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Abstract: We present a full account of our synthetic studies
on the racemic DEFGH-ring moiety of physalins, featuring
domino ring transformation of a tricyclic key intermediate.
We also report the results of a detailed mechanistic exami-
nation of the domino ring transformation, as well as a reop-
timization of the 2,3-Wittig rearrangement and methylation
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1. Introduction

Physalins are the bitter components of Physalis plants,
and were first isolated from winter cherry in 1852.' A
century later, Matsuura and coworkers determined the
structures of two bitter substances isolated from the
leaves of Physalis alkekengi var. franchetii and named
them physalin A® (1) and physalin BF! (2) (Figure 1).
Since then, more than 30 physalins have been identi-
fied.l*’ Physalins share a unique 13,14-seco-16,24-cycloer-
ostane skeleton, with a highly oxygenated, complex struc-
ture. Type B physalins, such as physalin B, have an H-ring
with a C14—O—C27 bond and a cage-shaped structure,
while Type A physalins do not. Prior to the work of our
group, no synthetic study of physalins had been reported,
other than derivatization of natural products.

In addition to the intriguing structure, there is consider-
able interest in the biological activities of physalins,
which include antitumor activity,®” anti-inflammatory ac-
tivity,®! and inhibitory activity on NF-«xB signaling.””) Re-
cently, inhibition of the hedgehog signaling pathway!'”
and the ubiquitin proteasome pathway!'!! have also been
reported. Thus, physalins have the potential to regulate
a broad range of biological events. However, the mecha-
nisms of these biological activities at the molecular level
remain unknown. The AB-ring of physalins, which is
commonly found in plant steroids, has been suggested to
be involved in these biological activities. For instance, Ma
and coworkers suggested that the A-ring of physalin A
could form a covalent bond with cysteine residues of
IKKP."? In contrast, little attention has been paid to the
contribution of the cage-shaped right-side structure of
Type B physalins. We hypothesized that this unique par-
tial structure would play an important role in the biologi-
cal activity.
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steps. Furthermore, we have newly established a method for
the preparation of an optically active synthetic intermediate
by enzymatic kinetic resolution. Our work provides access
to both natural and nonnatural right-side physalin struc-
tures.

physalins - steroids

Physalin A (1)

Physalin B (2)

Figure 1. Structure of physalins 1 and 2.
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We have already succeeded in synthesizing the cage-
shaped molecule 3 (Scheme 1),** and we confirmed
that the right-side structure of physalins indeed contrib-
utes to NF-kB-inhibitory activity.”) The synthesis of 3 fea-
tured precise construction of tricyclic key intermediate 8
through a Diels—Alder reaction and the installation of
two C1 units, and its “domino ring transformation”, lead-
ing to DEFGH-ring compound 3. In this full paper, we
present full details of the domino ring transformation to
3, together with the results of reoptimization of the syn-
thesis of 8, and a newly established method to prepare
optically pure intermediate 6-M by enzymatic resolution.
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Scheme 1. Synthesis of DEFGH-ring compound 3. MOM = methox-
ymethyl, MPM = para-methoxyphenylmethyl, P=protecting group,
TBS = tert-butyldimethylsilyl.

2. Results and Discussion
2.1 Synthesis of Tricyclic Intermediate

The preparation of 8 was commenced with the Diels—
Alder reaction of 4 with 5% (Scheme 2A) to afford bi-
cyclic 9 in moderate yield. However, we encountered
poor reproducibility (25-65% yield) in this reaction, es-
pecially at a gram scale. We speculated that impurities in
quinone 5 might be responsible for this, and found that §
could be obtained as a pale yellow solid by washing the
crude brown solid with ether. When purified 5 was sub-
jected to a Diels—Alder reaction, 9 was obtained in 77 %
yield in a reproducible manner. The two carbonyl groups
were reduced with DIBAL-H, and the resulting diol was
converted to enone 10 by acid treatment. Protection of
OH15 with MOM followed by Luche reduction gave a-al-
lylic alcohol 6-M.

The next key step is 2,3-Wittig rearrangement to intro-
duce a hydroxymethyl group at C25. In our original
report,®! B-allylic alcohol derivative 11 was utilized as
a substrate (Scheme 2B). The stereochemistry of C25 gen-
erated by 2,3-Wittig rearrangement should not be critical,
because it is lost during the domino ring transformation.
If homoallylic alcohol 14, which would be obtained by
2,3-Wittig rearrangement of 13, is applicable to the syn-
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Scheme 2. (A) Construction of cis-decalin framework; (B) plan for
introduction of the C27 moiety by 2,3-Wittig rearrangement. Reac-
tion conditions: a) toluene, 100°C, 2 days (77%); b) DIBAL-H,
CH,Cl,, 0°C; ¢) 10% H,SO, aq., CH,Cl,, RT (74%, over 2 steps); d)
MOM(CI, iPr,NEt, CH,Cl,, reflux (98%); e) NaBH,, CeCl;-7H,0, MeOH,
RT (98%). ag.=aqueous solution; DIBAL-H=diisobutylaluminium
hydride; RT=room temperature.

thesis of 3, it would be possible to reduce the number of
synthetic steps.

