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Introduction

Green chemistry, which was established about two decades ago,
has attracted considerable attention due to its reduction or
elimination of the use and generation of hazardous substances
from a chemical process." Most efforts have focused on waste
minimization and avoiding the use of toxic or hazardous
reagents and solvents, particularly in the pharmaceutical field.
However, little attention has been paid on the rational reuse of
industrial wastes.> Both (R)- and (S)-5-methyl-tetrahydropyran-2-
one 1 are by-products in the production of key intermediates
(16-dehydropregnenolone derivatives) of steroidal hormones
from steroidal sapogenins by oxidative degradation (Scheme
1).? To produce 100 kg of 16-dehydropregnenolone derivatives
may generate more than 30 kg of (R)- or (S)-1 as wastes,* and
almost all of them are destroyed by burning or other methods.*
At present, the throughput of 16-dehydropregnenolone deriva-
tives is kiloton each year only in China. There have been only
very few examples to utilize (R)- and (S)-1 as starting materials in
the synthesis of bioactive compounds.® Therefore, exploiting
the synthesis application of (R)- or (S)-1 is highly welcomed.

In 2008, three new 12-membered macrolactones 4-dechloro-
14-deoxy-oxacyclododecindione 2, 14-deoxy-oxacylododecin-
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Scheme 1 Production of industrial wastes (R)- and (S)-1.
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hormones. Asymmetric synthesis of natural oxacyclododecindione-type macrolactones 2 and 3 has been
realized for the first time from (S)-1 in seven and eight steps with 37% and 27% overall yield, respectively.

dione 3 and oxacyclododecindione 4 were isolated as fungal
secondary metabolites from imperfect fungus Exserohilum ros-
tratum by Opatz and Erkel (Fig. 1).°* They exhibit potent anti-
inflammatory and anti-fibrotic activities in cell culture experi-
ments and in an in vivo mouse model of systemic lupus eryth-
ematosus (SLE) and may serve as lead structures for
therapeutics against chronic inflammatory and/or fibrotic
diseases like asthma, rheumatoid arthritis, SLE or cancer.® In
2005, Opatz attempted to finish the total synthesis of racemic 2
and 3. Starting from commercially available cis-2,3-epox-
ybutane and allyl cuprate, the total synthesis of racemic 2 (24%
yield over 10 steps) and 3 (18% yield over 11 steps) was
accomplished by important steps such as ring-opening reac-
tion, witting reaction, and a late-stage intramolecular Friedel-
Crafts cyclization.” Protection and deprotection reactions are
frequently used in the total synthesis of racemic 2 and 3 which
made the synthesis route more complicated and led to a lower
overall yield. Soon after, the absolute configuration of natural 2
and 3 was determined as (14S,15R) by X-ray crystallography.® To
date, the asymmetric synthesis of natural macrolactones 2 and 3
is still an untouched work.

Our retrosynthetic strategy for the synthesis of (145,15R)-2
commences with the disconnection of the C8-C9 bond,
exposing tert-butyl ester (6S,7R,E)-5 (Scheme 2). We envisioned
that the intramolecular Friedel-Crafts cyclization of 5 in the
presence of Lewis acid could form (14S,15R)-2, meanwhile the
cleavage of tert-butyl ester bond could be simultaneously ach-
ieved. Tert-butyl ester 5 could be easily generated by esterifica-
tion of arylacetic acid 6 and alcohol (6S,7R,E)-7. We envisioned
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Fig. 1 Structures of the oxacyclododecindiones 2, 3 and 4.
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Scheme 2 Retrosynthetic analysis of (14S5,15R)-2 by (a) an intra-
molecular Friedel-Crafts acylation, (b) an esterification, (c) a diaster-
eoselective methylation, and (d) a Wittig reaction.

that the key alcohol intermediate (6S,7R,E)-7 could be obtained
from aldehyde (S,E)-8 by diastereoselective methylation, while
the stereogenic center at C7 could be constructed according to
Kovalenko and Matiushenkov's procedure.’ (S,E)-8 could be
readily prepared by a sequential reduction, Wittig reaction and
oxidation from (S)-1. Based on the retrosynthetic analysis,
herein, we reported the first asymmetric total synthesis of
natural (145,15R)-2 and (14S,15R)-3 starting from abundant and
renewable industrial waste (S)-1.

