction™) to a
enantioenriched natural product precursor (Scheme 13). We

= =

OH + EtOH COH
e} e O 7]
N o K0P 9 OH
0’ HO) Ot
OR
60 R = B-D-glucosyl
61R=H
HO
~H,0 [0x] \
— | — o |
OH OH
O Okt O  OFt
736

Scheme 13. Potential origin of aruncin B.

originally mooted that the natural precursor of aruncin B was
likely to be a o-(2-hydroxyethylidene)-y-lactone.”” Following
our initial disclosure of the structural revision of aruncin B,
Zidorn and co-workers, reported the isolation of natural prod-
ucts from the european plant Aruncus dioicus var. vulgaris.®®
Some of the isolated monoterpenoids from the latter were
identical to those isolated from Aruncus dioicus var. kamtschati-
cus.” Based on our synthetic studies, Zidorn and co-workers
revised the structure of three of them. They also reported the
isolation of y-lactone 60 and its aglycon 61 (Scheme 13); we
consider the latter to be a reasonable precursor to aruncin B,
through conjugate adddition of EtOH/ loss of H,0O, followed by
allylic oxidation—the latter resembling the oxidation observed
in the generation of butenolide 54 (Scheme 11), also
occurring in EtOH.

Synthesis of analogues and biological evaluation
Synthesis of butenolide analogues of aruncin B

Taking advantage of the brevity and functional
group tolerance of the second-generation synthetic
route to the correct structure of aruncin B
(Scheme 12), this was applied to the synthesis of a
range of analogues by varying different reaction
components (Scheme 14).

Analogues of aruncin B at the a-side-chain were
obtained using a variety of aldehyde during the f3-
iodo-MBH step. Higher yields were observed with
non-enolisable aldehydes (Table 1, entries 3-4). The
rest of the sequence was followed as for aruncin B
using Etl and alkynol 59, except with R'=tBu (Table 1, entry 3),
for which the hydrolysis step was carried out using TMSOK in
refluxing THF.>"
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Scheme 14. Synthesis of analogues for biological evaluation.

Table 1. a-Side-chain analogues.
HO

\

o | RY

O Okt

62-66
Entry R’ l. Yield 11. Yield il Yield IV. Yield Butenolide

[%] [%] [%] [%]

1 CH,OBn 52 59 71 53 62
2 Me 41 44 71 54 63
3 tBu 85 20 58 58 64
4 Ph 78 quant. 75 52 65
5 nCgHy, 51 62 65 54 66

O-Alkyl-substituent-analogues were obtained starting with
iodo-acrylate 56 using different alkyl halides in the presence of
Ag,O (Table 2). The rest of the sequence was carried out as
presented previously.

Table 2. O-Alkyl analogues.
HO
\
o |
OH

(0] OR2?

67-70
Entry  R>-Hal 1. Yield [%] 1. Yield [%] V. Yield [%] Butenolide
1 (R*=H) - 60 42 67
2 Mel 77 98 67 68
3 iPrl 30 86 39 69
4 BnCl 46 64 52 70

Derivatives at the d-position were obtained by using differ-
ent alkynes in the final cross-coupling step with hydroxy
acid 58 (Table 3).

Biological evaluation

E- and Z-36, and analogues 62-75 have been tested against
Jurkat T cells, derived from acute T cell leukaemia, and primary
human T cells. In the original aruncin B isolation studies,**
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Table 3. d-Substituent analogues.
R3
\
o |
OH
O OEt
71-75

Entry R? 1V. Yield [%)] Butenolide
1 CMe,OMe 59 71
2 iPr 51 72
3 CH,OH 50 73
4 Ph 60 74
5 nCgH,, 39 75

assays were carried out with a high number of cells (5x10°)
over 20 h.®*! This short assay duration could potentially com-
promise detection of biological activity. Therefore, we tested
over a longer time period (3 cell cycles), reducing the cell
number (1.5-5x 10% to avoid confluence in control wells. The
most potent compounds with our assays were also tested
using the method described in the original publication, so as
to enable comparison between the two methods.

rac-Z-Aruncin B, and (+)- and (—)-Z-aruncin B®? as well as
rac-E-aruncin B, were first tested against Jurkat T cells. These
aruncin B isomers showed similar activity (ICs, values (um) of
16.0, 9.6, 9.7 and 9.1, respectively)*® and compared favourably
with that originally reported for aruncin B (70 um). The similar
activity suggests that the side-chain stereochemistry is proba-
bly not directly influential in the binding/ interaction with the
target(s). Similar activity observed with the E-isomer could be
explained by isomerisation, once the compound is present in
the cell medium.

