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hydroxy-2-octen-6-olide Analogues
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Abstract The synthesis of racemic and optical 3,7-dimethyl-7-hydroxy-2-octen-6-olide analogues has been achieved via
epoxidation-lactonization procedure and Sharpless asymmetric dihydroxylation as the key steps in 55%~90% overall yields,
respectively. Their structures were fully characterized by 'H NMR, *C NMR, HRMS data, and X-ray diffraction analysis.
Their antifungal activities were evaluated, and showed that the ECso values of the most active compounds 3-phenyl-7- me-
thyl-7-hydroxy-2-octen-6-olide (4) and 3-(furan-2-yl)-7-methyl-7-hydroxy-2-octen-6-olide (5) were in the range of 0.5~20.0
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ug/mL against the tested six phytopathgens, and they were the lead structures to be optimized.
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tivity

1 Introduction

The lactone motif plays an important role in the chemi-
cal communication between wide varieties of organisms.!'!

3,7-Dimethyl-7-hydroxy-2-octen-6-olide (1) is a seven-
membered lactone natural product that was first isolated
from the honey bee fungal entomopathogen Ascosphaera
apis, as well as the fruit of plant Litsea cubeba in Tibet,
and it exhibited good antifungal and antioxidant activi-
ties.?31 Structurally, it belongs to o,B-unsaturated lactone
family. This class of natural products displays a wide range
of biological properties such as antifungal, antimicrobial,
and phytotoxic activities as well as cytotoxicity against
human tumour cells.*”! Their interesting structures and
promising biological profiles have attracted significant
attention from a number of researchers, and several inter-
esting strategies for the synthesis of these compounds have

* Corresponding author. E-mail: wangma@cau.edu.cn

been reported and reviewed, but most of them focused on
these natural products with five- or six-membered as well
as eight-, nine-, ten- and eleven-membered lactone
rings.['%13] The natural products with seven-membered
lactone have rarely reported and synthesized in the litera-
tures (Figure 1).['%?2) Because they have a unique ring
strain seven-membered lactone structure, there are very
practical challenge to synthesis them. To date, a few syn-
thetic strategies of natural and non-natural seven-mem-
bered lactones were reported by oxidative lactonization of
diols,'>?! the palladium-catalyzed carbonylative annula-
tion of internal alkynes,’** Co-catalyzed intermolecular
reductive  coupling/lactonization,*!  bromolactonization
using a sulfur-based zwitterionic organocatalyst,!>! isocy-
anide-based multicomponent reaction/Wittig sequence
starting from phosphonium salt precursors,?®! Pd- and Rh-
catalyzed hydroarylation of y-(2-methoxycarbonylphenyl)-
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propargylic alcohols,?”) Pd-catalyzed sequential carbon-
carbon bond cleavage/formation producing arylated ben-
zolactones,!*®! Baeyer-Villiger oxidation of cyclic ke-
tones,?”! the ring-closing metathesis (RCM) synthesis of
unsaturated lactones!'® and enzymatic synthesis.l!”) These
strategies, however, are not suitable for the synthesis of
lactones containing an olefin or isopropanol side chain
such as 1. Therefore, there has been great requirement for
highly efficient synthetic methods for natural and
non-natural seven-membered lactones. For this scenario,
we paid our attention to the total synthesis of natural prod-
ucts with seven-membered lactone moiety and their bio-
logical activities.’-3?] In the previous paper, the synthesis
of the racemic 3,7-dimethyl-7-hyd- roxy-2-octen-6-olide,
3,7-dimethyl-2,6-octa-dien-1,6-olide and 7-methyl-7-hy-
droxy-2,3-benzo[c]-octa-1,6-olide was reported in our la-
boratory.’%32] In order to get insights into the struc-
ture-activity relationship of this class of compounds, the
racemic analogues 2~5 of CF;, CH3;0, C¢Hs, furan-2-yl
replaced methyl in 1 and benzolactones 6~14 (Figure 2),
(6R)- and (6S5)-3,7-dimethyl-7-hydroxy-2-octen-6-olide (R-
1 and S-1), and their CF; (R-2 and S-2), OCH; (R-3 and
S-3) and 4,5-dihydrobenzo|[c]oxepin-1(3H)-one (R-6 and
§-6) analogues were designed based on the biological pro-
files of benzolactone.[**38] So the strategies to conduct
effectively synthesis of various seven-membered lactones
with the desired configurations and high enantiomeric pu-
rity are highly required. The efficient synthesis of racemic
lactones 2~14 by epoxidation-lactonization approaches
and asym- metric synthesis of R-1-S-6 via Sharpless
asymmetric dihydroxylation, and their antifungal activity
evaluation were first reported in this paper.
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Figure 1 Representing natural occurring seven-membered lac-
tones

1 Results and discussion

The synthesis of racemic 3,7-dimethyl-7-hydroxy-2-oc-
ten-6-olide (1) using cis-geraniol as the starting material
and epoxidation-lactonization as the key steps (Table 1,
Entry 1) was investigated in the previous paper.’%3!l In an
effort to promote the application of this epoxidation-lacto-
nization procedure and obtain the analogues of 1, com-
pounds 2~5 were designed and synthesized (Scheme 1).
The key olefin acids 2b~S5b were prepared from esters
2a~5a by LiOH hydrolyzation, then the olefin acids 2b~
5b were epoxidized by peracetic acid to give epoxides
2¢~5c¢, which were cyclized to afford the seven-mem-
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Figure 2 Structures of designed compounds in this paper

bered lactone compounds 2~5 in the presence of catalyst
(+)-camphorsulfonic acid (CSA) in 60%~90% overall
yields for two steps (Table 1, Entries 2~5). After accom-
plishing the synthesis of compounds 1~5, compounds 6~
14 were designed and synthesized to observe if the anti-
fungal activity would improve significantly when the dou-
ble bond was replaced with benzene ring (Scheme 2). The
key olefin acids 6a~13a were prepared from easily avail-
able material substituted o-methyl benzoic acid with 1-
bromo-3-methylbut-2-ene in the presence of lithium diiso-
propylamine (LDA) under —78 °C. The olefin acids 6a~
13a were also epoxidized by peracetic acid to give epox-
ides 6b~13b, which were cyclized to produce seven-
membered lactone compounds 6~13 in the presence of
catalyst (+)-CSA as before in 70%~86% overall yields
for 2 steps (Table 1, Entries 6~13). In Entries 14~16, the
olefin acids without 2,3-double bond were also successful-
ly transferred to lactones in overall 72%~80% yields.
Then one methyl group of compound 13 was removed by
BBr3 to afford compound 14. The seven-membered lac-
tones were confirmed by the crystal structure of 10, which

was depicated in Figure 3.
MR CH,CO3H
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Scheme 1 Synthesis of 2~5 by epoxidation-lactonization

In order to get insights into the structure-activity rela-
tionship of this kind of compounds, some representing
compounds were selected to prepare their optical isomers.
First, In an effort to obtain the optical isomers of 1, Shi’s
asymmetric epoxidation®®! of cis-geranic acid was first
utilized to afford the chiral epoxide 15, then cyclization of
corresponding epoxide 15 in the presence of (+)-CSA to
yield (6R)-3,7-dimethyl-7-hydroxy-2-octen-6-olide (R-1)
in 60% yield with only 47% ee (Scheme 3). When the
amounts of catalyst and phase-transfer catalyst (BusNH-
SO,) were increased such as in the reference,” the enan-
tiomeric excess (e.e.) value did not improve significantly.
So, the low e.e. value and only one isomer obtained were
not satisfied.

http://sioc-journal.cn/ 1647
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Table 1 Synthesis of seven-membered lactone via epoxidation-lactonization strategy
Entry R Olefinacid Lactone Yield’/% | Entry R Olefin acid Lactone Yield/%
1 CH; 1b 1 65 9 8-Cl 9a 9 70
2 CFs 2b 2 90 10 7-OCHs 10a 10 74
3 OCH3 3b 3 77 11 6-OCH: 11a 1 80
4 CeHs 4b 4 62 12 6-Cl 12a 12 78
5 2-CsH30 5b 5 60 13 7,9-(OCHas)2 13a 13 85
O
6 H 6a 6 86 14 W 72
N OH
(0)
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Scheme 2 Synthesis of 6~14 by epoxidation-lactonization
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Figure 3 X-ray crystal structure of seven-membered lactone 10
and S-6