The precursor 13 was prepared by Williamson ether
synthesis with ICH,SnBu, (Scheme 3A).""! Unfortunately,
treatment of 13 with MeLi™® in THF at —5°C did not
give 2,3-Wittig rearrangement product 14 at all. Instead,
allylic alcohol 6-M, methyl ether 15, and primary alcohol
16 were obtained, probably owing to stabilization of
lithiated intermediate 17 by interaction with the MOM
group, as well as the unfavorable transition state 18
(Scheme 3B). a-Elimination or protonation of 17 leads to
the formation of 6-M or 15, respectively, and 1,2-Wittig
rearrangement of 19 yielded 16. Although we examined
changing the alkyl lithium reagent, solvent, and tempera-
ture, 14 was not produced at all, suggesting that introduc-
tion of the hydroxymethyl group should be performed
from the original precursor 11.

For 2,3-Wittig rearrangement of 11, OH14 in 6-M was
inverted to afford the corresponding f-alcohol 20 by
a Mitsunobu reaction, followed by solvolysis.'” Prepara-
tion of 11 was accomplished in a similar manner to that
described for 13 (Scheme 4). In sharp contrast to the re-
action of 13, a 2,3-Wittig rearrangement of 11 proceeded
well. When 11 was treated with n-BuLi in THF, the de-
sired primary alcohol 12 was obtained in 61 % yield,
along with 20 in 7% yield and 24 in 15% yield (Table 1,
entry 1). Further optimization using n-BuLi turned out to
be ineffective. We then switched to MeLi,'® and found
that the yield of 12 gradually increased as the reaction
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Scheme 3. (A) A trial for 2,3-Wittig rearrangement from 13; (B) in-
termediates for 2,3-Wittig rearrangement, and a plausible mecha-
nism for formation of 16. Reaction conditions: a) Bu;SnCH,l, NaH,
DMF-THF (3:2), RT (88%); b) MelLi (5 equiv.), THF, —5°C (6-M:
<14%, 15: 38%, 16: 19%). DMF =N,N-dimethylformamide; THF =
tetrahydrofuran.
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Scheme 4. Synthesis of 22. Reaction conditions: a) DIAD, PPh,,
pNO,-C4H,CO,H, THF, RT: b) K,CO;, MeOH-Et,O (3:1), RT (86%, over
2 steps); ¢) Bu;SnCH,l, NaH, DMF-THF (1:1), RT (76%); d) TBSCI,
Et;N, DMAP, CH,CL,, RT; e) DDQ, CH,Cl,, pH 7 buffer, RT (68 %, over
3 steps from 11); f) MnO,, CH,Cl,, RT (93%); g) TMSN;; then 1,, Py,
CH,Cl,, 0°C to RT (97 %). DDQ = 2,3-dichloro-5,6-dicyano-1,4-benzo-
quinone; DIAD = diisopropylazodicarboxylate; DMAP = 4-dimethyla-
minopyridine; Py = pyridine, TMS = trimethylsilyl.

temperature was raised, and the formation of 20 was sup-
pressed. Finally, 12 was obtained in 87 % yield as a result
of careful control of the reaction temperature at —5°C;
this is a better result than in our original report.'**! The
higher temperature probably favors the appropriate con-
formation for the rearrangement. These results clearly in-
dicate that the stereochemistry of the precursor is critical
in this case. Since it was difficult to separate the mixture
of 12, 20, and 24 by normal silica gel chromatography, the
mixture was subjected to protection of OH27 with TBS,
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Table 1. Optimization of the 2,3-Wittig rearrangement from 11.

OH
27

Cb\ SnBuz  RLi 2
o) THF A 14

MmO 7 dmom mpmo ™ dmom
11 12
entry  RLi (equiv) temperature 12081 200 23 240
1 "BuLi (9) 0°Cto RT 61% 7% - 15%
2 MelLi (5) -78 °C 15% 85% - -
3 MelLi (5) -40 °C 63% 11% 24% 1%
4 Meli (5) -5°C 87% 4% - 9%

MPMO OMOM MPMO OMOM
23 24

[a] The yields of 12, 20, and 24 were calculated based on the prod-
uct ratio determined by '"H NMR of the mixture (see Supporting In-
formation).

and deprotection of MPM, to give allylic alcohol 21 in
pure form. MnO, oxidation and iodination®"! of the a-po-
sition of the resulting enone afforded 22.

