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1. Introduction OMe

Callicarpenal J) is a tetranorclerodane-type aldehyde isolated
in 2005 from the leaves of American beautybei@gallicarpa
americana) and Japanese beautyber@al{icarpa japonica).’
This aldehyde has been reported to exhibit siganitianosquito
bite-deterring activity againsedes aegypti and Anopheles
stephensi," and repellent activity against host-seeking nyngpho
of ticks (xodes scapularis and Amblyomma americanum)® and
workers of imported fire ants Sglenopsis invicta Buren,
Solenopsis richteri Forel and their hybrid).Since the mosquito
bite-deterring activity level of callicarpenal wasported to be
similar to that ofN,N-diethyl-m-toluamide (DEET), the most
commonly used mosquito repellent agent, callicaspers
expected to be a naturally occurring DEET altermatiQuite
interestingly, the absolute configuration of the tunal Scheme 1Structure of (-)t and our initial synthetic plan.
callicarpenal (Scheme 1) was confirmed by an “werided”
synthesis once (-)-has already been reported as an intermediate
in the synthesis of a clerodane diterpenoid beffoecisolation of 5> Results and Discussion
callicarpenaf. Besides the serendipitous first synthesis, Léhg
al. reported the enantioselective synthesis of1(>)k is also Our initial synthetic plan for (=)-is shown in Scheme 1. The
interesting that (+} was also unintentionally synthesized beforeprotected target compour could be synthesized frol via
the isolation of callicarpendlHerein, we report a novel approach ring-closing metathesis (RCM) and reductive deoxygien. The
for the synthesis of (-)-using the readily availableR)-(+)- key intermediatB would be prepared by the homoallylation of
pulegone 2) as a chiral starting material. C. The ketoneC would be synthesized by appropriate

manipulations of the allyl side-chain &, which should be
obtainable through two consecutive alkylations af #tarting
material R)-(+)-pulegone 2).

. OMe

(R)-(+)-Pulegone (2)
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We first attempted to synthesize the intermediaten a
straightforward manner, as shown in Scheme 2. Accgrttina
previously reported procedureR)-(+)-pulegone 2) was
converted to a diastereomeric mixture dftrans.cis = 4:1) in
moderate yield. However, further allylation o8 was not
successful, and only a trace amountéafas obtained, whereas
the undesired regioisomés was the major product. The
undesired regioselectivity could be explained leyisthindrance
to proton abstraction. Therefore, we decided to musiegone

not estimated. The oxidative cleavage of a douldadbby
ozonolysis and subsequent acetalization could aod@anto 12

in 79% vyield. According to a previously reported gedure, the
reductive cleavage of an epoxide group was sucodgsf
achieved by treatment with Mo(C§Qip afford13 in 79% yield®
The deconjugativex-methylation of13 was then investigated.
Although none of the desired addddt(= C) was obtained using
LDA as a base in THF, a small amountldf was observed by
changing the base from LDA to KHMDS. Thus, we eventually

oxides 6/7) as substrates instead 2&f because base-mediated found that the yield 014 was dramatically improved using DMF

alkylations of 6/7 would avoid the problematig-proton
abstraction under conventional conditions. Pulegmxide ©/7),
preparedvia a known proceduréwas methylated by treatment
with LDA and Mel to give a separable mixture&{50%) andd
(12%), respectively. The relative stereochemistaé8 and9
with regard to 5-Me were tentatively assigned basetHoNMR
analysis. The major isom&rwas then treated with KHMDS and
allyl bromide to afford10 in 92% vyield with perfect
stereoselectivity, while the allylation & afforded11l in a
relatively lower yield with poor selectivity, even der the same
conditions. The relative stereochemistryl®fwas confirmed by
the observation of NOE depicted in Scheme 2, butdhal was

as a solvent and thatl4 was obtained as a single diastereomer
in excellent yield. The relative stereochemistry wasfirmed by
the observation of NOE between 2- and 6-Me grolm.
synthesizing the RCM precursol4 was treated with
homoallyllithium to furnishl5 (= B) as a single diastereomer in
95% vyield. Although the orientation of a hydroxy gpocould
not be determined unambiguously, it shouldfbbased on the
judgment from the knowledge acquired at later staghe RCM
reaction ofl5 was successfully mediated by GrubBScatalyst*

to afford 16 in 74% yield. However, disappointingly, all our
attempts to conveft6 into 17 (= A) were unsuccessful in spite of

N
o o O ' o
ref. 7 +
Z = allyl bromide
=
2 3 (62%) THF 5 (<30%)
trans:cis = 4:1

H,0,, LIOH o :

aq. MeOH LDA THF 6 h
2 —MmM +

(88%) 0

(ca. 2:1)

NOE: ¥~ '\

OMe

Mo(CO)g

. OMe  py "phMe

(79%)