Based on the drawback of the above approach, we re-
sorted to the Sharpless asymmetric dihydroxylation for the
lactone R-1 and S-1 (Scheme 4) due to its high e.e. values
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Scheme 3 Synthesis of R-1 by Shi’s asymmetric epoxidation

and ability to produce multiply isomers.[*!#?! First cis-ge-
ranic acid was esterified with methanol to provide ester 16,
subsequent dihydroxylation of compound 16 with AD-
mix-f gave compound 17a in 93% yield and 90.2% ee.l*!]
After removal of methyl group by LiOH hydrolyzation at
room temperature, the carboxylic acid was treated with
2,4,6-trichlorobenzoyl chloride (2,4,6-TCBC) via Yama-
guchi reaction in THF,*3-*) then the mixture was heated in
toluene to successfully produce lactone R-1 in 60% yield
with 92.5% ee. The optical rotation data of R-1 was con-
sistence with that in literatures.?! The enantiomer S-1 was
also preparred by the same procedure with AD-mix-a re-
placing AD-mix-f in 65% yield with 93.9% ee. After R-1
and S-1 were obtained, the 3-CF; and 3-OCH; analogues
(R-2 and S-2, R-3 and S-3) were also synthesized in the
similar approaches via diol ester intermediates 18a, 18b,
19a and 19b (Scheme 5). (£)-Methyl 3-trifluoromethyl-7-
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methylocta-2,6-dienoate (2a) and (£)-methyl 3-methoxy-7-
methylocta-2,6-dienoate (3a) were converted to chiral diol
esters 18a and 18b, 19a and 19b under Sharpless asym-
metric dihydroxylation condition. Then LiOH hydrolyza-
tion and Yamaguchi reaction were used to afford com-
pounds R-2 and S-2 from 18a and 18b in 55% and 56%
yields with 90.7% and 93.0% ee, compounds R-3 and S-3
from 19a and 19b in 82% and 86% yields with 91.5% and
92.3% ee, respectively.

The racemic 3-(2-hydroxypropan-2-yl)-4,5-dihydroben-
zo[c]oxepin-1(3H)-one (6) was synthesized in 9-step reac-
tion in 10.3% overall yield, and it showed better antifungal
activity than racemic 1 and R-1 in the previous paper.[?!
But it could be synthesized in 3-step reaction (Table 1,
Entry 6) in much higher overall yield from o-methyl ben-
zoic acid, because alkylation of o-methyl benzoic acid with
1-bromo-3-methylbut-2-ene in the presence of LDA under
—78 °C gave the key intermediate acid 6a in 74% yield.[*?]
So R-6 and S-6 were synthesized in the similar approaches
(Scheme 6). Compound 6a was esterified to produce me-
thyl ester 20, and 20 was subjected to Sharpless asymmet-
ric dihydroxylation of the olefins to afford chiral diol ester
21a and 21b, respectively. Finally, 21a and 21b were hy-
drolyzed and converted in reflux toluene via Yamaguchi
reaction to afford derivatives R-6 and S-6 in 50% and 56%
yields with 89.3% and 88.8% ee, respectively.

The absolute configurations of 18a, 19a, and 21a were
determined using Mosher ester method“” by the reaction
products of 18a, 19a, and 21a with the Mosher acid chlo-
ride having R- and S-configurations (Figure 4). So the ab-
solute configurations of 18b, 19b and 21b were also ob-

_ CHOH

Y:O/Cj/ DCC, DMAP

cis-Geranic acid

100

H cozc

tained. Then the absolute configurations of R-2, S-2, R-3,
S-4, R-6 and S-6 were deduced from the configurations of
their starting materials. The absolute configurations were
confirmed by the crystal structure of S-6 in Figure 3, which
showed that its absolute configuration was S at chiral cen-
ter of C-6 and consistent with that of 21b.

The antifungal activities of synthesized seven-membered
lactone were evaluated using the mycelial growth rate test
at (25%0.5) °C following the protocol in reference,3->%
chlorothalonil and carbendazim used as positive control,
and ECs values were determined from the inhibition rates
of five different concentrations for the compounds having
more than 70% inhibition rates, which were given in Table
2. The data showed that most of the synthesized sev-
en-membered lactones have significant antifungal activities
against these phytopathgens, especially against R. solani
and A. solani with ECsq values of 2.8~134.2 pg/mL. From
these data, it was found that both non-benzolactones 1, 3~
5 were more active than benzolactones 6~13, lactones 4
and 5 with 3-aromatic groups were more active than com-
pounds 1~3 against R. solani and A. solani. The R- and S-
isomers of 1 and 3 had the same level of activities as that
of racemic 1 and 3 against 4. solani as well as 3 against R.
solani, and the racemic 1 and lactone R-1 had much better
activities than that of S-1 against R. solani. However, the
R- and S- isomers of 6 exhibited much better activities than
that of racemic benzolactone 6 against A. solani. It was
deduced that compound 6 may partially lose one molecule
of water at the fert-alcohol position to reduce its antifungal
activity. These results implied that 3-aromatic group and
tert-alcohol moiety played a crucial role for the antifungal

Ho M
1) LIOH,CHOH/H,0 7]
ADmVM 2)2,4,6-TCBC, THF OH
HyCO,C

.

Scheme 4 Synthesis of R-1 and S-1 by Sharpless asymmetric dihydroxylation
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Scheme 5 Synthesis of R-2 and S-2, R-3 and S-3 by Sharpless asymmetric dihydroxylation
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Scheme 6 Synthesis of R-6 and S-6 by Sharpless asymmetric dihydroxylation
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Figure 4 Absolute configurations of secondary alcohols 18a, 19a and 21a by modified Mosher’s mothod. Adu (&— &r) values are given

Table 2  ECso(ng/mL) values for antifungal activity of synthesized seven-membered lactones 1~14

Compd. R. solani A. solani S. sclerotiorum B. cinerea F. graminearum P. capsici
1 65.7 422 —a — — —
R-1 56.5 44.9 — — — —
S-1 231.6 520
2 N - - N N
3 75.6 23.5 — — — —
R-3 87.1 323 — — — —
S-3 73.0 40.5 — — — —
4 10.7 3.7 5.1 0.5 19.4 18.6
5 2.8 4.6 9.8 - 10.7 5.1
6 115.1 — — — —
R-6 27.4 — — — —
S-6 18.4 — — — —
7 48.9 — — — 323.7 —
8 134.2 8.1 186.8 — 132.9 —
9 N - - P P
10 — — — — —
11 — — — — —
12 — — — — —
13 41.4 6.6 — — — —
14 — — — — —
Carbendazim 0.05 0.05 7.9 528.2 0.07 77.8
a— indicated that the ECs values were not determined due to weak inhibitory activities.
activities. Among these compounds, compounds 4 and 5 works were in progress in our laboratory.

were broad spectrum against six fungus and ECsy values .
were in the range of 0.5~20.0 pg/mL, which showed that 2 Conclusion
they were the most active compounds and could be used as
the lead structures of modification to further improve the
activity, as well as the R- and S-isomers of 4 and 5 would
be synthesized to explore their activity differences. These

In conclusion, a concise synthetic strategy has been de-
veloped for the synthesis of seven-membered lactones with
a-hydroxyl side chains through epoxidation-lactonization
procedure, and stereoselective synthesis of optical isomers
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of natural product 3,7-dimethyl-7-hydroxy-2-octen-6-olide
and their analogues with Shapless asymmetric dihydrox-
ylation as the key steps. The absolute configurations of
these optical isomers were deduced from Mosher esters of
chiral diol esters, and absolute configuration of compound
§-6 determined by x-ray diffraction analysis. The ECs
values of 4 and 5 were in the range of 0.5~20.0 pg/mL
against six phytopathgens, which showed that they were
the most active compounds and could be used as the lead
structures.

3 Experimental section

3.1 General information

All reactions were performed with magnetic stirring.
Unless otherwise stated, all reagents were purchased from
commercial suppliers and used without further purification.
Organic solutions were concentrated under reduced pres-
sure using a rotary evaporator or oil pump. Flash column
chromatography was performed using a Qingdao Haiyang
silica gel (200~300 mesh). Melting points were measured
on a Yanagimoto apparatus (Yanagimoto MFG Co., Kyo-
to, Japan) and are uncorrected. 'H NMR and *C NMR
spectra were obtained on a Bruker DPX 300 spectrometer
(Bruker Biospin Co., Stuttgart, Germany) with CDCl; as a
solvent and TMS as an internal standard; HR-ESI-MS
spectra were analyzed on a Bruker Apex Il mass spectrom-
eter (Bruker Co., Bremen, Germany). The crystal structure
was analyzed with a Thermo Fisher ESCALAB 250
four-circle X-ray diffractometry. The solvents were ana-
lytical grade and newly distilled before usage. The e.e.
values were analyzed by an Agilent LC 1100 HPLC in-
strument equipped with a chiral Chiralpak AD column
(250X 4.6 mm), eluent: hexane/isopropanol (V' I V=95
5,90 : 10, 85 I 15), flow rate: 1.0 mL/min, UV detection
wavelength: 230 nm.