The introduction of the C21 methyl group was original-
ly achieved by iron-mediated coupling,””! and a-methyle-
none 7 was obtained in 75% yield. However, the repro-
ducibility of this reaction was also found to be problemat-
ic. Namely, predominant formation of tertiary alcohol 25
was occasionally observed (Table 2, entry 1). Although
the formation of 7 is likely to depend on the addition
speed of MeMgBr (slow addition of MeMgBr led to sig-
nificant formation of 25), we investigated other transition
metal-catalyzed methods for methylation of 22 to obtain

Table 2. Optimization of methylation to introduce C21.
OTBS OTBS

[conditions]
e +

21

&t omom
22 7 25

0 " dmom o1 émom

entry conditions

1 MeMgBr, Fe(acac);, NMP, THF

2 Me4Sn, Pdydbag, PhiAs, Cul, NMP 29%
3 (MeOB)3, PdCl,(dppf), Cs,CO3, dioxane 51%
4 MeyZn, PdCly(PPh3),, DMF-THF (1:1)  75%

yield of 7

8-75% 25:91-8%

26: 15%
27:19%, 28: 15%
26: 23%

byproducts

momo H o ]
27 (R=H)
28 (R = Me)

acac =acetylacetonate; dba=dibenzylideneacetone, dppf=1,1"-bis(-
diphenylphosphino)ferrocene; NMP = N-methylpyrrolidone.

www.ijc.wiley-vch.de 311


http://www.ijc.wiley-vch.de

Full Paper

the desired 7 more consistently. Although Stille coupling
using tetramethyltin®®! or Suzuki—Miyaura coupling using
trimethylboroxine® gave 7 in moderate yield, the con-
comitant formation of dimers 26 (entry2) or 27 and 28
(entry 3) was observed. Although Negishi coupling with
dimethylzinc™! also generated dimer 26, the desired 7
was obtained in 75% yield, comparable with the best
result (entry 1), but in a more reproducible manner
(entry 4).

The diastereoselective addition of an alkyne to 7 was
achieved with lithium acetylide in the presence of anhy-
drous CeCl;, without B-elimination of the oxygen func-
tionality at C15 (Scheme 5). Epoxidation of diene 29
from the convex face with mCPBA was accompanied by
tetrahydrofuran formation through attack of OH17 on
the right-side epoxide to give 31. Desilylation and Dess—
Martin oxidation of the secondary alcohol afforded
ketone 32. Baeyer—Villiger oxidation of 32 with mCPBA
favored rearrangement of the more electron-rich C14
carbon, and 8 was obtained.

Scheme 5. Synthesis of key intermediate 8. Reaction conditions: a)
TMS-acetylene, nBulLi, CeCl;, THF, —78°C (96%); b) mCPBA
(10 equiv.), CH,Cl,, 0°C to RT (73%); c) K,CO;, MeOH, RT; d) Dess—
Martin periodinane, CH,Cl,, RT (92%, over 2 steps); e) mCPBA,
NaHCO;, CH,Cl,, RT (92 %). mCPBA = m-chloroperbenzoic acid.

2.2 Domino Ring Transformation

We had earlier established a synthetic methodology for
the DFGH-ring system 35" lacking the E-ring. The
DFGH-ring core 34 was constructed from a tricyclic
framework via domino ring transformation (Scheme 6A).
By simple LiOH treatment of 33, which was prepared
from 8 in 2 steps,”) the DFGH-ring compound 34 was
obtained in 13 % yield, along with hemiacetal 38 in 75 %
yield and exo-olefin 36 in 12 % yield. Based on the forma-
tion of these by-products, we propose the following con-
secutive mechanism. Treatment with LiOH would lead to
B-elimination (33—36), and hydrolysis of the seven-mem-
bered lactone would occur (36 —37), forming hemiacetal
and carboxylate. The resulting carboxylate would intra-
molecularly attack the epoxide to form the G-ring (37—
38), and then the hemiacetal would attack the o,fB-unsatu-
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Scheme 6. (A) Synthesis of DFGH-ring compound 35 via domino
ring transformation from 33 to 34; (B) two plans for construction
of the E-ring, leading to DEFGH-ring system 3. Mc=monochloro-
methanesulfonyl.

rated lactone via an oxy-Michael reaction to form the H-
ring (38—34). We also demonstrated that 34 and 38 are
in equilibrium (34:38=~1:6) under the reaction condi-
tions, indicating that 38 is more stable than 34. This ther-
modynamically controlled process prevented further opti-
mization to improve the yield of 34. Deprotection and ox-
idation of OH1S5 afforded 35.