OMe

. OMe

Grubbs 2™, CH,Cl,
_—

(74%)

8 (50%) 9 (12%)

KHMDS, THF;
allyl bromide

(92%)

KHMDS, THF;
allyl bromide
(65%)

OMe
Me KHMDS, DMF;
Mel
_—
(94%)
OMe OMe

. OMe OMe

Scheme 2 Synthetic studies based on the initial plan.



our efforts. The conversion @b into 18 also failed completely.
In all events, a tertiary hydroxy group was adanyarg$istant to
derivatization, such as acetylation, phosphoryfatiand

xanthation. These failures might be due to the imassteric

hindrance around the hydroxy group, which reveatede quite
difficult to overcome. Thus, we adjusted our initiglan

accordingly to address the aforementioned issues.

Scheme 3 illustrates the revised synthetic plan IfoiThe
protected target compoundl might be synthesized froa by
some means, e.g., by Friedel-Crafts—type reaciibe.synthesis
of E should be possible by Meyer—Schuster rearrangeofent
In this approach, the steric hindrance would nottenaat all,
because the tertiary hydroxy group would be remdkiealigh3-
elimination. The intermediaté would be then prepared fro@
(= 14) by addition of an alkynyl group.

C(=14)

Scheme 3The revised synthetic plan fir

HC(OMe),, TsOH

CH,Cl,

(35%, 2 steps)

1) LHMDS, THF;
TMSCI, Et;N

Ve 2) Pd(OAc),, MeCN
e (98%, 2 steps)

Ac,0, DMAP
Py., CH,Cl,
—_—
(93%)

AcO,,

E

3

By treatment with (ethoxyethynyl)lithiuni4 was converted
to 19 (= F) in excellent yield with perfect stereoselectivity
(Scheme 4). Although the relative stereochemistr§Q#vas not
confirmed at this stage, thgorientation of the hydroxy group
was supported by the formation 2f in the next step. Then, we
examined the acid-mediated Meyer—Schuster reamaage
Although the desired rearranged product was not médaunder
aqueous conditions (aq.,80, or ag. AcOH), non-agueous
conditions yielded unexpected and surprising resditeatment
with p-TsOH in dry MeOH afforde@0 (46%) and21 (36%) as
major products, while the formation of the expegtedduct22
(= E) was detected but not estimated quantitatively. émorted
by Zhang and Kozmiff. this unexpected cyclization might
proceed by Prins-type reactiama a transient ketenium cation
(Scheme 5). However, the timing of transacetalizatowl (3-
elimination is not certain, because these stepsaldiproceed at
any time under the reaction conditions. It was nated21 was
obtained as a predominant diastereomer accordints thIMR
spectra. Thecis-fused 5,6-system 021 was confirmed by the
observation of NOEs between 1&Hand 3a-Me and between
10-Ha and 6a-Me, but the orientation of 2-OMe could net b
determinedvia NOE experiments. However, we presume it to be
a-oriented based on thermodynamic stability consititens. The
minor product21 could then be converted ta0 by BBrI;
treatment and subsequent acetalization in modgiglt and not
by a simple acid treatment. We were serendipitosslcessful
in the construction of the full carbon skeleton tbe target
compoundL.

22 (= E; trace)

BBr,, CH,Cly,
MS 4A

OMe
. OMe  NaBH,,
CeCly 7H,0
B —— e
EtOH, CH,Cl,
(quant.)

R OMe
HoO.,, S

80% AcOH

_

(91%)

Scheme 4 Synthesis of (-}
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OMe
OMe

Scheme 5Suggested reaction mechanism for the formatictOf1.

The dienone20 was reduced under Birch conditions in the (TLC) was carried out on 0.25 mm Merck silica gelF&g, pre-

presence of-BuOH as a proton donor to gi&t in 63% vyield,
and its relative stereochemistry was determined bg t
observation of NOEs between 4-Me and 4a-Me and betdaen
Me and 8-Me. The conversion @# into 25 was successfully
executed by Saegusa oxidafibin 98% vyield, while selenoxide
elimination was less effective for this conversidie DIBAL
reduction of25 afforded26 in quantitative yield but with poor
diastereoselectivity o = 76:24). However, the
diastereoselectivity was improved by Luche redutfito afford
26 as a single isomer in quantitative yield. Therientation of a
hydroxy group was estimated B NMR analysis Ju,_13 = < 1
Hz). Acetylation of 26 (93%) was followed by reductive
deoxygenation under Birch conditions to furnish(= A) in 86%
yield. Finally, deprotection ol7 was performed by treatment
with ag. AcOH to afford (-}t (91%), b]o™® -58.5 € 0.91,
CHCly), {lit.,* [a]p® =30 € 0.39, CHC))}. The spectral data of

our synthesized (-)- are in good accordance with those
previously reported®® Nevertheless, in these previous papers,

(-)-1 was reported as an oil in contrast to what we obdaine.,
(-)-1 as colorless prisms. Notably, to our knowledge, ethier
only one paper reporting that the naturally ocogrr{-)-1 was
obtained as crystals after extensive purificatfoifhese facts
might serve as an evidence for the excellent puoityour
synthetic (-)1.