3.2 Synthesis of seven-membered lactones 1~14
3.2.1 Synthesis of compounds 1b~5b

Compounds 1b ~ 5b were synthesized following the
procedure of reference [30]. The NMR and ESI-MS data of
1b were identical with that reported in literature.l>"]

(E)-7-Methyl-3-(trifluoromethyl)octa-2,6-dienoic  acid
(2b): Yellow oil, yield 97%. 'H NMR (300 MHz, CDCls) 6:
9.62 (br.s, 1H), 6.35 (s, 1H), 5.16~5.08 (m, 1H), 2.71~
2.66 (m, 2H), 2.32~2.21 (m, 2H), 1.71 (s, 3H), 1.61 (s,
3H); ESI-MS m/z: 223 [M+H]". HR-ESI-MS calcd for
CioH14F30, [M+H]" 223.0940, found 223.0942.

(E)-7-Methyl-3-methoxyocta-2,6-dienoic  acid  (3b):
White solid, yield 76%. m.p. 102~104 °C; 'H NMR (300
MHz, CDCls) ¢: 11.48 (br, 1H), 5.16~5.11 (m, 1H), 4.99
(s, 1H), 3.65 (s, 3H), 2.75 (dd, J=9.3, 7.6 Hz, 2H), 2.23 (q,
J=17.6 Hz, 2H), 1.68 (s, 1H), 1.61 (s, 1H); '3C NMR (75
MHz, CDCls) 6: 178.34, 173.38, 132.43, 123.08, 90.24,
55.55, 32.37, 26.07, 25.61, 17.45; HR-ESI-MS calcd for
CioH170; [M+H]" 185.1172, found 185.1172.

(E)-7-Methyl-3-phenylocta-2,6-dienoic acid (4b): Yel-
low oil, yield 99%. 'H NMR (300 MHz, CDCl;) J: 10.42
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(br, 1H), 7.44~7.13 (m, 5H), 6.01(s, 0.4 H), 5.87 (s, 0.6 H),
5.10~5.02 (m, 1H), 3.08 (t, J/=7.9 Hz, 0.6H), 2.47 (t, J=
7.3 Hz, 1.2H), 2.12~2.01 (m, 2H), 1.71~1.63 (m, 3H),
1.54 ~ 1.48 (m, 3H); ESI-MS m/z: [M+H] " 23I.
HR-ESI-MS calcd for CisH;90, [M—+H]" 231.1380, found
231.1384.

(E)-7-Methyl-3-(furan-2-yl)octa-2,6-dienoic acid (Sb):
Yellow oil, yield 88%. 'H NMR (300 MHz, CDCls) J: 7.69
(s, 1H), 7.28~7.25 (m, 1H), 6.70~6.46 (m, 1H), 5.75 (s,
1H), 5.21~5.10 (m, 1H), 2.93 (t, J=8.0 Hz, 0.6 H), 2.58 (t,
J=7.6 Hz, 1.4H), 2.27~2.07 (m, 2H), 1.68 (s, 3H), 1.37 (s,
3H); ESI-MS m/z: [M+H]" 221. HR-ESI-MS calcd for
Ci3H705 [M+H]" 221.1172, found 221.1175.

3.2.2 General synthesis procedure of the olefin acid
6a~—~13a

Under the protection of N», 5.4 g (40 mmol) of o-methyl
benzoic acid, 150 mL of THF were added into a 500 mL
Schlenk flask, cooled to —20 °C and kept for 20 min, then
added 2 mol/L LDA (56 mL, 112 mmol) and stirred 4 h.
After that, 7 mL (56 mmol) of 1-bromo-3-methylbut-2-ene
was added at —20 °C, raised slowly to room temperature
and reacted overnight. Then, the reaction mixture was
treated as routing work to afford a white solid 6a. In a sim-
ilar way, compounds 7a~13a was prepared.

2-(4-Methylpent-3-en-1-yl)benzoic acid (6a): White
solid, yield 74%. m.p. 61~63 °C (1it.’? 61~63 °C); 'H
NMR (300 MHz, CDCl3) ¢: 8.02~8.05 (m, 1H), 7.44~
7.50 (m, 1H), 7.26~7.31 (m, 2H), 5.18~5.24 (m, 1H), 3.06
(t, J=7.5 Hz, 2H), 2.28~2.35 (m, 2H), 1.69 (s, 3H), 1.54
(s, 3H); '3C NMR (75 MHz, CDCly) J: 173.42, 145.23,
132.76, 132.35, 131.55, 131.37, 128.32, 125.89, 123.72,
34.74, 30.30, 25.68, 17.44; HR-ESI-MS calcd for C;3H;70;
[M+H]" 205.1223, found 205.1221.

5-Methyl-2-(4-methylpent-3-en-1-yl)benzoic acid (7a):
White solid, yield 63%. m.p. 88~90 °C; 'H NMR (300
MHz, CDCl;) J: 7.84 (s, 1H), 7.25~7.30 (m, 1H), 7.15~
7.18 (m, 1H), 5.18~5.23 (m, 1H), 3.00 (t, J/=8.1Hz, 2H),
2.33 (s, 3H), 2.25~2.30 (m, 2H), 1.69 (s, 3H), 1.55 (s, 3H).
HR-ESI-MS calcd for C14H;90, [M+H]" 219.1380, found
219.1384.

5-Fluro-2-(4-methylpent-3-en-1-yl)benzoic acid (8a):
Yellow solid, yield 58%. m.p. 145~147 °C; 'H NMR (300
MHz, CDCls) ¢: 7.72 (dd, J=9.5, 2.7 Hz, 1H), 7.29~7.15
(m, 2H), 5.20~5.15 (m, 1H), 3.02 (t, J=7.7 Hz, 2H),
2.24~2.32 (m, 2H), 1.68 (s, 3H), 1.51 (s, 3H); *C NMR
(75 MHz, CDCls) é: 172.09, 160.57 (‘Jcr =243.5 Hz),
141.07 (*Jcr=3.4 Hz), 133.02 (Jcr=7.2 Hz), 132.64,
129.53 (CJcr=6.9 Hz), 123.38, 119.88 (3Jcr=20.6 Hz),
118.03 (3Jcr = 23.1 Hz), 33.95, 30.25, 25.68, 17.43,
HR-ESI-MS caled for Ci3H;FO, [M+H] "™ 223.1128,
found 223.1123.

5-Chloro-2-(4-methylpent-3-en-1-yl)benzoic acid (9a):
Little yellow solid, yield 65%. m.p. 132~134 °C; '"H NMR
(300 MHz, CDCl3) o: 8.01 (d, J=2.1 Hz, 1H), 7.43 (dd,
J=8.4 Hz, 2.1 Hz, 1H), 7.21 (d, J=8.4 Hz, 1H), 5.20~
5.15 (m, 1H), 3.05~2.99 (m, 2H), 2.32~2.25 (m, 2H), 1.75
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(s, 3H), 1.52 (s, 3H); 3*C NMR (75 MHz, CDCl;) §: 172.29,
143.67, 132.81, 132.73, 131.70, 131.31, 130.32, 129.62,
123.26, 34.11, 30.08, 25.67, 17.45; HR- ESI-MS calcd for
Ci3H14Cl0, [M+H]" 239.0833, found 239.0827.
4-Methoxy-2-(4-methylpent-3-en-1-yl)benzoic acid
(10a): White solid, yield 86%. m.p. 78~80 °C; 'H NMR
(300 MHz, CDCl;) J: 8.08~8.04 (m, 1H), 6.80~6.76 (m,
2H), 5.24~5.19 (m, 1H), 3.86 (s, 3H), 3.04 (t, /=7.8 Hz,
2H), 2.35~2.27 (m, 2H), 1.69 (s, 3H), 1.51 (s, 3H); 3C
NMR (300 MHz, CDCls) d: 172.68, 163.01, 148.28, 134.24,
132.24, 123.82, 120.33, 116.62, 111.08, 55.31, 35.23,
30.09, 25.69, 17.50; HR-ESI-MS calcd for Ci4H1903 [M+
H]" 235.1328, found 235.1322.
3-Methoxy-2-(4-methylpent-3-en-1-yl)benzoic acid
(11a): White solid, yield 80%. m.p. 88~90 °C; 'H NMR
(300 MHz, CDCl3) é: 7.56~7.53 (m, 1H), 7.26~7.21 (m,
1H), 7.05~7.02 (m, 1H), 5.29~5.23 (m, 1H), 3.86 (s, 3H),
3.02 (t, J=7.8 Hz, 2H), 2.27~2.19 (m, 2H), 1.69 (s, 3H),
1.56 (s, 3H); '3C NMR (300 MHz, CDCl;) §: 173.96,
158.03, 133.60, 131.98, 130.24, 126.33, 124.33, 122.85,
114.36, 55.79, 28.67, 26.74, 25.69, 17.29; HR-ESI- MS
caled for Ci4H;903 [M-+H]" 235.1328 , found 235.1323.
3-Chloro-2-(4-methylpent-3-en-1-yl)benzoic acid (12a):
Little yellow solid, yield 55%. m.p. 46~48 °C; 'H NMR
(300 MHz, CDCl3) é: 7.89~7.86 (m, 1H), 7.58~7.55 (m,
1H), 7.25~7.20 (m, 1H), 5.27~5.22 (m, 1H), 3.20~3.15
(m, 2H), 2.34~2.26 (m, 2H), 1.70 (s, 3H), 1.56 (s, 3H); 13C
NMR (300 MHz, CDCl3) 6: 173.11, 141.96, 136.07, 133.89,
132,77, 131.02, 129.76, 126.67, 123.37, 30.79, 28.25,
25.71, 17.36; HR-ESI-MS calcd for Ci3H;6ClO, [M+H]"
239.0833, found 239.0827.
2,4-Dimethoxy-6-(4-methylpent-3-en-1-yl)benzoic acid
(13a): Yellow solid, yield 82%. m.p. 173~174 °C; 'H
NMR (300 MHz, CDCl3) ¢: 6.42 (d, J=2.4 Hz, 1H), 6.28
(d, J/=2.4 Hz, 1H), 5.22~5.16 (m, 1H), 3.91 (s, 3H), 3.84
(s, 3H), 2.87 (t, J=7.8 Hz, 2H), 2.34~2.26 (m, 2H), 1.68
(s, 3H), 1.57 (s, 3H); '3C NMR (300 MHz, CDCls) 4:
171.43, 161.98, 158.94, 145.35, 132.39, 132.53, 113.85,
107.42, 96.50, 56.23, 55.33, 34.79, 29.91, 25.62, 17.52;
HR-ESI-MS calcd for Ci5H2,04 [M+H]" 265.1434, found
265.1432.