To obtain the DEFGH-ring system 3, we designed two
synthetic routes (Scheme 6B). In Route A, the alkyne
moiety of 35 would be directly oxidized to a-ketocarbox-
ylic acid 40, which would be transformed to 3 by acid
treatment and reduction of the ketone at C13. In this
route, the stability of the DFGH-ring system under oxida-
tive conditions is critical. In Route B, the a-keto or a-hy-
droxyester moiety should be installed in advance.
Domino ring transformation of 39 would form the GH-
ring to furnish carboxylic acid 40, as in the case of 33.
Subsequent acid treatment would afford 3 after deprotec-
tion and oxidation of OH15. We expected that the stabili-
ty advantage of the DEFGH-ring (like Type B physalins)
over the corresponding hemiacetal DEFG-ring (like Type
A physalins) would be enhanced, compared with that ob-
served in 34 and 38, because most natural physalins pos-
sess Type B structure.

We first examined Route A. Unfortunately, treatment
of 35 with KMnO, and NalO,?! in ‘BuOH-H,0, followed
by acidification, did not provide 42 (Scheme 7). Instead,
the generation of polar intermediates (probably carboxyl-
ic acid) was observed by TLC analysis. Thus, the resulting
reaction mixture was treated with TMSCHN,. Unexpect-
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3D perspective view of 41

Scheme 7. Trial for construction of the E-ring via Route A. Reaction
conditions: a) KMnO,, NalO, NaHCO,;, tBuOH-H,0 (2:1), 50°C,
0.1 N HCl ag.; b) TMSCHN,, Et,0-MeOH (1:1), RT (35%, over 2
steps).

edly, the only isolated product was C15—O—C27 bridged
hemiacetal 41, which does not have a C18 carbon. Al-
though the precise mechanism of formation of 41 remains
unclear, we considered that intermediate 43 would be
generated by opening of the H-ring and oxidation of C25
and C27. Sequential formation of hemiacetal from OH14,
CHO?27, and ketone at C15 might give 41. These results
indicate that the oxidation of alkyne in the presence of
H-ring acetal and/or ketone in Route A is not a promising
strategy for the synthesis of 3.

Then, we examined Route B (Scheme 6B). Oxidation
of alkyne 8 with KMnO, and NalO, proceeded without
loss of C18, and the resulting carboxylic acid was esteri-
fied with TMSCHN,, affording the desired a-ketoester 44
in 88 % yield. Removal of the TBS group and installation
of a monochloromethanesulfonyl (Mc) group furnished
45 (Scheme 8A).

As in the case of 33, 45 was treated with LiOH in
THF-H,O. A new spot, probably due to the a-ketoacid
species derived from hydrolysis of the a-ketoester, was
observed on TLC. After 1.5 h, the reaction mixture was
acidified with 1 N HCI aq., and a new, less-polar spot ap-
peared on TLC. Unfortunately, the product was hemiace-
tal 46, and the target molecule 47 was not detected at all.
This result indicates that although the E-ring was success-
fully formed by acid treatment, the H-ring was not
formed in the presence of a-ketolactone moiety. This
might be due to transient formation of a hemiacetal be-
tween OH14 and the ketone at C13, which would block
the desired H-ring-forming oxy-Michael reaction. Anoth-
er possibility is instability of the putative product 47, be-
cause it has an sp” carbon at C13, whereas physalins have
an sp’ carbon at this position.

Then we prepared 51 bearing an o-hydroxyester group
by reduction of the a-ketoester. Although the ketone at
C13 is sterically hindered, it is expected to be reduced
preferentially, due to its higher electrophilicity, compared
with lactone, and ester functionality. Indeed, Luche re-
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Scheme 8. Trial for construction of the E-ring via Route B. (A) Syn-
thesis of precursor 45 and its domino ring transformation; (B) syn-
thesis of precursors 51-H and 51-Bn and domino ring transforma-
tion of 51-H. Reaction conditions: a) KMnO,, NalO, NaHCO,,
tBUOH-H,0 (2:1), 50°C, 0.1 N HCl aq.; b) TMSCHN,, Et,0-MeOH
(1:1), RT (88%, over 2 steps); c) HF-Py, CH,Cl,-Py (1:1), 0°C (96 %);
d) McCl, Py, 0°C (87 %); e) LiOH-H,0 (4 equiv.), THF-H,O (1:1), RT,
1.5h; 1N HCl aqg.; f) 1N HCl aqg., Et,0-H,0 (1:1), RT (33%, d.r.=
1:2.2, over 2 steps); g) NaBH,, CeCl;-7H,0, MeOH, —78°C (99 %,
a:f=9:1); h) NaH, BnBr, nBu,NI, THF-DMF (1:1), 0°C (63%); i)
HF-Py, CH,Cl,-Py (1:1), 0°C; j) McCl, Py, —30°C (for 51-H: 98%, over
2 steps; for 51-Bn: 77 %, over 2 steps); k) LiOH-H,0 (4 equiv.), THF-
H,O (1:1), RT, 1.5 h; 1 N HCl aq., RT, 4 h (52-H: 25%, 53-H-f: 15%).
Bn=benzyl; d.r.=diastereomeric ratio.

duction of 44 afforded the hydroxyester 49 in 99 % yield
(a:fp=9:1, Scheme 8B). Removal of the protecting
group at OH27 (P’) and introduction of an Mc group pro-
vided precursor 51-H. Benzyl-protected precursor 51-Bn
was also prepared as follows. Treatment of 49-a with
BnBr and NaH in the presence of "Bu,NI gave 50, which
was then converted to 51-Bn in two steps.