Results and discussion

With the synthetic blueprint in mind, our initial attention was
focused on preparation of the key intermediate (6S,7R,E)-7
(Scheme 3). As depicted in Scheme 3, reduction of (S)-1 with
DIBAL-H furnished the corresponding lactol (S)-10, which was
subjected to a Wittig reaction with ylide 11 (ref. 10) without
further purification to give (S,E)-9 in 82% yield withE : Z>95: 5
selectivity. TEMPO-mediated-oxidation of (S,E)-9 employing
PhI(OAc), as a secondary oxidant, which is compatible with the
presence of olefins,'* afforded the corresponding aldehyde (S,E)-
8 in 84% yield. Next, according to Kovalenko and Matiush-
enkov's procedure, (S,E)-8 was diastereoselectively methylated
with MeTi(OiPr); (ref. 12) in the presence of 20 mol% of TAD-
DOL-Ti(OiPr),. Unfortunately, when [(S,S)-TADDOL]|Ti(OiPr),
was used as catalyst, the methylation of (S,E)-8 gave an insep-
arable mixture of two diastereomers (65,7R,E)-7 and (6S,7S,E)-7
with d.r. 76 : 24 (the ratio of a peak of protons on C8 for
(6S,7S,E)-7 at 1.17 ppm and (6S,7R,E)-7 at 1.14 ppm). To our
delight, in the presence of [(R,R)-TADDOL|Ti(OiPr),, (6S,7S,E)-7
was obtained in 94% yield with d.r. > 95:5 (the signal of
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Scheme 3 Synthesis of key intermediate (6S,7S,E)-7.

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

(35-(BnO),CsHICH,COM, 5.y
PhsP, DEAD TFA, TFAA
pLes Bliasd

CH,Cly, -8°C, 48 h

HOJ\/\/\rcoeru

(6S.7S.E)}-7

THF. t, 10h

OfBu
(6S.7RE)-5
97%

O O 01080
BrQ s CH,Cl, 78 °C,0.5 h
Clo. 78 °C.0.5h | o NCS, TFA [ HO.
R D o
S BCl, - DMF, t, 4d -
0Bn O
(148,15R)12 OH O OH O
% (14S.15R)-2 (145,15R)3

87% 73%

Scheme 4 Synthesis of (14S,15R)-2 and (14S,15R)-3 from (6S,7S,E)-7.

(6S,7R,E)-7 was undetectable in "H NMR). Although the config-
uration at C7 was opposite to that of key intermediates
(6S,7R,E)-7, it could be converted by Mitsunobu reaction.
Therefore, the next synthesis route was adjusted as Scheme 4.

Reaction of (6S,7S,E)-7 with 3,5-bis(benzyloxy)phenylacetic
acid under Mitsunobu reaction conditions gave ester (6S,7R,E)-5
in 97% yield. As we expected, when the diluted solution of
(6S,7R,E)-5 in CH,Cl, was treated with a mixture of trifluoro-
acetic anhydride and trifluoroacetic acid, the cleavage of the
tert-butyl ester bond and intramolecular Friedel-Crafts acyla-
tion took place simultaneously to give the desired lactone
(14S,15R)-12 in 68% yield. Finally, deprotection of the benzyl
ethers with boron trichloride afforded (14S,15R)-2 in 87% yield,
which was further converted to (14S,15R)-3 (in 73% yield) by
chlorination with N-chlorosuccinimide. 'H and '*C NMR
spectra of both synthetic (14S,15R)-2 and (14S,15R)-3 were in
good agreement with the data of the natural products.®

Conclusions

In summary, concise and efficient asymmetric total synthesis of
natural 4-dechloro-14-deoxy-oxacyclododecindione 2 and 14-
deoxy-oxacylododecindione 3 has been accomplished for the
first time. Using industrial waste (S)-5-methyl-tetrahydropyran-
2-one 1 as starting material, (145,15R)-2 and 3 were obtained
in seven and eight steps with 37% and 27% overall yield,
respectively. The chirality of C14 originates from the starting
material, and the stereogenic center at C15 is stereospecifically
constructed by highly diastereoselective methylation and Mit-
sunobu reaction.