3. Conclusion

We achieved a novel synthesis of (-)-callicarpgdalfrom

coated glass plates. Preparative thin layer chrognaphy
(PTLC) was carried out on 0.5 mm Merck silica gelFs§), pre-
coated glass plates. Column chromatography wasnpeetl on
Kanto Chemical silica gel 60N (neutral). All meltingints
(mps) were uncorrected. Melting points were recordeda
Yanaco Micro Melting Point Apparatus. Infrared spac(iR)
were measured on a Jasco FT/IR-470 plus spectrartétiiMR
(400 MHz) and**C NMR (100 MHz) were recorded on a JEOL
JNM-ECX 400 spectrometetd NMR (300 MHz) was recorded
on a JEOL JNM-AL 300 spectrometer. Chemical shiflsare
reported in ppm relative to internal chloroforrHCl; at 7.26;
CDCl; at 0 77.0). Optical rotations were measured on a Jasco P
1030 polarimeter. HRMS were recorded with a JEOL JMS-
T100LC. GC analyses were carried out with a Shimadz«l &&
gas chromatograph (TC-1701 capillary column 30 0153
mm, film 1.0um) equipped with a flame ionization detector.

4.2. (BR6R)- and (3S6R)-2,2,6-Trimethyl-1-
‘oxaspiro[ 2.5] octan-4-one (pulegone oxide) (6 and 7)

According to the reported proced¢R)-(+)-pulegone 2,
99.1%ee) was converted to pulegone oxid€sand7) in 88%
yield. The ratio of6:7 was determined by GC analysis todase
2:1. The assignmentsRPHR)-6 and (F,6R)-7 were confirmed by
comparing to the reported dd&taCompounds and7; IR (KBr):
2953, 2873, 1715, 1456, 1424, 1376, 1278, 12359,1879
cm™ 'H NMR (400 MHz, CDCJ) J 1.05* and 1.07 (total 3H,
each d,J = 7.2 and 6.0 Hz), 1.20 and 1.22* (total 3H, eagh s)
1.39 (3H, s), 1.65-2.06 (4H, m), 2.19* (2/3H, dtF 4.3, 13.2
Hz), 2.41 (2H, m), 2.60 (1/3H, di,= 13.2, 3.1 Hz)}*C NMR

(R)-(+)-pulegone 2) in 15 steps with an overall yield of 5%. Two (100 MHz, CDC}) 518.93* 19.37, 19.60*, 19.72, 19.95*,

sequential diastereoselective alkylations of pubegoxide 6/7)
and the unexpected Prins-type cyclization basedMayer—
Schuster rearrangement were featured as the kes/ step

4. Experimental section

4.1. General

All air-sensitive and/or water-sensitive reactionsevearried
out under Ar atmosphere in dry solvent®)-(+)-Pulegone 2)

22.03, 26.28*, 29.93, 30.19*, 30.70%, 33.02, 33.98).49*,
51.37, 63.20, 63.42*, 70.13%, 70.24, 206.47, 207 @he peaks
with * are due to6.); HRMS (ESI) calcd for @HigNaO,
[M+Na]": 191.1048, found 191.1039.

4.3. (3R5S6R)-2,2,5,6-Tetramethyl-1-oxaspiro[ 2.5] octan-4-
one (8)

To a solution ofi{Pr,NH (1.1 mL, 7.9 mmol) in THF (16
mL), n-BuLi (1.60 M in hexane; 4.5 mL, 7.2 mmol) was added
dropwise over 10 min at O °C. After stirring for 0.5 h, the

was purchased from Nippon Terpene Chemicals, Incd anreaction mixture was cooled to -78 °C. To this solutwas

purified by column chromatography and distillatioefore using.
The enantiomeric excess 02 was determined by gas
chromatograph using a chiral separation column, GHRK ®
(60 m, ID 0.25 mmj® THF and E{O were freshly distilled from
sodium/benzophenone under Ar. {H, was freshly distilled

added dropwise a solution of pulegone oxidear(d7, 1.0 g, 6.0
mmol) in THF (6 mL) over 10 min. After stirring fdr h at -78
°C, Mel (1.1 mL, 18 mmol) was added dropwise. Thactien
mixture was allowed to warm to room temperature wittTirsg
over 2 h, quenched with sat. ag. Miand extracted with ED.