With the precursors in hand, we examined the domino
ring transformation of 51-H. When 51-H was treated with
4 equiv. of LiOH for 1.5 h, almost complete conversion of
the substrate, with generation of a carboxylic acid species,
was observed on TLC. Pleasingly, subsequent acidifica-
tion with 1 N HCI aq. predominantly afforded the target
DEFGH-ring compound 52-H in 25% yield, along with
hemiacetal 53-H-f in 15% yield. This result clearly indi-

www.ijc.wiley-vch.de 313


http://www.ijc.wiley-vch.de

Full Paper

cates that the keto functionality in 45 disturbed H-ring
formation.

We optimized the acidic conditions, because the low
mass balance should be attributable to inefficiency of lac-
tone formation (Table 3). Use of concentrated HCI result-
ed in cleavage of the MOM group, and no desired prod-

Table 3. Optimization of acidic conditions for domino ring transfor-
mation of 51-H.

1) LIOH-H,0 (4 equiv)
THF-H,0 (1:1)
5.4 __RT.15h

2) acidic
conditions
DEFGH-rin Hemi I
SN ol 530 (0f it?:S)
entry acidic conditions  temperature  time 52-H 53-H
1 1 N HCl aq. RT 4h 25% 15%
2 conc. HCl aq. RT 1h 0% 0%
3 AcOH-H,0 (20:1) RT 1h 13% 16%
4 AcOH-H,0 (20:1) 80 °C 1h 23% 20%
5  AcOH-H,0 (20:1) 100 °C 1h 33% 37%
6  AcOH-H,0 (20:1) reflux 1h 14% 26%
7 AcOH-H,0 (20:1) 100 °C 20 min 24% 18%
8  AcOH-H,0 (20:1) 100 °C 3h 15% 16%
9  AcOH-H,0 (2:1) 100 °C 1h 29% 27%
10  AcOH 100 °C 1h 29% 32%
11 DCA-H,0 (20:1) 100 °C 1h 0% 0%

Ac=acetyl; conc. =concentrated; DCA=dichloroacetic acid.

uct was obtained (entry2). Employment of an AcOH-
H,0 (20:1) system at higher temperature improved
the outcome (entries 3-6). When the acid treatment was
conducted at 100°C for 1 h, a mixture of 52-H and 53-H
was obtained in 70% total yield (entry 5). Treatment for
a shorter or longer time decreased the yield (entries 7
and 8). While the content of water did not affect the reac-
tion efficiency (entries 9 and 10), replacement of acetic
acid with dichloroacetic acid resulted in deprotection of
the MOM group (entry 11).

We next examined various basic conditions to improve
the ratio of 52/53. As shown in Table 4, the use of 4
equiv. of base at room temperature for 1.5 h was found to
be the best, and shorter or longer reaction times resulted
in decreased yield of 52."") Reduction of the water ratio
decreased the formation of 52-H (entry 2). The counter
cation also had a significant influence, and LiOH gave
the best result (entries 3 and 4). When we applied the op-
timal conditions (entry 1) to the Bn-protected 51-Bn, the
desired 52-Bn was obtained in a better yield (50%,
entry 5), along with hemiacetal 53-Bn (44 %).

In contrast to the domino ring transformation of 33,
the product ratio of 52 and 53 varied, depending upon
the reaction conditions, indicating that the product ratio
is probably not determined by the relative stability of 52
and 53. Treatment of 52 or 53 under acidic conditions did
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Table 4. Optimization of basic conditions for domino ring transfor-
mation of 51.

1) base (4 equiv) H o o
RT,1.5h 5 E
51-H (R = H) M 3 §
51-Bn (R = Bn) 2) AcOH-H,0 RO O
(20:1) H™=
100°C,1h fe} OF
_ 52-H (R =H) 53-H (R=H)
P =MOM 52-Bn (R = Bn) 53-Bn (R = Bn)
entry precursor base solvent ratio 52 53 (a:p ~ 1:5)
1 51-H  LiOH-H,O 14 52-H: 33% 53-H: 37%
2 51-H LiOH-H,O 3:1 52-H: 19% 53-H: 30%
3 51-H NaOH 1:1 52-H: 25% 53-H: 39%
4 51-H KOH 1:1 52-H: 28% 53-H: 40%
5 51-Bn  LiOH-H,O 1:1 52-Bn: 50% 53-Bn: 44%