Activity of the analogues against Jurkat T cells and human T
cells was then tested. For the a-side-chain derivatives (Table 4,
entries 1-5), although a clear trend is not discernable, modifi-
cations at this moiety strongly affect the activity. Aryl buteno-
lide 65 (entry 4) showed good activity against Jurkat T cells but
is poorly selective, whereas n-octyl butenolide 66 (entry 5),
showed greater activity against Jurkat T cells and a better se-

Table 4. ICs, [um] values for aruncin B analogues.®®

Entry Butenolide Derivatisation Jurkat T cells Human T cells
1 62 R'=CH,OBn 225 153
2 63 R'=Me >50 >50
3 64 R'=tBu >50 >50
4 65 R'=Ph 1.6 9.4
5 66 R'=nCgH,, 29 82
6 67 R’=H 26.3 235
7 68 R*=Me 12.5 16.5
8 69 R?=iPr 23.0 >50
9 70 R’=Bn 5.6 9.1
10 71 R?=CMe,0Me >50 >50
1 72 R®=iPr >50 >50
12 73 R®=CH,OH 36 12
13 74 R®*=Ph >50 >50
14 75 R®=nCgH,, >50 >50
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lectivity towards the latter. Variation at the O-ether substituent
(Table 4, entries 6-9) does not seem to significantly affect activ-
ity or selectivity. Changes at the d&-alkylidene substituent
(Table 4, entries 10-14) appeared to be crucial; only butenolide
73 (entry 12), featuring a free alcohol showed activity. Com-
pounds featuring a similar steric character to aruncin B on the
0-alkylidene moiety, such as butenolides 71 and 72 (entries 10,
11), did not show significant activities. Those observations sug-
gest that the presence of a hydrogen bond donor substituent
is critical for the activity. Other substituents such as an aromat-
ic ring or a long aliphatic chain, 74 and 75, respectively (en-
tries 13,14), did not show activity.

To summarise the above observations, it appears that the
exact nature of the a-side-chain is critical for the activity of the
butenolide, although changes in the absolute configuration or
the nature of the O-alkyl group of the ether moiety are incon-
sequential. The nature of the 6-alkylidene substituent proved
crucial to the activity of the butenolide, with the presence of a
free hydroxy group apparently necessary; but the exocyclic
olefin geometry does not seem important (likely due to in situ
isomerisation).

The most potent compounds were then retested, following
the protocol described in the original aruncin B publications®?
(Table 5, method B). As in the original work, auraptene was
used as a positive control for cytotoxicity. For all synthetic bu-
tenolides tested, method B gave much higher ICs, values than
the protocol used in the current work (method A).

Table 5. Comparison of ICs, [um] values between assay protocol in the
current work (A) and that used in the original isolation study (B).”!

Entry Compound Jurkat Tcells Human Tcells Human Tcells

Batch 1 Batch 2
A B A B A B
1 auraptene 83 57 >50 205 194 73
2 aruncin B 70 > 245
(natural isolate)®? (lit.) (lit.)
3 rac-aruncin B (Z-36) 16.0 >50 NT NT 182 >50
4 65 11.6 32 13.3 NT 2.0 46
5 66 29 1 33 NT 1.1 14
6 68 125 >50 102 >50 128 NT

[a] NT=not tested.

Conclusion

The Z- and E-Na salts of the postulated structure of aruncin B
were synthesised through an approach relying on formation of
a 6-membered ring intermediate by RCM followed by an oxy-
selenation-selenoxide elimination sequence to install the key
enol ether functionality. However, the free acids could not be
obtained from these Na salts, suggesting intrinsic instability. A
regioisomeric ether was first envisaged as an alternative struc-
ture for aruncin B, and its Na salt was synthesised using a relat-
ed RCM/ hydroxyselenation-selenoxide elimination sequence,
but featured similar acid sensitivity. Instability together with in-
consistencies in the analytical data collected from the various
dihydropyran compounds suggested that aruncin B was anoth-
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er example of a compound of mistaken identity.*” A buteno-
lide was proposed as a viable alternative structure for aruncin
B, and was first synthesised using a related RCM/ hydroxysele-
nation-selenoxide elimination sequence, demonstrating the
versatility of the strategy for the synthesis of different ring size
systems, and confirming the true structure of aruncin B.
Unfortunately, installation of the a-side-chain proved difficult
and a preferred approach was developed involving a Sonoga-
shira cross-coupling-5-exo-dig lactonisation strategy. This latter
method also proved flexible, enabling the synthesis of 14 ana-
logues for biological evaluation. The cytotoxic activity original-
ly reported for aruncin B was confirmed, and some of the ana-
logues (66 and 70) showed improved activity against malig-
nant Jurkat T cells vs. normal T cells.
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