Experimental section
General methods

Unless otherwise noted, all reactions sensitive to air or moisture
were performed under nitrogen atmosphere. All commercially
available chemicals including solvents were used without
further purification. (S)-5-Methyl-tetrahydropyran-2-one (S)-1
was prepared from sarsasapogenin according to Tian's proce-
dure.*” NMR spectra were recorded on Bruker 400 spectrometer.
'H NMR and **C NMR spectra were measured at 400 MHz and
101 MHz. High resolution mass measurements (HRMS) were
obtained on Bruker smart apex II. Optical rotations were
measured on the PerkinElmer 343 polarimeter.

RSC Adv, 2020, 10, 16882-16885 | 16883
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(S,E)-tert-Butyl 7-hydroxy-2,6-dimethylhept-2-enoate (S,E)-9.
To a stirred solution of (S)-1 (3.00 g, 26.32 mmol) in dry CH,Cl,
(20 mL) was added DIBAL-H (1.0 M in hexane, 26.3 mL, 26.3
mmol) at —78 °C. After 4 h stirring at the same temperature,
saturated Rochelle salt (15 mL) was added and further stirred
for 6 h at room temperature. The mixture was extracted with
CH,Cl,, dried over anhydrous Na,SO,, and evaporated to give
the corresponding lactol (S)-10 as a yellow oil (2.51 g), which was
used directly without purification. The crude product was added
to the solution of tert-butyl 2-(triphenylphosphoranylidene)
propanoate (12.52 g, 32.07 mol) in CH,Cl, (20 mL). After being
refluxed for 24 h, the solvent was removed in vacuo. Purification
by flash chromatography on silica gel (petroleum ether : EtOAc
= 5:1) yielded (S,E)-9 (4.91 g, 82%). [a]f’ = —11.1 (¢ 0.31,
CH,Cl,). 'H NMR (400 MHz, CDCL,): 6 6.65 (t, J = 1.2 Hz, 1H),
3.54-3.44 (m, 2H), 2.33-2.05 (m, 2H), 1.79 (s, 3H), 1.68-1.54 (m,
2H), 1.48 (s, 9H), 1.32-1.26 (m, 1H), 0.95 (d,J = 6.7 Hz, 3H). **C
NMR (101 MHz, CDCL,): 6 167.6, 140.9, 129.2, 80.0, 68.1, 35.4,
32.0, 28.1, 26.1, 16.4, 12.4. HRMS (ESI): caled for [C;3H,,0;5 +
Na+]: 251.1618, found: 251.1620.

(6S,7S,E)-tert-Butyl-7-hydroxy-2,6-dimethyloct-2-enoate (65,
78,E)-7. Step 1: a solution of alcohol (S,E)-9 (3.00 g, 13.16 mmol),
iodobenzene diacetate (4.6 g, 14.28 mmol) and 2,2,6,6-tetra-
methylpiperidinooxy (205 mg, 1.31 mmol) in CH,Cl, (26 mL, 0.5
M) was stirred at room temperature. After stirring for 3 h, the
reaction mixture is washed successively with an aqueous
sodium thiosulfate solution and brine. The organic solution is
dried over anhydrous Na,SO,, and concentrated. Purification by
flash chromatography on silica gel (petroleum ether : EtOAc =
10 : 1) yielded the (S,E)-8 (2.50 g, 84%) as a light red oil which
was used immediately. Step 2: a solution of ((4R,5R)-2,2-
dimethyl-1,3-dioxolane-4,5-diyl)bis(di-phenyl-methanol) [(R,R)-
TADDOL] (488 mg, 1.05 mmol) and Ti(OiPr), (446 mg, 1.57
mmol) in toluene (8 mL) was heated at 110 °C for 3 h under an
argon atmosphere. The solvent was removed in vacuo, after
which the residue was diluted with dry toluene (28 mL) in
—78 °C mixed with MeTi(OiPr); (1.88 g, 7.84 mmol) and stirred
at the same temperature for 0.5 h. The aldehyde (S,E)-8 (1.18 g,
5.23 mmol) in toluene (3 mL) was added dropwise to the
resulting stirred solution at —78 °C. The mixture was stirred for
12 h at —78 °C and then gradually warmed to 0 °C for 12 h,
diluted with saturated aqueous NH,CI (5 mL), and filtered. The
filter cake was washed with CH,Cl,. The organic phase was
separated and washed with saturated aqueous NaHCO3;, dried
over anhydrous Na,SO,. The solvent was removed in vacuo.
Purification by flash chromatography on silica gel (petroleum
ether : EtOAc = 10 : 1) yielded (6S,7S,E)-7 (1.20 g, 94%) with d.r.
> 95:5. [ = —18.5 (¢ 1.27, CH,Cl,). "H NMR (400 MHz,
CDCl;): 6 6.65 (td, J = 7.4, 1.4 Hz, 1H), 3.77-3.71 (m, 1H), 2.22-
2.11 (m, 2H), 1.79 (s, 3H), 1.62-1.56 (m, 1H), 1.49 (s, 9H), 1.32-
1.25 (m, 2H), 1.17 (d, ] = 6.4 Hz, 3H), 0.92 (d, ] = 6.8 Hz, 3H). °C
NMR (101 MHz, CDCl,): é 167.6, 141.0, 129.2, 80.0, 71.2, 39.4,
31.5,28.2, 26.5, 20.3, 14.0, 12.4. HRMS (ESI): calcd for [C36H,405
+ Na']: 265.1774, found: 265.1775.