not induce isomerization, indicating that H-ring forma-
tion or breakage did not proceed upon AcOH treatment
(Scheme 9A). On the other hand, treatment of DEFGH-
ring compound 52 under basic conditions generated
a polar intermediate (like 54 and 55) and subsequent acid
treatment gave 53 as a major product, regardless of the
protecting group on OH13. When the same experiment
was conducted starting from hemiacetal 53, DEFGH-ring
compound 52 was produced only in up to 11% yield.
These results clearly indicate that formation of the H-ring
from 55 to 54 by oxy-Michael reaction under the basic
conditions is an unfavorable process. In other words, the
formation of the H-ring occurred via a different process.
Indeed, when we treated 51-H or 51-Bn with 2 equiv. of

(A)
AcOH-H,0

52 or 53 (20:1)

P= 100°C, 1h

MOM
From 52 53 (ou:f ratio)
52-H 52-H 96% R-p 53H 0%

J53H O 52H 0% 53-H_100% (1:5.0)
52-Bn 52-Bn 100% g _p, 53Bn 0%
53-Bn 52-Bn 0% 53-Bn 88% (1:2.6)
®) LIOH-H,0 HOZ

52 or 53 (4 equiv) HO,C,

P= THF-H,0 (1:1) RO .O

MOM RT,1.5h :

AcOH-H,0 | 100 °C
(20:1)y 1 h
From 52 53 (ou:B ratio)
52-H 52H 4% o _,  53-H 83%(1:4.0)
J58H 52H 1% ....5%H 70%(1:5.9)

52-Bn 52.Bn 16% o _p. 53-Bn57% (1:2.6)
53-Bn 52-Bn 11% 53-Bn 89% (1:2.5)

Scheme 9. (A) Retreatment of products under acidic conditions;
(B) retreatment of products under basic conditions, followed by
acidic conditions.
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LiOH for 30 min, followed by acidification and esterifica-
tion, diester 56-H or 56-Bn bearing the H-ring without
the G-ring, was isolated as a single isomer in 26 % and
43% yield, respectively, along with 52 and 53
(Scheme 10).%®! Furthermore, treatment of 56 with an
excess amount of LiOH, followed by acid treatment, pro-
vided 52 and 53,%*%) indicating that the corresponding di-
carboxylic acid was probably formed as an intermediate
during domino ring transformation.

(A) 1) LiOH-H,0
(2 equiv)
THF-H,O (1:1) ™

51-H RT,0.5h

(o)
+ 1) LiIOH-H,0 (excess)
52;-! THF-H,0 (1:1), RT

or ™ &
51-Bn  2) AcOH, RT RO O | 4 2) AcOH-H,0 (20:1)
3) TMSCHN, H™ SNop! 100°C,1h
Et,0-MeOH o) :
3 step yield 56-H 26%
56-Bn 43%
B CO,Me_, NOE
Y el
25750

o) [ s2H 12% 53H 9% (oup = 1:8)
52.Bn 22% 53-Bn 39% (o = 1:1.8)

Scheme 10. (A) Identification and retreatment of intermediates;
(B) NOE correlation of 56.

A plausible mechanism of the domino ring transforma-
tion from 51 is shown in Scheme 11. As in the reaction
from 33, 3-elimination of “OMc and hydrolysis of methyl-
ester and seven-membered lactone would give o,f-unsa-

1) B-elimination

OMc 5) hydrolysis

(o)

o) o_HO O\
MeO,C—, % HO,C
RO OP
51 P =MOM

-
retro-
OP oxy-Michael H -
5) lactone
54 formation 59

i 6) lact
+ actone
H l formation

o) :
Hemiacetal 53 DEFGH-ring 52

Scheme 11. Plausible mechanism of the domino ring transforma-
tion.
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turated carboxylic acid 58. Then, 7-endo oxy-Michael ad-
dition™ would occur to form the H-ring, followed by dia-
stereoselective protonation at C25 to generate 59. Subse-
quent formation of d-lactone through ring opening of the
epoxide by the carboxylic acid would give 54. Finally,
acid treatment would form y-lactone to furnish 52. This
proposal is supported by the observation that the process
from 55 to 54 is unfavorable, together with the formation
of 56. 54 should be kinetically formed and gradually con-
verted to 55 by retro-oxy-Michael reaction, leading to
hemiacetal 53. The substituent at C17 favors domino ring
transformation, and thus efficient formation of the cage-
shaped DEFGH-ring compound was achieved.