from P,Os under Ar. Toluene and MeOH were dried over MS 4AThe extract was washed with brine, dried (MgBGnd

and 3A, respectively. Analytical thin-layer chromatshy

concentratedn vacuo. The residue (1.1 g) was chromatographed
on silica gel (45 g). Elution with hexane/EtOAc (3M1Y) gave



8 (548 mg, 50%) as a pale yellow oil, and a mixturé9 12%,
determined by GC analysis) and starting matedl € 2:3,
24%, determined by GC analysis). Compo@ndia],™ +70.9 €
1.48, CHC)); IR (film): 2965, 2930, 1717, 1456, 1378, 1122,
953, 927, 883, 651 ch 'H NMR (400 MHz, CDCJ) 4 1.07
(3H, d,J = 7.0 Hz), 1.10 (3H, dJ = 7.0 Hz), 1.22 (3H, s), 1.40
(3H, s), 1.62 (1H, m), 1.81-1.91 (2H, m), 2.00-2.1A, (),
2.46 (1H, dgJ = 6.6, 7.0 Hz);*C NMR (100 MHz, CDG)) o
14.74, 19.67, 19.88, 21.02, 27.17, 27.46, 37.860%264.58,
68.81, 210.62; HRMS (ESI) calcd for,8;sNa0, [M+Na]":
205.1205, found 205.1194. Compousid'H NMR (300 MHz,
CDCly) 60.97 (3H, dJ=7.2 Hz), 0.98 (3H, d] = 6.9 Hz), 1.18
(3H, s), 1.41 (3H, s), 1.65-2.03 (4H, m), 2.10-2.249, (h), 2.65
(1H, dg,J = 4.8, 7.2 Hz).

44. (3R,5S5,6R)-5-Allyl-2,2,5,6-tetramethyl-1-
oxaspiro[ 2.5] octan-4-one (10)

To a solution of8 (9.34 g, 51.2 mmol) in THF (93 mL),
KHMDS (0.5 M in toluene; 113 mL, 56.3 mmol) was added
dropwise over 10 min at —78 °C. After stirring forhlat O °C,
allyl bromide (10.5 mL, 121 mmol) was added dropvase-78

°C. The reaction mixture was allowed to warm to room

temperature with stirring overnight. The reactionxtunie was
poured into sat. aq. NBI and extracted with ED. The extract
was washed with brine, dried (Mg9Oand concentratedn
vacuo. The residue (13.6 g) was chromatographed onasijil
(250 g). Elution with hexane/EtOAc (50/1-10/1) ga¥g11.0 g,
97%) as a pale yellow oil, which was then crystali@atirom
hexane to give colorless prisma]§?° +26.6 € 1.44, CHCJ); mp
62.0-63.0 °C; IR (KBr): 2967, 1710, 1458, 1377, 813092,
989, 977, 921, 887 ¢ *H NMR (400 MHz, CDCJ) J 0.96
(3H, d,J = 7.2 Hz), 1.05 (3H, s), 1.17 (3H, s), 1.45 (3H, 61
(1H, m), 1.85 (1H, m), 1.97 (1H, dd~= 13.7, 6.5 Hz), 2.13 (1H,
m), 2.18-2.27 (2H, m), 2.53 (1H, d¥iF 13.7, 8.4 Hz), 5.07-5.14
(2H, m), 5.70 (1H, dddd] = 16.2, 10.6, 8.4, 6.5 Hz}*C NMR
(100 MHz, CDC}) 6 15.42, 18.73, 19.64, 20.41, 25.83, 26.09,
36.51, 40.38, 53.38, 64.74, 68.45, 118.74, 13230).65;
HRMS (ESI) calcd for @H,,NaO, [M+Na]": 245.1518, found
245.1495.

4.5. (3R,5S,6R)-5-(2,2-Dimethoxyethyl)-2,2,5,6-tetramethyl-1-
oxaspiro[ 2.5] octan-4-one (12)

5
4.6. (2S3R)-2-(2,2-Dimethoxyethyl)-2,3-dimethyl-6-(1-
methylethylidene)cyclohexanone (13)