(6S,7R,E)-tert-Butyl-7-(2-(3,5-bis(benzyloxy)phenyl)acetoxy)-
2,6-dimethyloct-2-enoate (6S,7R,E)-5. To a solution of (6R,7R,E)-

16884 | RSC Adv, 2020, 10, 16882-16885
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7 (100 mg, 0.41 mmol), 3,5-bis(benzyloxy)phenylacetic acid
(216 mg, 0.62 mmol), and triphenylphosphine (163 mg, 0.62
mmol) in THF (1.2 mL) was added dropwise a THF (1 mL)
solution of diisopropyl azodicarboxylate (125 mg, 0.62 mmol).
After stirring for 10 h at room temperature, the solvent was
removed in vacuo. Purification by column chromatography on
silica gel (petroleum ether : EtOAc = 20 : 1) yielded (6R,7S,E)-5
(230 mg, 97%) as a colorless oil. [a]y = —5.6 (¢ 0.60, CH,Cl,). 'H
NMR (400 MHz, CDCl;): 6 7.49-7.29 (m, 10H), 6.65-6.49 (m,
4H), 5.02 (s, 4H), 4.89-4.76 (m, 1H), 3.53 (s, 2H), 2.26-1.98 (m,
2H), 1.77 (s, 3H), 1.73-1.60 (m, 1H), 1.47 (s, 9H), 1.27-1.15 (m,
2H), 1.13 (d, J = 6.4 Hz, 3H), 0.88 (d, J = 6.8 Hz, 3H). >*C NMR
(101 MHz, CDCl,): 6 170.9, 167.5, 160.0, 140.6, 136.9, 136.4,
129.4, 128.6, 128.0, 127.5, 108.5, 100.84, 80.0, 74.5, 70.0, 42.0,
37.1, 31.3, 28.1, 26.2, 16.0, 14.6, 12.4. HRMS (ESI): calcd for
[C36H4406 + Na']: 595.3030, found: 595.3014.
(14S8,15R)-5,7-Di-O-benzyl-4-dechloro-14-deoxyoxacyclodode-
cindione (14S,15R)-12. (6S,7R,E)-5 (928 mg, 1.62 mmol), tri-
fluoroacetic acid (167 mL) and trifluoroacetic anhydride (83.5
mL) were dissolved in CH,Cl, (2100 mL) and cooled to —8 C.
The reaction mixture stood at —8 °C for 48 h. The solvent was
removed in vacuo. Purification by flash chromatography on
silica gel (petroleum ether : EtOAc = 15 : 1) yielded (14S,15R)-12
(545 mg, 68%) as a colorless oil. [a]f = +36.6 (c 0.20, CH,Cl,).
'H NMR (400 MHz, CDCl;): 6 7.65-7.07 (m, 10H), 6.51 (d, J =
1.3 Hz, 3H), 5.17-4.90 (m, 4H), 4.59 (dq, J = 12.7, 6.2 Hz, 1H),
3.31 (t,J = 13.5 Hz, 2H), 2.42 (s, 1H), 2.11 (d,J = 20.3 Hz, 1H),
1.93 (s, 3H), 1.69-1.60 (m, 1H), 1.53-1.31 (m, 2H), 1.09 (d, J =
4.6 Hz, 3H), 0.92 (d,J = 7.0 Hz, 3H). "*C NMR (101 MHz, CDCl,):
6 199.3, 170.4, 159.9, 156.6, 152.9, 136.9, 136.7, 133.3, 128.8,
128.6,128.2,127.8, 127.8,127.7, 126.9, 124.3, 107.7, 100.4, 77.3,
70.4,70.3,53.6,39.7,19.2, 10.5. HRMS (ESI): caled for [C3,H3405
+ Na*]: 521.2298, found: 521.2294.
(14S,15R)-4-Dechloro-14-deoxyoxacyclododecindione (148,
15R)-2. A solution of (145,15R)-12 (460 mg, 0.923 mmol) in
CH,Cl, (138 mL) was cooled to —78 °C. Boron trichloride (1.0 M
in hexane, 9.3 mL, 9.3 mmol) was added and the mixture was
stirred at that temperature. After 30 min the reaction mixture
was quenched with saturated aqueous NaHCO; (50 mL) and
warmed up to room temperature. The organic layer was sepa-
rated and the aqueous layer was extracted with CH,Cl,. The
combined organic layers were dried over anhydrous Na,SO, and
filtered. The solvent was removed in vacuo. Purification by flash
chromatography on silica gel (petroleum ether : EtOAc = 2 : 1)
yielded (145,15R)-2 (256 mg, 87%) as a white solid. [«]p = +41.5
(¢ 0.3, MeOH) lit. [«] = +29.1 (¢ 0.40, MeOH). "H NMR (400
MHz, MeOD): 6 6.52 (s, 1H), 6.30 (s, 1H), 6.26 (s, 1H), 4.67-4.50
(m, 1H), 3.23 (t, J = 16.3 Hz, 2H), 2.48-2.42 (m, 1H), 2.25-2.21
(m, 1H), 1.88 (s, 3H), 1.70 (dd,J = 14.1, 7.8 Hz, 1H), 1.56 (dd, ] =
13.7, 6.9 Hz, 1H), 1.49-1.37 (m, 1H), 1.13 (d,J = 6.1 Hz, 3H), 0.93
(d,J = 7.0 Hz, 3H). '*C NMR (101 MHz, MeOD): § 203.1, 172.1,
160.2, 157.5, 154.1, 138.1, 134.8, 120.9, 109.6, 102.5, 78.2, 40.8
40.4, 34.3,29.7,19.5,19.4, 10.6. HRMS (ESI): calcd for [CgH,,05
+ Na+]: 341.1359, found: 341.0360.
(14S,15R)-4-Deoxyoxacyclododecindione (14S,15R)-3. Lactone
(14S,15R)-2 (120 mg, 0.38 mmol) and N-chlorosuccinimide
(51 mg, 0.38 mmol) were dissolved in dry DMF (15 mL) and