3.2.3 General procedure for compounds 1~13

To a solution of cis-geranic acid 1b (10.7 g, 63.9 mmol)
in CH»Cl, (300 mL) was added the peracetic acid solution
(12.3 mL X 10) and anhydrous sodium carbonate (4.21 g X
10). The reaction mixture was stirred for 1.5 h at room
temperature. After the reaction was finished as detected by
thin-layer chromatography (TLC), the mixture was diluted
with saturated Na,S,03 (50 mL) and extracted with CH,Cl,
(100 mL X 3). The combined organic phases were washed
with brine (100 mL X3), dried over anhydrous sodium
sulfate, and concentrated in vacuo to give a white solid
epoxide 1c¢ 10.5 g, yield 89%. m.p. 46~48 °C (Lit.’”
46~48 °C); '"H NMR (300 MHz, CDCl3) d: 11.75 (br, 1H,
OH), 5.74 (s, 1H, CH=), 2.89~2.66 (m, 3H, CHO+
CH,), 1.95 (s, 3H, CH3), 1.81~1.66 (m, 2H, CH»), 1.31 (s,
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3H, CHs3), 1.28 (s, 3H, CH3); 3C NMR (75 MHz, CDCl;)
o: 171.40, 162.32, 116.28, 63.84, 58.59, 30.24, 27.58,
25.51,24.77, 18.56.

To a 1000 mL three-necked flask added 12.0 g (65.1
mmol) compound 1e¢, 560 mL of CH,Cl, and 0.33 g of
(+)-camphor-sulfonic acid. The mixture was stirred for 4
h at room temperature. After the reaction was finished, the
organic phase was washed with 5% Na,COj3 solution and
brine, dried with anhydrous Na,SOj4, and concentrated in
vacuo. Flash chromatography on silica gel (petroleum
ether/EtOAc, V. V=3 . 1) afforded 3,7-dimethyl-7-hy-
droxy-2-octen-6-olide (1). In a similar way, compounds
2~13 were prepared.

3,7-Dimethyl-7-hydroxy-2-octen-6-olide (1): Colorless
oil liquid, yield 65%. '"H NMR (300 MHz, CDCls) J: 5.86
(brq, /=1.2 Hz, 1H, CH=), 4.04 (dd, /=9.0, 2.2 Hz, 1H,
CHO), 2.89 (br, 1H, OH), 2.53 (dt, J=17.8, 6.0 Hz, 1H,
CH,), 2.38~2.33 (m, 1H, CH), 2.19~2.09 (m, 1H, CH>),
1.97 (s, 3H, CHs), 1.96~1.87 (m, 1H, CH,), 1.28 (s, 3H,
CH3), 1.26 (s, 3H, CH3); '3C NMR (75 MHz, CDCls) 4:
168.12, 154.92, 118.13, 84.34, 71.44, 33.52, 27.10, 26.06,
26.00, 24.79; HR-ESI-MS caled for CioH;70; [M+H]"
185.1172, found 185.1171.

3-Trifluromethyl-7-methyl-7-hydroxy-2-octen-6-olide
(2): Light yellow oil, yield 90%. 'H NMR (300 MHz,
CDCl3) 6: 6.50 (s, 1H), 4.07 (dd, J/=9.5, 3.3 Hz, 1H), 2.93
(s, 1H), 2.58 (t, J=6.9 Hz, 2H), 2.26~2.03 (m, 2H), 1.30
(s, 3H), 1.26 (s, 3H); '*C NMR (75 MHz, CDCl;) 4:
165.87, 140.40 (q, 2Jcr=30.9 Hz), 123.32 (q, *Jcr=5.6
Hz), 122.60 (q, 'Jcr=274.5 Hz), 84.23, 71.29, 26.45,
25.01, 24.83, 24.47; HR-ESI-MS calcd for CioHi4F303
[M-+H]" 239.0889, found 239.0890.

3-Methoxy-7-methyl-7-hydroxy-2-octen-6-olide 3):
Colorless solid, yield 77%. m.p. 55~57 °C; '"H NMR (300
MHz, CDCl) 6: 5.18 (s, 1H), 4.04 (dd, J=9.7, 3.2 Hz,
1H), 3.67 (s, 3H), 2.69~2.41 (m, 2H), 2.11~1.98 (m,
2H), 1.27 (s, 6H); 3C NMR (75 MHz, CDCls) §: 171.55,
169.47, 92.09, 84.41, 71.29, 55.62, 31.14, 25.55, 24.80,
24.76; HR-ESI-MS caled for CjoHi704 [M + H] *
201.1121, found 201.1121.

3-Phenyl-7-methyl-7-hydroxy-2-octen-6-olide (4): Light
yellow oil, yield 62%. '"H NMR (300 MHz, CDCl;) &:
7.48~7.38 (m, SH), 6.24 (s, 1H), 4.17 (dd, J=4.7, 9.1 Hz,
1H), 2.86~2.82 (dd, J=7.5, 6.7 Hz, 2H), 2.46 (br, 1H),
2.23~2.14 (m, 2H), 1.30 (s, 6H); 3C NMR (75 MHz,
CDCl3) 6: 169.04, 153.27, 139.93, 129.45, 128.75, 126.23,
118.77, 84.13, 71.62, 29.97, 27.79, 25.69, 24.61. HR-ESI-
MS caled for CisHigOs [M+ H] " 247.1328, found
247.1328.

3-(Furan-2-yl)-7-methyl-7-hydroxy-2-octen-6-olide
(5):B321 Light yellow oil, yield 60%. 'H NMR (300 MHz,
CDClz) d: 7.51 (d, J=1.4 Hz, 1H), 6.68 (d, J=3.5 Hz,
1H), 6.50~6.47 (m, 2H), 4.12 (dd, J=9.9, 4.2 Hz, 1H),
2.76 (t, J=17.0 Hz, 2H), 2.17~2.10 (m, 3H), 1.29 (s, 3H),
1.25 (s, 3H); HR-ESI-MS calcd for Ci3H7;04 [M+H]"
237.1121, found 237.1123.