2.3 Transformation to 3

Remaining tasks to complete the synthesis of 3 were re-
moval of the MOM group and oxidation of OH15. For se-
lective oxidation of OH15 over OH13, OH13 was first
protected as the acetate to give 60. Treatment of 60 with
TMSBr, which had been used for the synthesis of DFGH-
ring 35, gave the desired 61 in 67 % yield, along with
retro-oxy-Michael reaction product 62 (Scheme 12A,
entry 1). The use of catalytic H,SO, in AcOH gave a simi-
lar result to entry 1, with concomitant removal of the
acetyl group (entry?2). After further investigations, we
found that treatment with AICl; and NaIP! effectively
provided 61 in 89% yield (entry 3). Oxidation of 61 to
ketone was then examined (Scheme 12B). Dess—Martin
oxidation, as used in the synthesis of 35, unexpectedly did
not proceed, presumably because of the steric hindrance
around OH15 and ring strain of 61. On the other hand, 1-
Me-AZADOP was found to be an effective oxidant, af-
fording the desired ketone 63 quantitatively.

We then examined removal of the acetyl group. Un-
fortunately, basic, acidic, or enzymatic conditions did not
give 3 at all. The main product was hemiacetal 64, which
was formed via retro-oxy-Michael reaction. Surprisingly,
even when 63 was dissolved in CD;OD and left at room
temperature for 2 days, formation of 64 was observed by
'"H NMR. This result suggests that the H-ring is suscepti-
ble to even a protic solvent. Therefore, we selected
benzyl ether as a protecting group at OH13 instead of
acetate. Benzyl-protected 65 was obtained by means of
the same procedure established above, without opening
of the H-ring (Scheme 12C). As we had hoped, removal
of the benzyl group by hydrogenolysis was accomplished
with Pd(OH),/C (Pearlman’s catalyst) in AcOEt, and
DEFGH-ring compound 3 was obtained quantitatively.

2.4 Optical Resolution of Synthetic Intermediate

We performed the synthetic studies using racemic com-
pounds, but it would be better to have optically active
compounds for future structure—activity relationship stud-
ies. Furthermore, for target identification, comparison of
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[conditions]
_—
P =MOM
60 (R =Ac)
52H (R = H)<:\a
entry conditions 61 62 52-H
1 TBSBr, CH,Cly, -30 °C 67% 9% -
2 HySOq aq., AcOH, RT 68% 18% 14%
3 Nal, AICl3, MeCN-CH,Cl, -30to 0 °C  89% - -
(B) A o_o
b
61 ———>
N‘O‘
1-Me-AZADO CD,0D
RT,2h
©)

52.8n _ &4 _
(R=Bn)

Scheme 12. (A) Optimization of removal of the MOM group; (B)
a trial for the synthesis of 3 from 61 by deprotection of the acetyl
group; (C) synthesis of 3. Reaction conditions: a) Ac,O, DMAP, Py,
0°C (87%); b) 1-Me-AZADO, NaOCl, KBr, nBu,NBr, CH,Cl,-**"NaHCO,
aqg., 0°C (quant); ¢) Nal, AlCl;, CH,CN-CH,Cl, (2.5:1), RT; d) 1-Me-
AZADO, NaOCl, KBr, nBu,NBr, CH,Cl,-***NaHCO; aq., 0°C (72 %, over
2 steps); e) H,, Pd(OH),/C, AcOEt, RT (quant). AZADO = 2-azaada-
mantane-N-oxyl; sat.=saturated.

the natural and unnatural enantiomers is valuable.P?!

Therefore, we set out to establish a method to obtain an
optically active synthetic intermediate.

First, we tried optical resolution of (%)-10. The enan-
tiomers were separated by preparative HPLC using
CHRALPAK TA to give optically active (—)-10 and
(+)-10 (Scheme 13A). The absolute stereochemistry of
(+)-10 was determined by X-ray crystallography analysis
of 68, which was prepared by condensation of (4)-10 with
chiral carboxylic acid 67.%! As a result, (+)-10 was found
to have the absolute stereochemistry leading to the un-
natural enantiomer of physalins (Scheme 13B). Hence,
(—)-10 is the enantiomer required for the natural product
synthesis. Since HPLC resolution is not suitable for large-
scale preparation of the optically active synthetic inter-
mediate, we next investigated the enzymatic kinetic reso-
lution of (£)-10.

The secondary alcohol (+)-10 was treated with lipase
in vinyl acetate. We screened various types of lipases, but
unfortunately, no reaction occurred. We then tried other
synthetic intermediates bearing a secondary alcohol, such
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(A) H
e 0, O
: 0 CHIRALPAK IA AN 5 o
MPMO "~ OH MPMO ™ OH MPMO " OH
(£)-10 (-)-10 (+)-10

48%, 92%ee 49%,

cl
0 S~
R*CO,H (67) N
pmo H O\n/R* s

90%ee

(B)

MPMO  O__R*
68 O

I

X-ray structure of 68

Scheme 13. (A) Separation of (+)-10 and (—)-10 by HPLC and syn-
thesis of 68. (B) ORTEP figure of 68. Reaction conditions: a) 67,
EDC-HCI, DMAP, CH.Cl,, RT (37%). EDC=1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide hydrochloride.