A mixture of 12 (54 mg, 0.20 mmol), Mo(C@)58 mg, 0.22
mmol), pyridine (64pL, 0.80 mmol) and toluene (2 mL) was
heated under reflux for 1 h. After cooling, the e was
diluted with EtO (2 mL), stirred for 15 min and filtered through
Celite® pad. The filtrate was concentratiedvacuo. The residue
(92 mg) was chromatographed on silica gel (3 g)tictuwith
hexane/EtOAc (50/1-20/1) to give a mixture I8 and polar
impurity (not identified), which was further chromgtaphed on
silica gel (3 g) and eluted with CHZEtOAc (30/1) to givel3
(43 mg, 85%) as a colorless oif(]j*° +70.8 € 0.83, CHC)); IR
(film): 2932, 1681, 1443, 1372, 1284, 1190, 112074, 1056,
985 cm®; 'H NMR (400 MHz, CDCJ) 0.93 (3H, d,J = 7.2
Hz), 0.97 (3H, s), 1.49 (1H, ddi, = 14.0, 5.6, 10.0 Hz), 1.75
(1H, m), 1.75 (3H, s), 1.75 (1H, dd= 14.4, 5.7 Hz), 1.87 (3H,
s), 2.00 (1H, m), 2.02 (1H, dd,= 14.4, 4.6 Hz), 2.36 (1H, m),
2.54 (1H, m), 3.28 (3H, s), 3.30 (3H, s), 4.39 (1H,Xd 5.7, 4.6
Hz); **C NMR (100 MHz, CDGJ)) §15.77, 18.27, 21.61, 22.61,
28.10, 28.24, 37.35, 39.60, 50.58, 53.12, 53.23,0M) 131.85,
140.32, 209.30; HRMS (ESI) calcd for8,NaO; [M+Na]":
277.1780, found 277.1795.

4.7. (2S3R,69-2-(2,2-Dimethoxyethyl)-6-isopropenyl-2,3,6-
trimethyl cyclohexanone (14)

To a mixture of KHMDS (0.5 M in toluene; 55 mL, 27.5
mmol) in DMF (41 mL), a solution df3 (3.50 g, 13.7 mmol) in
DMF (41 mL) was added dropwise over 0.5 h at —78 After
stirring for 0.5 h at =78 °C, Mel (2.6 mL, 41 mmelas added
dropwise, and the stirring was continued for 2 h. Téction
mixture was then poured into sat. aq. J8Hand extracted with
Et,0O. The extract was successively washed with sat. aq. BaHC
and brine, dried (N&0,) and concentrateish vacuo. The residue
(3.4 g) was chromatographed on silica gel (160 g)tidh with
hexane/EtOAc (100/1-20/1) gatd (3.45 g, 94%) as a colorless
oil. [a]p™® -47.5 € 1.18, CHCY); IR (film): 2934, 2829, 1697,
1457, 1372, 1124, 1075, 1050, 1017, 99T ¢ciH NMR (400
MHz, CDCk) §0.90 (3H, dJ = 6.8 Hz), 1.00 (3H, s), 1.20 (3H,
s), 1.52 (1H, ddJ = 14.4, 5.2 Hz), 1.50-1.67 (2H, m), 1.70 (3H,
s), 1.83 (1H, m), 2.09-2.20 (2H, m), 2.33 (1H, d&; 14.4, 5.2
Hz), 3.25(3H, s), 3.26 (3H, s), 4.33 (1HJt& 5.2 HZz), 4.91 (1H,
br s), 4.92 (1H, s)**C NMR (100 MHz, CDGCJ) §16.04, 20.32,

Ozone, generated from ON-3-2 ozonator (Nippon Ozonge C°21.48, 25.83. 25.93, 32.76, 34.56, 39.38, 50.4378252.82,

Ltd.), was bubbled into a solution @0 (1.11 g, 4.99 mmol) in
MeOH (100 mL) at -78 °C until saturation. After rerabwof
excess ozone by a stream of Ar, the reaction mixives
quenched with M& (2.2 mL, 15 mmol) at =78 °C. After stirring
overnight with warming to room temperature, XiH(0.10 g, 1.9
mmol) was added to the reaction mixture, which was tresated
under reflux for 0.5 h. After cooling, NaHGQ300 mg, 3.6
mmol) was added, and the mixture was concentrategcuo.
The residue was poured into sat. ag,@@ and extracted with
toluene. The extract was washed with brine, dried @ly%nd
concentrated in  vacuo. The residue (1.40 g) was
chromatographed on silica gel (50 g). Elution with
hexane/EtOAc (10/1-5/1) gav? (1.06 g, 79%) as a colorless
oil. [a]p™ -0.3 € 0.95, CHCY); IR (film): 2936, 1716, 1456,
1378, 1192, 1120, 1057, 994, 920, 887 tmH NMR (400
MHz, CDCk) §0.96 (3H, dJ = 6.8 Hz), 1.10 (3H, s), 1.17 (3H,
s), 1.43 (3H, s), 1.51 (1H, dd,= 14.4, 3.6 Hz), 1.57 (1H, m),
1.84 (1H, m), 2.07 (1H, dd,= 14.4, 6.0 Hz), 2.13-2.30 (3H, m),
3.27 (3H, s), 3.34 (3H, s), 4.40 (1H, di= 6.0, 3.6 Hz);*C
NMR (100 MHz, CDC)) J 15.68, 18.80, 19.78, 20.40, 26.00,
26.32, 37.54, 38.66, 52.05, 52.51, 53.50, 64.92468102.24,
210.06; HRMS (ESI) calcd for ;gH,NaQ, [M+Na]™: 293.1729,
found 293.1713.