3-(2-Hydroxypropan-2-yl)-4,5-dihydrobenzo[c]oxepin-
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1(3H)-one (6): Colorless solid, yield 86%. m.p. 45~47 °C
(Lit.5? colorless oil). 'H NMR (300 MHz, CDCl;) 4:
7.71~7.74 (m, 1H), 7.46~7.52 (m, 1H), 7.35~7.40 (m,
1H), 7.21~7.28 (m, 1H), 3.86 (dd, J=4.8, 13.5 Hz, 1H),
2.89~2.96 (m, 1H), 2.77~2.84 (m, 1H), 2.25~2.36 (m,
1H), 1.92~2.01 (m, 1H), 1.25 (s, 6H); '3C NMR (75 MHz,
CDCls) 0: 171.20, 138.22, 132.74, 131.33, 130.14, 128.60,
127.29, 84.20, 71.55, 29.54, 28.47, 26.19, 24.30; HR-ESI-
MS caled for C;3H;705 [M+ H] " 221.1172, found
221.1172.
3-(2-Hydroxypropan-2-yl)-8-methyl-4,5-dihydrobenzo-
[cloxepin-1(3H)-one 7: Yellow oil, yield 76%. 'H NMR
(300 MHz, CDCl3) o: 7.55 (s, 1H), 7.27~7.30 (m, 1H),
7.10~7.12 (m, 1H), 3.86 (dd, J=4.8, 12.1 Hz, 1H),
2.89~2.84 (m, 1H), 2.77~2.80 (m, 1H), 2.37 (br, 1H),
2.29 (s, 3H), 2.26~2.29 (m, 1H), 1.94 (m, 1H), 1.24 (s,
6H); '*C NMR (75 MHz, CDCl3) &: 171.48, 137.20,
135.26, 133.46, 131.15, 130.64, 128.59, 84.30, 71.61,
29.10, 28.59, 26.30, 24.28, 20.77; HR-ESI-MS calcd for
CisH1905 [M+H]" 235.1328, found 235.1328.
3-(2-Hydroxypropan-2-yl)-8-fluoro-4,5-dihydrobenzo-
[cloxepin-1(3H)-one (8): Yellow oil, yield 75%. 'H NMR
(300 MHz, CDCl3) o: 7.49~7.41 (m, 1H), 7.22~7.14 (m,
2H), 3.87 (dd, J=12.1, 7.1 Hz, 1H), 2.95~2.77 (m, 2H),
2.35~2.23 (m, 1H), 2.00~1.87 (m, 1H), 1.26 (s, 6H);
HR-ESI-MS caled for C;3H;FO; [M+H]" 239.1078,
found 239.1074.
3-(2-Hydroxypropan-2-yl)-8-chloro-4,5-dihydrobenzo-
[cloxepin-1(3H)-one 9: Light yellow solid, yield 70%. m.p.
89~91 °C; '"H NMR (300 MHz, CDCl3) d: 7.72 (s, 1H),
7.44 (dd, J=38.7, 2.2 Hz, 1H), 7.18 (d, J=8.1 Hz, 1H),
3.87~3.82 (m, 1H), 2.96~2.76 (m, 2H), 2.37~2.26 (m,
2H), 1.98~1.86 (m, 1H), 1.25 (s, 6H); '3C NMR (75 MHz,
CDCl;) 6: 169.75, 136.54, 133.19, 132.79, 132.58, 130.07,
129.95, 84.34, 71.44, 28.89, 28.19, 26.13, 24.31. HR-ESI-
MS caled for Ci;3Hi6ClOs [M+H]" 255.0782, found
255.0777.
3-(2-Hydroxypropan-2-yl)-7-methoxy-4,5-dihydrobenzo-
[cloxepin-1(3H)-one (10): White solid, yield 74%. m.p.
106~108 °C; '"H NMR (300 MHz, CDCl3) 6: 7.72 (d, J=
8.6 Hz, 1H), 6.86 (dd, /=8.6, 2.5Hz, 1H), 6.72 (s, 1H),
3.90~3.85 (m, 4H), 3.02~2.91 (m, 1H), 2.77~2.71 (m,
1H), 2.35~2.24 (m, 2H), 2.00~1.89 (m, 1H), 1.24 (s,
6H); '*C NMR (75 MHz, CDCl) &: 171.17, 163.03,
140.78, 132.59, 123.48, 114.40, 112.10, 84.21, 71.55,
55.36, 29.99, 28.39, 26.20, 24.23; HR-ESI-MS calcd for
CisH1904 [M+H]" 251.1277, found 251.1272.
3-(2-Hydroxypropan-2-yl)-6-methoxy-4,5-dihydrobenzo-
[cloxepin-1(3H)-one (11): White solid, yield 80%. m.p.
97~99 °C; 'H NMR (300 MHz, CDCl3) 6: 7.31~7.26 (m,
2H), 7.09~7.04 (m, 1H), 3.86~3.81 (m, 4H), 3.49~3.42
(m, 1H), 2.51~2.39 (m, 1H), 2.29~2.17 (m, 1H), 1.93~
1.74 (m, 1H), 1.24 (s, 6H); '*C NMR (75 MHz, CDCl;) 6:
171.11, 155.97, 132.87, 127.83, 126.36, 121.60, 114.44,
84.46, 71.50, 55.80, 27.76, 26.15, 24.21, 20.25; HR-ESI-
MS caled for CisH;904 [M 4 H] " 251.1277, found
251.1270.
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3-(2-Hydroxypropan-2-yl)-6-chloro-4,5-dihydrobenzo-
[cloxepin-1(3H)-one (12): White solid, yield 78%. m.p.
55~57 °C; '"H NMR (300 MHz, CDCl;) é: 7.62~7.55 (m,
2H), 7.33~7.26 (m, 1H), 3.81~3.76 (m, 1H), 3.52~3.45
(m, 1H), 2.75~2.64 (m, 1H), 2.36~2.24 (m, 1H), 1.99~
1.86 (m, 1H), 1.25 (s, 6H); '*C NMR (75 MHz, CDCl;) ¢:
169.94, 135.36, 133.56, 133.29, 128.45, 128.14, 84.22,
71.44, 27.39, 26.18, 25.32, 24.29; HR-ESI-MS calcd for
C13H6Cl0; [M+H]" 255.0782, found 255.0777.

3-(2-Hydroxypropan-2-yl)-7,9-dimethoxy-4,5-dihydro-
benzo[c]oxepin-1(3H)-one (13): Yellow oil, yield 85%. 'H
NMR (300 MHz, CDCls) d: 6.42 (s, 1H), 6.32 (s, 1H),
3.92~3.85 (m, 6H), 2.84~2.66 (m, 2H), 2.32 (br, 1H),
2.28~2.19 (m, 1H), 1.89~1.83 (m, 1H), 1.28 (s, 3H),
1.22 (s, 3H); HR-ESI-MS calcd for CisH2Os [M+H]"
281.1389, found 281.1384.
3.2.4 Synthesis of 9-hydroxy-3-(2-hydroxypropan-2-
yl)-7-methoxy-4,5-dihydrobenzo[c]oxepin-1(3H)-one
a4

Under N, atmosphere, 0.28 g (1 mmol) of lactone 13
and 15 mL of CH>Cl, were added into a 50 mL Schlenk
flask, cooled to —78 °C, and dropped 0.1 mL of BBr3 (2
molsL™' CH,Cl, solution). Then the reaction mixture was
stirred, naturally raised to —10 °C, and reacted 48 h at —
10 °C. After the reaction, the mixture solution was ex-
tracted with CH>Cl, (10 mLX3), and the organic phase
was combined. The organic phase was washed with brine,
dried over anhydrous Na,SOs, and concentrated in vacuo.
Flash chromatography on silica gel (petroleum ether/
EtOAc, V. V=6 . 1) afforded lactone 14. Light yellow
oil, 0.20 g, yield 75%. 'H NMR (300 MHz, CDCl;) 4:
10.09 (s, 1H), 6.40~6.31 (m, 2H), 4.00~3.94 (m, 1H),
3.82 (s, 3H), 2.96~2.85 (m, 1H), 2.75~2.68 (m, 1H),
2.34~2.22 (m, 1H), 2.05~1.96 (m, 1H), 1.26 (s, 3H),
1.22 (s, 3H); '*C NMR (75 MHz, CDCls) §: 174.20,
164.88, 163.57, 142.70, 108.96, 106.51, 99.24, 86.20,
71.65, 55.38, 30.73, 28.55, 26.04, 24.03; HR-ESI-MS
caled for C14H;90s [M-+H]" 267.1227, found 267.1228.

3.3 Synthesis of R-1 via Shi’'s asymmetric epoxida-
tion

To a 100 mL three-necked round-bottom flask were
added buffer (0.05 molsL™' Na,BsO7*10H,O in 4X107*
mol-L ! aqueous Na,EDTA, 20 mL), acetonitrile (30 mL),
cis-geranic acid 1b (0.336 g, 2 mmol), tetrabutyl-ammo-
nium hydrogen sulfate (0.03 g, 0.08 mmol), and catalyst
(0.15 g, 0.6 mmol). The reaction mixture was cooled with
an ice bath. A solution of Oxone (1.7 g, 2.76 mmol) in
aqueous Na;EDTA (4X 104 moleL™!, 13 mL) and a solu-
tion of K,COs (1.6 g, 11.6 mmol) in water (13 mL) were
added dropwise through two addition funnels over a period
of 3 h. The reaction mixture of chiral 6,7-epoxy-geranic
acid 15 was obtained. Then the mixture was acidified to
pH 5 with 25% sulphuric acid and extracted with CH,Cl..
The CH,Cl, phase was dried over anhydrous Na,SOs, fil-
tered and concentrated in vacuo. The residue was dissolved
in 25 mL of CH,Cl,, added (+)-CSA (10 mg) and stirred 3
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h at room temperature. The solvent was evaporated in re-
duced pressure, and the residue was purified by flash silica
gel chromatography and eluted with petroleum ether/
EtOAc (V' V=6 1) to give colorless oil R-1 0.22 g,
yield 60%. [alf —27 (c 0.17, CHsOH), 47% ee. The 'H
NMR, *C NMR and MS data were consistent with the data
of lactone 1 and that in references.[-?!