This journal is © The Royal Society of Chemistry 2020
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trifluoroacetic acid (41 pL, 0.57 mmol) was added. The reaction
mixture was stirred at room temperature for 4 days. The solvent
was removed in vacuo. Purification by flash chromatography on
silica gel (petroleum ether : EtOAc = 2 : 1) yielded (14R,15R)-2
(98 mg, 73%) as a white solid. (145,15R)-3: [a]y = +18.6 (c 0.30,
MeOH) lit. [a]f} = +9.6 (¢ 0.34, CD;0OD). "H NMR (400 MHz,
CD;CN): 6 7.44 (s, 2H), 6.65 (d, ] = 7.8 Hz, 1H), 6.50 (s, 1H), 4.64-
4.57 (m, 1H), 3.54 (d, J = 17.1 Hz, 1H), 3.23 (d, ] = 17.2 Hz, 1H),
2.53 (dd, J = 18.1, 11.9 Hz, 1H), 2.05-1.97 (m, 1H), 1.83 (s, 3H),
1.69-1.57 (m, 1H), 1.55-1.50 (m, 1H), 1.31-1.21 (m, 1H), 1.07 (d, ]
= 6.2 Hz, 3H), 0.90 (d, J = 7.1 Hz, 3H). >*C NMR (101 MHz,
CD;CN): 6 200.0, 169.6, 154.9, 154.8, 153.0, 137.8, 133.4, 123.3,
114.2, 103.9, 77.6, 40.0, 39.4, 34.8, 29.7, 19.7, 19.6, 10.8. HRMS
(ESI): caled for [C15H,;,ClOs + Na']: 375.0970, found: 375.0953.
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