53.52, 102.89, 111.33, 147.98, 217.37; HRMS (ESIgdcdor
CydHogNaO; [M+Na]™: 291.1936, found 291.1961.

4.8. (2S3R,69-2-(2,2-Dimethoxyethyl)-1-(ethoxyethynyl)-6-
isopropenyl-2,3,6-trimethylcyclohexanol (19)

To a solution of ethoxyacetylene (50 wt% in hexan88 mL,
4.5 mmol) in THF (4 mL)n-BuLi (1.65 M in hexane; 2.28 mL,
3.76 mmol) was added dropwiae-78 °C. After stirring for 0.5
h, a solution ofLl4 (67 mg, 0.25 mmol) in THF (3 mL) was added
dropwise. After stirring at —=78 °C for 15 min and @&t°C
overnight, the reaction mixture was quenched withaatNHCI
and extracted with BD. The extract was successively washed
with sat. aq. NaHC@and brine, dried (MgSfpand concentrated

in vacuo. The residue (155 mg) was chromatographed on silica

gel (8 g). Elution with hexane/EtOAc (10/1) ga¥® (84 mg,
99%) as a pale yellow oil.o[,® -54.4 € 1.32, CHC)); IR
(film): 3402, 2936, 2259, 1385, 1119, 1084, 104026, 913,
883 cm®’; 'H NMR (400 MHz, CDCJ) 5 0.85 (3H, d,J = 6.8
Hz), 1.05 (3H, s), 1.15 (3H, s), 1.34 (3HJt= 7.0 Hz), 1.35—
1.70 (4H, m), 1.56 (1H, dd, = 15.0, 2.4 Hz), 1.99 (3H, s), 2.00
(1H, m), 2.35 (1H, ddj = 15.0, 7.6 Hz), 3.31 (3H, s), 3.34 (3H,
s), 4.02 (2H, qJ) = 7.0 Hz), 4.35 (1H, s), 4.71 (1H, dii= 7.6,
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2.4 Hz), 4.75 (2H, m)**C NMR (100 MHz, CDGJ) J 14.57,
14.72, 16.63, 20.28, 23.50, 27.30, 34.02, 38.2677%143.02,
46.45, 47.72, 51.84, 52.50, 73.95, 77.83, 95.0@,8H) 109.69,
155.81; HRMS (ESI) calcd for gHzNaO, [M+Na]*: 361.2355,
found 361.2330.

4.9. (4aS,7R,89)-8-(2,2-Dimethoxyethyl)-4,4a,7,8-tetramethyl -
5,6,7,8-tetrahydronaphthal en-2(4aH)-one (20 and
(3aS4R,6aS,10aS)-2-methoxy-3a,4,6a, 7-tetramethyl -
3,3a,4,5,6,6a-hexahydro-2H-naphtho[ 8a,1-b] furan-9(10H)-one
(21)

To a solution ofL9 (10 mg, 0.030 mmol) in MeOH (1 mLp;
TsOH-HO (0.16 M in MeOH; 1QuL, 1.6 umol) was added at
room temperature. After stirring at room temperatowvernight,
the reaction mixture was neutralized by additioiNaHCGO; and
evaporated. The residue was extracted witEand the extract
was successively washed with water and brine, driedS(®g
and concentrateth vacuo. The residue (8 mg) was purified by
PTLC to give20 (4.0 mg, 46%; more polar) argll (3.0 mg,
36%; less polar) both as a colorless oil. CompoR@d[a]p™
+8.2 € 2.58, CHQC)Y); IR (film): 2951, 1660, 1625, 1452, 1385,
1192, 1117, 1048, 1006, 898 ¢iH NMR (400 MHz, CDC)) &
0.80 (3H, dJ=7.2 Hz), 1.09 (3H, s), 1.36 (3H, s), 1.41 (1H, m),
1.55-1.75 (3H, m), 1.90-2.10 (3H, m), 1.99 (3H, Y433H, s),
3.27 (3H, s), 4.28 (1H, dd = 5.6, 1.2 Hz), 6.07 (1H, s), 6.31
(1H, s); °C NMR (100 MHz, CDG) ¢ 16.18, 19.40, 24.27,
26.30, 27.57, 33.95, 36.40, 41.95, 43.65, 43.924152102.50,
125.71, 126.01, 167.77, 171.98, 186.78; HRMS (ESIgct for
CygH,gNaO; (M+Na)'™: 315.1936, found 315.1917. Compouiid
[a]p™® +120.4 € 1.05, CHCY); IR (film): 2957, 1667, 1460, 1379,
1327, 1274, 1107, 1028, 1000, 971 &mH NMR (400 MHz,
CDCly) 60.88 (3H, d,J = 6.8 Hz), 0.96 (3H, s), 1.27 (3H, s),
1.36-1.51 (3H, m), 1.55 (1H, dt,= 11.6, 3.2 Hz), 1.71 (1H, dd,
J =13.6, 5.0 Hz), 1.85 (1H, m), 1.90 (3H, s), 2.24 (&H,J =
13.6, 6.6 Hz), 2.72 (1H, dl = 16.8 Hz), 2.88 (1H, d] = 16.8
Hz), 3.20 (3H, s), 4.86 (1H, dd,= 6.6, 5.0 Hz), 5.81 (1H, br s);
¥C NMR (100 MHz, CDCJ) 15.17, 16.62, 19.46, 22.48, 26.31,
29.77, 35.86, 42.34, 42.73, 45.58, 46.81, 55.684389102.58,
125.43, 168.23, 198.57; HRMS (ESI) calcd fogHGeNaO;
[M+Na]": 301.1780, found 301.1770.