3.4 Synthesis of R-1 and S-1 via Sharpless asym-
metric dihydroxylation

A mixture of cis-geranic acid (4.0 g, 22 mmol), metha-
nol (15 mL), N,N-dicyclohexylcarbodiimide (4.5 g, 24
mmol), 4-N,N-dimethylaminopyridine (3.4 g, 27 mmol)
and dry CH,Cl, (140 mL) was stirred at room temperature
under argon atmosphere for 5 h. A white solid was filtered
off. The organic solution was washed with water, dried
over anhydrous Na,SOs, removed the solid and concen-
trated under vacuum. Then the crude material was purified
by column chromatography on silica gel (petroleum
ether/EtOAc, V. V=100 . 1) to afford methyl (Z)-3,7-
dimethylocta-2,6-dienoate (16). Light yellow oil, 3.7 g,
yield 88%. 'H NMR (300 MHz, CDCl3) &: 5.65 (t, J=0.6
Hz, 1H), 5.17~5.12 (m, 1H), 3.68 (s, 3H), 2.66~2.60 (t,
J=17.9 Hz, 2H), 2.19~2.14 (m, 2H), 1.89 (s, 3H), 1.68 (s,
3H), 1.62 (s, 3H).

A 100 mL round-bottomed flask equipped with a mag-
netic stirring bar, was charged with AD-mix-$ (6.6 g), wa-
ter (35 mL) and tert-butyl alcohol (35 mL). The resulting
mixture was stirred at room temperature till to produce two
clear phases. Methanesulfonamide (0.31 g, 3.2 mmol) was
added in one-portion and the reaction mixture was stirred
for 1.5 h. The reaction mixture was cooled to 0 °C. Com-
pound 6 (0.55 g, 3.0 mmol) was added at once, and the
heterogeneous slurry was stirred vigorously at 0 °C for 40
h. The saturated Na,S,0; solution (60 mL) was added at
0 °C. The mixture was allowed to room temperature and
stirred for 30 min. EtOAc (100 mL) and water (50 mL)
were added to the reaction mixture. The organic layer was
separated and the aqueous layer was re-extracted with
EtOAc (20 mL X3). The combined organic phases were
dried over with anhydrous Na,SO4 and the solvent was
removed to give the crude product. This product was puri-
fied by flash chromatography on silica gel with petroleum
ether/EtOAc (V': V=5 1) as the eluent to give methyl
(2Z,6R)-6,7-dihydroxy-3,7-dimethyloct-2-enoate (17a).
Colorless oil, 0.52 g, yield 93%. [a]lf —44.0 (c 0.22,
CH;0H). '"H NMR (300 MHz, CDCls) §: 5.77 (s, 1H), 4.10
(brs, 1H), 3.70 (s, 3H), 3.28 (d, /=10.8, 1H), 3.17~3.09
(m, 1H), 2.67 (brs, 1H), 2.37~2.30 (m, 1H), 1.90 (s, 3H),
1.73~1.53 (m, 2H), 1.18 (s, 3H), 1.16 (s, 3H). In similar
way, methyl (2Z,6S5)-6,7-dihydroxy-3,7-dimethyloct-2-
enoate (17b) was prepared replacing AD-mix-f with
AD-mix-a in 90% yield, [a]d +42.5 (¢ 0.14, CH;0H). Its
"H NMR was identical with that of 17a.

To a solution of compound 17a (303 mg, 1.5 mmol) in
50 mL of CH3OH/H,O/THF (V:V:iV=1:1:1) was
added LiOH*H,O (100 mg, 2.4 mmol). After being stirred
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at room temperature for 4 h, the reaction mixture was di-
luted with water and washed with ether. The aqueous layer
was acidified with concentrated hydrochloric acid to pH 4
and extracted with ethyl acetate. The organic extracts were
combined, dried over anhydrous Na,SO., filtered, and
concentrated to give the pure hydroxyl acid in 89% yield
(270 mg). To a stirred solution of hydroxyl acid (270 mg,
1.33 mmol) in tetrahydrofuran (THF, 26 mL) were added
EtsN (0.39 mL, 2.8 mmol) at 0 °C, and 2,4,6-trichloro-
benzoyl chloride (0.6 mL, 2.84 mmol). After reacting 40
min, the mixture was diluted with THF (10 mL) and tolu-
ene (30 mL), and a solution of N,N-dimethylaminopyridine
(DMAP) (0.95 g, 7.8 mmol) in 200 mL of toluene was
added slowly at room temperature. The solution was heat-
ed to 100 °C for 12 h, and allowed to cool to room temper-
ature. The solution was washed with saturated aqueous
NaCl and extracted with EtOAc. The organic phases were
dried over anhydrous Na,SOs, the solvent was removed in
vacuo, and the residue was purified by chromatography on
silica gel, eluted with petroleum ether/ EtOAc (V' : V=6 :
1) to give R-1. Light yellow oil, 195 mg, 60% yield, 92.5%
ee. [a]y —52.1 (¢ 0.20, CH3;0H); [a]b —56.0 (¢ 0.10,
CH;0H) in the literature.”! Its 'H NMR, '*C NMR data
were identical with that in 3.2.1; HR-ESI-MS calcd for
C10H1703 [M-l-H]+ 185.1172, found 185.1171. In similar
way, compound S-1 was prepared replacing 17a with 17b
in 65% yield, 93.9% ee, [alh +52.7 (c 0.24, CH;0H). Its
'"H NMR, BC NMR data were also identical with that in
3.2.1; HR-ESI-MS calcd for CioH;705 [M+H]" 185.1172,
found 185.1170.

3.5 Synthesis of R-2 and S-2, R-3 and S-3 via
Sharpless asymmetric dihydroxylation

Methyl 3-trifluoromethyl-7-methyloct-2-enoate (2a) was
prepared via Wittig reaction according to the similar pro-
tocol in literature.l'¥! A 100 mL round-bottomed flask
equipped with a magnetic stirring bar, was charged with
AD-mix-f (5.6 g), water (27 mL) and tert-butyl alcohol
(27 mL). The mixture was stirred at room temperature to
produce two phases, methanesulfonamide (0.28 g, 2.8
mmol) was added in one-portion and the reaction mixture
was stirred for 1.5 h. Then the reaction mixture was cooled
to 0 °C, compound 2a (0.63 g, 2.7 mmol) was added at
once, and the heterogeneous slurry was stirred vigorously
at 0 °C for 40 h. The saturated Na,S,03 (60 mL) was added
at 0 °C and the mixture was allowed to room temperature
and stirred for 30 min. EtOAc (100 mL) and water (50 mL)
were added to the reaction mixture. The organic layer was
separated and the aqueous layer was extracted with EtOAc
(20 mL X 3). The combined organic phase was dried over
anhydrous Na,SOs, and concentrated to give the crude
product. This crude product was purified by flash chroma-
tography on silica gel and eluted with petroleum
ether/EtOAc (V' V=10 : 1) to afford methyl (2E,6R)-
6,7-dihydroxy-7-methyl-3-(trifluoromethyl)oct-2-enoate
(18a). Colorless oil, 0.67 g, 93% vyield. [a]h —42.4 (c
0.45, CH;0H). '"H NMR (300 MHz, CDCl3) 4: 6.13 (s,
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1H), 3.78 (s, 3H), 3.37 (dd, /=10.5, 2.1 Hz, 1H), 2.65~
2.58 (m, 1H), 2.40~2.29 (m, 1H), 1.71~1.50 (m, 2H),
1.21 (s, 3H), 1.16 (s, 3H); HR-ESI-MS calcd for
CiHsF304 [M-+H]" 271.1151, found 271.1147. In simi-
lar way, methyl (2F,65)-6,7-dihydroxy-7-methyl-3-(tri-
fluoromethyl)oct-2-enoate (18b) was prepared replacing
AD-mix-f with AD-mix-a in 90% yield, [a]b +42.5 (¢
0.14, CH;0H). Its '"H NMR was identical with that of 18a;
HR-ESI-MS caled for C;HisFs04 [M+H]" 271.1151,
found 271.1148.