as (£)-20, (£)-21 and (£)-31, but again almost no conver-
sion of substrates was observed. During the development
of the synthetic route to key intermediate 8, we also pre-
pared 15-OBOM-protected compounds 6-B. When (£)-6-
B was used as a substrate, the corresponding acetate 66
was finally detected. Acetylation with lipase SL gave the
desired (4)-6-B in 61% yield and 51% ee (Table5
entry 1). After the screening of various enzymes to im-
prove the efficiency of the optical resolution, we eventu-
ally found that treatment of (£)-6-B with lipase AK for
21 h gave (—)-66-B in 34% yield as an almost optically
pure form (entry 2), although the enantiomeric excess of
(+)-6-B remained at only 46%. A longer reaction time

Table 5. Enzymatic optical resolution of 6-B and 6-M.

lipase AMANO dij . :
—_ =
g “OH Vinyl acetate ; ~"""OH : OAC

mpmo M OP memo M op memo H op
(+)-6-B P =BOM (+)-6-B P=BOM (-)-66-B
(+)-6-M P =MOM (+)-6-M P =MOM (-)-66-M
entry 6 liapse temperature time yield of (+)-6  yield of (-)-66
1 6B SL 70°C  128h 61%,51%ee 41%, 79% ee
2 6B AK 55°C  21h 66%,46%ee 34%, 99% ee
3 6B AK 55°C  72h 53%,64%ee 35%,95% ee
4 6B AK 55°C  154h 50%, 87%ee 50%, 96% ee
56 6-B  AK 55°C  170h 66%, 41%ee 25%, 98% ee
6 6M AK 55°C  132h 50%, 99%ee 50%, 99% ee

[a] Isopropenyl acetate was used as a solvent. BOM = benzyloxy-
methyl group.
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improved both yield and ee, and (4)-6-B was obtained in
50% yield and 87 % ee after 154 h (entry 4). As the reac-
tion proceeded, the generated acetaldehyde might de-
crease the enzymatic activity due to Schiff base forma-
tion.’! To avoid the formation of acetaldehyde, the reac-
tion in isopropenyl acetate was also examined, but this re-
sulted in low conversion (entry 5). Finally treatment of
MOM-protected (+)-6-M with lipase AK in vinyl acetate
at 55°C afforded the desired (+)-6-M in 50% yield and
99% ee (entry 6). Importantly, the corresponding acetate
(—)-66-M was also formed in 50 % yield and 99 % ee, and
this was converted to (—)-6-M (Scheme 14). The absolute
stereochemistry of (+)-6-M was determined to be the one
leading to the natural enantiomer of physalin by conver-
sion from (—)-10 using the same procedure as for the
racemate synthesis (Scheme 14).1"!

a
_—

OAc OH
MPMO OMOM MPMO OMOM
(-)-66-M (-)-6-M
99% ee 98% ee

(-)-10

'OH “OAc

92% ee
MPMO OMOM MPMO OMOM
(+)-6-M (+)-66-M
94% ee 93% ee

Scheme 14. Conversion of (—)-66-M to (—)-6-M and (—)-10 to
(4+)-6-M and (+)-66-M. Reaction conditions: a) K,CO;, MeOH-Et,0
(3:1), RT, (97 %, 98% ee); b) MOMCI, iPr,NEt, CH,Cl,, reflux (58%);
¢) NaBH,, CeCl,:7H,0, MeOH, RT (91%, 94% ee); d) Ac,O, DMAP, Py,
RT (90%, 93% ee). EDC=1-(3-dimethylaminopropyl)-3-ethylcarbo-
diimide hydrochloride.

Selectivity of optical resolution can be evaluated in
terms of E value.™ The E value of optical resolution of
6-B with lipase SL (entry 1) was E=~15, while with
lipase AK (entry 4), the value was E= ~150, clearly indi-
cating that lipase AK was a superior catalyst for this
system. The E value of the reaction of 6-M with lipase
AK (entry 6) was E>1000, so that both enantiomers
were obtained in almost optically pure forms. Thus, the
methodology to obtain both the natural and unnatural
enantiomers of the right-side structure of physalins was
established.

3. Conclusion

We have further developed and optimized our synthetic
methodologies for the complex cage-shaped right-side
structure of physalins. We propose a mechanism for the
key domino ring transformation employed to construct
the DEFGH-ring system on the basis of experimental evi-
dence, including isolation of an intermediate. We have

Isr. J. Chem. 2017, 57, 309-318

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

Israel Journal
of Chemistry

also established an efficient kinetic resolution of a synthet-
ic intermediate. This should enable us to obtain optically
active DEFGH-ring compounds. Further work, aimed at
the total synthesis of physalins, is underway.
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