4.10. (4aS7R,89)-4,4a,7,8-Tetramethyl-8-(2-oxoethyl)-
5,6,7,8-tetrahydronaphthalen-2(4aH)-one (23)

To a suspension @1 (30 mg, 0.10 mmol) and MS4A (30 mg)
in CH,Cl, (1 mL), BB (1.0 M in CHClIy; 110pL, 0.11 mmol)
was added dropwise over at =78 °C. After stirringZdr at —78
°C, the reaction mixture was allowed to warm to room
temperature with stirring over 2.5 h. The reactioixture was
quenched with sat. ag. NaHg@nd extracted with ED. The
extract was washed with brine, dried ¢88),) and concentrated
in vacuo. The residue (28 mg) was chromatographed on gjita
(2 ). Elution with hexane/EtOAc (20/1-1/1) ga%® (13 mg,
52%) as a pale yellow oifH NMR (300 MHz, CDCJ) J0.98
(3H, d,J=6.3 Hz), 1.23 (3H, s), 1.39 (3H, s), 1.43-1.97 (B,
2.00 (3H, s), 2.55 (1H, dd, = 2.7, 17.5 Hz), 2.94 (1H, dd,=
1.7, 17.5 Hz), 6.07 (1H, s), 6.23 (1H, s), 9.67 (1H,Hd 2.7,
1.7 Hz). This was employed for the next step immetiiat

4.11. (4aS,7R,89)-8-(2,2-Dimethoxyethyl)-4,4a,7,8-
tetramethyl-5,6,7,8-tetrahydronaphthal en-2(4aH)-one (20)

To a solution o023 (13 mg, 0.053 mmol) and HC(OMegB5
pL, 0.05 mmol) in CHCI, (1.3 mL), p-TsOH-HO (1.0 mg, 5.3
pmol) was added at room temperature. After stirringroight,
the reaction mixture was quenched with sat. ag. NaH&@
extracted with CHCl,. The extract was washed with brine, dried
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(MgSQO,) ‘and concentratech vacuo. The residue (17 mg) was
purified by PTLC to give0 (10 mg, 68%) as a colorless oil.

412.  (4R4aS7R8S8aS)-8-(2,2-Dimethoxyethyl)-4,4a,7,8-
tetramethyl octahydronaphthalen-2(1H)-one (24)

To a solution of Li (173 mg, 24.9 mmol) in lig. NH230
mL), a solution ot-BuOH (475pL, 5.04 mmol) in THF (10 mL)
and a solution 020 (368 mg, 1.25 mmol) in THF (10 mL) were
added dropwise at -78 °C. After stirring for 1 htle same
temperature, the reaction mixture was quenched hyiozes
addition of NHCI. After removal of NH at room temperature,
the residue was diluted with a mixture of,@&tand sat. ag.
NaHCQO,. The organic layer was separated and the aquepas la
was extracted with BED. The combined organic layer was
successively washed with sat. aq. NaHC&nd brine, dried
(MgSQy) and concentrateth vacuo. The residue (369 mg) was
chromatographed on silica gel (15 g). Elution with
hexane/EtOAc (50/1-2/1) gaa#l (232 mg, 63%) as a colorless
oil. [a]p?® +41.9 € 1.32, CHCY); IR (film): 2954, 2829, 1715,
1443, 1387, 1192, 1120, 1054, 984, 961 'crtH NMR (400
MHz, CDCkL) §0.73 (3H, s), 0.84 (3H, d,= 6.4 Hz), 0.86 (3H,
d,J=6.4 Hz), 0.94 (3H, s), 1.03 (1H, dtF 13.0, 8.7 Hz), 1.40-
1.46 (2H, m), 1.49-1.63 (5H, m), 1.75 (1H, 3it; 12.8, 3.3 Hz),
2.10-2.17 (2H, m), 2.24 (1H,3,= 14.2 Hz), 2.46 (1H, br d,=
12.8 Hz), 3.26 (3H, s), 3.27 (3H, s), 4.38 (1H] £ 4.8 Hz);"°C
NMR (100 MHz, CDC)) ¢ 12.53, 14.85, 16.24, 17.10, 27.11,
36.54, 37.57, 38.44, 38.80, 39.19, 40.03, 45.64324649.64,
51.89, 53.42, 101.79, 211.72; HRMS (ESI) calcdGgH3,NaO;
[M+Na]": 319.2249, found 319.2241.