Methyl 3-methoxy-7-methyloct-2-enoate (3a) was pre-
pared via four step reactions according to the similar pro-
tocol in literature.l’! In a similar procedure as 18a and 18b,
(R/S)-methyl 6,7-dihydroxy-3-methoxy-7-methyloct-2-en-
oates (19a, 19b) were obtained as yellow oil. Compound
19a: 79% vyield, [a]f —13.5 (¢ 0.11, CH;0H); 'H NMR
(300 MHz, CDCl3) o: 5.07 (s, 1H), 3.95 (d, /=4.3 Hz,
1H), 3.68 (s, 3H), 3.64 (s, 3H), 3.34~3.30 (m, 1H), 3.08~
298 (m, 2H), 2.73~2.64 (m, 1H), 1.81~1.73 (m, 1H),
1.62~1.53 (m, 1H), 1.17 (s, 3H), 1.14 (s, 3H); *C NMR
(75 MHz, CDCls) d: 176.11, 168.80, 90.74, 76.57, 72.35,
55.36, 50.88, 29.10, 28.53, 25.92, 23.35; HR-ESI-MS
caled for C1H»0s [M+H]" 233.1384, found 233.1383.
Compound 19b: 82% yield, [a]p + 13.5 (¢ 0.29,
CH;0H); '"H NMR, 3C NMR data were identical with 19a;
HR-ESI-MS caled for C;iH»0s [M+H] ™ 233.1384,
found 233.1380.

To a solution of compound 18a (0.50 g, 1.75 mmol) in
54 mL of CH30H/H,O/THF (V:V:IV=1:1:1) was
added LiOH+H,O (150 mg, 3.6 mmol). After being stirred
for 4 h at 0 °C, the reaction mixture was diluted with water
and washed with ether. The aqueous layer was acidified
with concentrated hydrochloric acid to pH=4 and extract-
ed with ethyl acetate. The extracts were combined, dried
with anhydrous Na,SO,, filtered, and concentrated to give
the pure hydroxyl acid compound 380 mg, 79% yield. To a
stirred solution of hydroxyl acid (112 mg, 0.44 mmol) in
THF (26 mL) at 0 °C was added EtN (0.13 mL, 0.99
mmol) followed by 2.,4,6-trichlorobenzoyl chloride (0.2
mL 1.28 mmol). After 40 min, the mixture was diluted
with THF (5§ mL) and toluene (10 mL), and was added
slowly to a stirring solution of DMAP (0.32 g, 2.6 mmol)
in toluene (70 mL) at room temperature. The solution was
heated to 100 °C for 12 h, and allowed to cool to room
temperature and diluted with EtOAc. The solution was
washed with saturated aqueous NH4Cl and extracted with
EtOAc. The dried (over anhydrous Na,SO4) extract was
concentrated in vacuo, and the residue was purified by
chromatography on silica gel, eluted with petroleum ether/
EtOAc (VI V=6 :1) to give R-2. Yellow oil, 62 mg,
yield 56%, 90.7% ee. [a]d —25.7 (¢ 0.21, CH;0H); 'H
NMR (300 MHz, CDCl3) é: 6.50 (s, 1H), 4.07 (dd, J=9.5,
3.3 Hz, 1H), 2.93 (s, 1H), 2.58 (t, J=6.9 Hz, 2H), 2.26~
2.03 (m, 2H), 1.30 (s, 3H), 1.26 (s, 3H); '*C NMR (75
MHz, CDCl5): 165.87, 140.40 (q, 2Jcr=30.9 Hz), 123.32
(q, ¥Jcr=5.6 Hz), 122.60 (q, 'Jer=274.5 Hz), 84.23,
71.29, 26.45, 25.01, 24.83, 24.47; HR-ESI-MS calcd for
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CioH14F305 [M+H]" 239.0890, found 239.0890. In simi-
lar way, compound S-2 was prepared replacing 18a with
18b in 55% yield, 95.4% ee, [a]p +25.9 (¢ 0.30,
CH;0H). '"H NMR, 3C NMR data were identical with that
of 2a; HR-ESI-MS caled for C;oH4sF;0; [M + H] *
239.0890, found 239.0889.

In similar way as R-2 and S-2, compounds R-3 and S-3
were prepared using 19a and 19b as raw materials. Com-
pound R-3: Yellow solid, 86% yield. m.p. 56~57 °C;
[a]f +22.4 (¢ 0.13, CH;0H), 91.5% ee; '"H NMR (300
MHz, CDCl) é: 5.18 (s, 1H), 4.04 (dd, J=9.7, 3.2 Hz,
1H), 3.67 (s, 3H), 2.69~2.41 (m, 2H), 2.11~1.98 (m,
2H), 1.27 (s, 6H); 3C NMR (75 MHz, CDCls) §: 171.55,
169.47, 92.09, 84.41, 71.29, 55.62, 31.14, 25.55, 24.80,
24.76; HR-ESI-MS caled for CjoHi704 [M + H] *
201.1121, found 201.1124. Compound S-3: Yellow solid,
yield 82%. m.p. 55~ 57 °C; [a]h — 213 (¢ 0.15,
CH;0H), 92.3% ee; 'H NMR, '*C NMR data were identi-
cal with 3a; HR-ESI-MS caled for CjoH;;04 [M+H]"
201.1121, found 201.1120.

3.6 Synthesis of R-6 and S-6 via Sharpless asym-
metric dihydroxylation

2-(4-Methylpent-3-en-1-yl)benzoic acid (6a) (2.0 g, 10
mmol) was dissolved in methanol (60 mL) in a 100 mL
flask, 0.5 mL of conc. H,SO4 was added to the solution.
After reaction 5 h at reflux temperature, the solvent was
evaporated and the residue was purified by silica gel col-
umn chromatography (petroleum ether/EtOAc, V : V=
100 : 1) to give methyl 2-(4-methylpent-3-en-1-yl)ben-
zoate (20) (1.9 g, 87%). Colorless oil. '"H NMR(300 MHz,
CDCl3) d: 7.83~7.86 (m, 1H), 7.37~7.43 (m, 1H),
7.20~7.25 (m, 2H), 5.18 (t, J=7.0 Hz, 1H), 3.88 (s, 3H),
2.97 (t, J=17.5 Hz, 2H), 2.24~2.32 (m, 2H), 1.67 (s, 3H),
1.51 (s, 3H); '3C NMR (75 MHz, CDCls) &: 168.18,
143.93, 132.14, 131.68, 131.00, 130.45, 129.69, 125.68,
123.72, 51.77, 34.45, 30.21, 25.64, 17.52; HR-ESI-MS
caled for Ci4H190, [M-+H]" 219.1379, found 219.1379.

In the similar procedure as 17a~19a and 17b~19b,
(R)- and (S)-methyl 2-(3,4-dihydroxy-4-methylpentyl)-
benzoate (21a, 21b) were prepared utilizing compound 20
as raw material. Compound 21a: Colorless oil. 77% yield,
[a]5 —32.5 (¢ 0.22, CH;0H); 'H NMR (300 MHz,
CDCl;) o: 7.89~7.86 (m, 1H), 7.47~7.42 (m, 1H),
7.31~7.23 (m, 2H), 3.89 (s, 3H), 3.41 (br, 1H), 3.34 (dd,
J=10.6, 1.4 Hz, 1H), 3.20~2.99 (m, 2H), 2.43 (br, 1H),
1.90~1.80 (m, 1H), 1.73~1.62 (m, 1H), 1.15 (s, 3H),
1.13 (s, 3H); '*C NMR (75 MHz, CDCls) &: 168.38,
143.98, 132.14, 131.00, 130.62, 129.16, 125.90, 77.32,
72.71, 52.07, 33.72, 30.80, 26.06, 23.32; HR-ESI-MS
caled for C14H»04 [M+H]" 253.1434, found 253.1431.
Compound 21b: Colorless oil, 70% yield, [a]y +32.5 (c
0.24, CH;0H); 'H NMR and"*C NMR were identical with
that of 21a; HR-ESI-MS caled for CisH204 [M+H]"
253.1434, found 253.1430.

In similar protocol as R-1 and S-1, R-2 and S-2, R-3 and
§-3, compounds R-6 and S-6 were prepared using 21a and
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21b as raw materials. Compound R-6: Colorless crystal,
55% yield. m.p. 45~46 °C; [a]y — 42.0 (c 0.64,
CH;0H), 89.3% ee. '"H NMR (300 MHz, CDCl;) §: 7.71~
7.74 (m, 1H), 7.46~7.52 (m, 1H), 7.35~7.40 (m, 1H),
721~7.28 (m, 1H), 3.86 (dd, J=4.8, 13.5 Hz, 1H),
2.89~2.96 (m, 1H), 2.77~2.84 (m, 1H), 2.25~2.36 (m,
1H), 1.92~2.01 (m, 1H), 1.25 (s, 6H); '3C NMR (75 MHz,
CDCls) 0: 171.20, 138.22, 132.74, 131.33, 130.14, 128.60,
127.29, 84.20, 71.55, 29.54, 28.47, 26.19, 24.30;
HR-ESI-MS calcd for Cj3H70; [M+H]" 221.1172, found
221.1170. Compound S-6: Colorless crystal, 56% yield.
m.p. 44~46 °C; [a]d +42.2 (¢ 0.52, CH;0H), 88.8% ee.
'"H NMR and 3C NMR were identical with that of R-6;
HR-ESI-MS caled for C;3Hj70; [M+H]" 221.1172,
found 221.1169.

3.7 Preparation of Mosher esters of 18a, 19a and
21a

18a (12.5 mg, 0.046 mmol), DMAP (22 mg, 0.184
mmol) and dry CH>Cl, (3 mL) were added into a 25 mL of
Schlenk flask under N, protection, then (R)-configuration
Mosher acid chloride (17 pL, 0.092 mmol) was added
quickly and stirred at room temperature for 3 h. Then re-
moved the solvent and prepared by thin layer chromatog-
raphy with petroleum ether/ethyl acetate (V' : V=3 I 1) as
eluent to give methyl (2E,6R)-7-hydroxy-7-methyl-6-(R-
(3,3,3-trifluoro-2-methoxy-2-phenylpropanoyl)oxy)-3-(tri-
fluoromethyl)oct-2-enoate (22a) as colorless oil in 75%
yield. '"H NMR (300 MHz, CDCl3) d: 7.60~7.59 (m, 2H),
7.43~7.41 (m, 3H), 5.94 (s, 1H), 4.99 (dd, /=10.0, 2.0
Hz, 1H), 3.77 (s, 3H), 3.56 (s, 3H), 2.16 (t, J/="7.7 Hz, 2H),
1.85~1.74 (m, 1H), 1.72~1.66 (m, 1H), 1.57 (brs, 1H),
1.21 (s, 3H), 1.16 (s, 3H). In a similar procedure, methyl
(2E,6R)-7-hydroxy-7-methyl-6-(S-(3,3,3-trifluoro-2-meth-
oxy-2-phenylpropanoyl)oxy)-3-(trifluoromethyl)oct-2-eno-
ate (22b) of 18a with (S)-configuration Mosher acid chlo-
ride was prepared as colorless oil in 80% yield. '"H NMR
(300 MHz, CDCl3) d: 7.59~7.56 (m, 2H), 7.45~7.40 (m,
3H), 6.01 (s, 1H), 4.99 (dd, /=9.6, 2.4 Hz, 1H), 3.78 (s,
3H), 3.54 (s, 3H), 2.29~2.21 (m, 2H), 1.95~1.88 (m,
1H), 1.86~1.76 (m, 1H), 1.18 (s, 3H), 1.16 (s, 3H).

The Mosher esters 23a, 23b, 24a, 24b of 19a and 21a
with (R)- and (S)-configuration Mosher acid chloride were
synthesized in 70%~86% yields in the same protocol as
22a and 22b.

Methyl (2FE,6R)-7-hydroxy-3-methoxy-7-methyl-6-(R-
(3,3,3-trifluoro-2-methoxy-2-phenylpropanoyl)oxy)oct-2-
enoate (23a): Colorless oil. 'H NMR (300 MHz, CDCI;) 6:
7.63~7.60 (m, 2H), 7.41~7.39 (m, 3H), 5.01 (dd, J=28.4,
3.4 Hz, 1H), 5.00 (s, 1H), 3.65 (s, 3H), 3.60 (s, 3H), 3.56
(s, 3H), 2.73~2.67 (m, 2H), 1.85~1.80 (m, 3H), 1.23 (s,
3H), 1.18 (s, 3H); HR-ESI-MS calcd for C,1HasF307 [M+
H]" 449.1782, found 449.1778.

Methyl (2E,6R)-7-hydroxy-3-methoxy-7-methyl-6-(S-(3,
3,3-trifluoro-2-methoxy-2-phenylpropanoyl)oxy)oct-2-en-
oate (23b): Colorless oil. 'H NMR (300 MHz, CDCl;) J:
7.63~7.61 (m, 2H), 7.41~7.39 (m, 3H), 5.03 (s, 1H),
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5.00 (dd, J=8.6, 3.2 Hz), 3.66 (s, 3H), 3.62 (s, 6H), 2.82
(t, J=7.8 Hz), 2.01~1.81 (m, 3H), 1.25 (s, 3H), 1.16 (s,
3H), 1.11 (s, 3H). HR-ESI-MS calcd for C,1HsF307 [M+
H]" 449.1782, found 449.1783.

Methyl 3R-2-(4-hydroxy-4-methyl-3-(R-(3,3,3-trifluoro-
2-methoxy-2-phenylpropanoyl)oxy)pentyl)benzoate (24a):
Colorless oil. 'H NMR (300 MHz, CDCI;) 6: 7.87 (dd, J=
7.8, 1.3 Hz, 1H), 7.68~7.65 (m, 2H), 7.42~7.37 (m, 4H),
7.28~7.22 (m, 1H), 7.07 (d, J=7.6 Hz, 1H), 5.11 (dd, J=
9.5, 2.6 Hz, 1H), 3.85 (s, 3H), 3.61 (s, 3H), 2.98~2.90 (m,
1H), 2.79~2.73 (m, 1H), 2.01~2.00 (m, 1H), 1.80~1.74
(m, 1H), 1.22 (s, 3H), 1.16 (s, 3H). HR-ESI-MS caled for
Ca4HasF306 [M+H]" 469.1832, found 469.1834.

Methyl 3R-2-(4-hydroxy-4-methyl-3-(S-(3,3,3-trifluoro-
2-methoxy-2-phenylpropanoyl)oxy)pentyl)benzoate (24b):
Colorless oil. '"H NMR (300 MHz, CDCI;) §: 7.90 (d, J=
7.7 Hz, 1H), 7.65~7.64 (m, 2H), 7.43~7.41 (m, 4H),
7.29~7.26 (m, 1H), 7.18~7.15 (m, 1H), 5.09 (dd, J=8.9,
2.8 Hz, 1H), 3.87 (s, 3H), 3.62 (s, 3H), 2.99~2.93 (m,
2H), 2.05~2.01 (m, 1H), 1.98~1.85 (m, 1H), 1.17 (s,
3H), 1.13 (s, 3H). HR-ESI-MS calcd for C,4HsF306 [M+
H]" 469.1382, found 469.1386.

3.8 X-ray diffraction analysis of compounds 10 and
S-6

The crystals of 10 and S-6 were obtained from their
n-hexane/alcohol (V' © V=1 . 20) solutions. Their structure
parameters were as following: compound 10, crystal size:
0.40 mmXx0.35 mmX0.07 mm, molecular formula
Ci4H304, molecular weight 250.28, triclinic crystal sys-
tem, P-1 space group, a=0.91440(19) nm, b=1.2056(6)
nm, ¢=1.2831(3) nm, a=73.80(3)°, =78.301(19)°, y=
76.53(3)°, ¥=1.3605(8) nm?, Z=4, peusc=1.272 mg/mm3,
#=0.093 mm !, F(000)=536, S=1.044, R, =0.0477,
WR, = 0.0870 [I>20(]) ie. F,>40(F,)], Ri=0.0701,
wR,=0.0985 [all data], completeness 0.998. Compound
8-6, crystal size: 0.40 mm X 0.35 mm X 0.35 mm, molecu-
lar formula Ci3H;603, molecular weight 220.26, ortho-
rhombic crystal system, P2,2,2; space group, a =
0.88933(2) nm, »=0.91866(2) nm, ¢=1.36381(3) nm,
V=1.11422(4) nm?, Z=4, pea.=1.313 mg/mm?, u=0.751
mm !, F(000)=472, §$=1.111, R1=0.0344, wR,=0.0860
[I>20(]) ie. Fo>>40(F,)], Ri=0.0344, wR,=0.0861 [all
data], flack parameters 0.13(19), completeness 0.995. The
crystallographic data of 10 and S-6 in this paper have been
deposited with the Cambridge Crystallographic Data Cen-
tre having following accession number-CCDC 1472491
and 1470573. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk /data_request/cif.
3.9 Bioassay of fungicidal activity

The fungicidal activities of compounds 1~14 against R.
Solani, A. Solani, F. graminearum, S. Sclerotiorum, B.
cinerea and P. capsici were evaluated using methods in the
references-" by mycelium growth rate. Procedure for
inhibition rate: The stock 2000 mg/L DMSO solution of
tested compounds was prepared in advance. Then hot PDA
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culture medium was added into a plate, added sample solu-
tion or blank DMSO to the plate and mix with PDA culture
medium, made the final concentration as desired. When
plate was made, put a 5 mm diameter fungus cake into the
center of plate, incubated them at (253-0.5) °C for 24~48
h, checked the growth status and calculated the inhibition
rate according to the reference. Three replicates were per-
formed and the mean measurements were calculated from
three replicates for each concentration. The ECsy values
were determined from the inhibition rates of five different
concentrations based on the statistics method for the com-
pounds which had more than 70% inhibition rates in the
preliminary evaluation. Carbendazim and chlorothalonil
were used as the positive control in the mycelium growth
rate test.
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