4.13. (4aR, 7R 858aR)-8-(2,2-Dimethoxyethyl)-4,4a,7,8-
tetramethyl-4a,5,6,7,8,8a-hexahydronaphthal en-2(1H)-one (25)

To a solution of24 (198 mg, 0.668 mmol) in THF (20 mL),
LHMDS (1.0 M in THF; 1.3 mL, 1.3 mmol) was added drogevi
over 10 min at =78 °C. After stirring for 15 min-a&8 °C and for
2 h at —40 °C, a solution of TMSCI (258., 2.01 mmol) and
Et;N (28 pL) in THF (1.4 mL) was added dropwise at —78 °C.
After stirring for 0.5 h at the same temperatures tkaction
mixture was poured into sat. ag. NaHC@&nd extracted with
Et,O. The extract was washed with brine, dried ,(@;) and
concentratedn vacuo to give the crude product (280 mg). This
was employed for the next step without further pcaiion.

To a solution of the crude product (280 mg) insCN (28
mL), Pd(OAc) (195 mg, 0.869 mmol) was added, and the
reaction mixture was stirred at room temperature Zodays.
After filtration through Celit& pad, the filtrate was concentrated
in vacuo. The residue (307 mg) was chromatographed on silica
gel (15 g). Elution with hexane/EtOAc (5/1-2/1) ga&& (193
mg, 98%, two steps) as a pale yellow oit]f° -5.8 ¢ 1.10,
CHCly); IR (film): 2930, 1670, 1617, 1437, 1380, 132279,
1191, 1118, 1048 crh 'H NMR (400 MHz, CDCJ) 60.77 (3H,

s), 0.85 (3H, dJ = 6.8 Hz), 1.09 (3H, s), 1.34 (1H, ddbs 12.5,
9.7, 7.5 Hz), 1.45-1.54 (2H, m), 1.60 (1H, m), 1.5[,(dd,J =
15.3, 4.4 Hz), 1.66 (1H, dd,= 15.3, 5.6 Hz), 1.80 (1H, di,=
12.5, 3.2 Hz), 1.86 (3H, d, = 1.6 Hz), 1.94 (1H, dd] = 13.6,
3.2), 2.31 (1H, dd) = 17.6, 13.6 Hz), 2.53 (1H, dd= 17.6, 3.2
Hz), 3.22 (3H, s), 3.24 (3H, s), 4.37 (1H, dds 5.6, 4.4 Hz),
5.69 (1H, br s);®*C NMR (100 MHz, CDG)) J 16.04, 17.44,
18.26, 18.90, 26.90, 35.40, 35.47, 36.87, 38.43973939.99,
46.56, 51.79, 53.27, 101.57, 125.51, 172.15, 200tRMS
(ESI) caled for GHsNaO; [M+Na]*: 317.2093, found 317.2077.

4.14. (2R4aR,7R,8S8aR)-8-(2,2-Dimethoxyethyl)-4,4a,7,8-
tetramethyl-1,2,4a,5,6,7,8,8a-octahydr onaphthal en-2-ol (26)



To a solution of25 (157 mg, 0.533 mmol) and CeCiH,O
(260 mg, 0.698 mmol) in EtOH (99%; 5 mL) and L4 (5 mL),
a solution of NaBK (30 mg, 0.80 mmol) in EtOH (99%; 2 mL)
was added dropwise at -78 °C. After stirring for 1thnthe
reaction mixture was quenched with sat. aq. NaklG@od
extracted with CHKCl,. The extract was dried (MgSP©and
concentrated in vacuo. The residue (181 mg) was
chromatographed on silica gel (10 g). Elution with
hexane/EtOAc (10/1-3/1) gawas6 (157 mg, quant.) as colorless
crystals. fi]p*° +8.7 € 1.36, CHCJ); mp 84.0-85.0 °C; IR (KBr):
3203, 2961, 2940, 2911, 2874, 1452, 1118, 1041, 984 cm";
'"H NMR (400 MHz, CDCJ) §0.72 (3H, s), 0.83 (3H, d,= 7.2
Hz), 1.04 (3H, s), 1.15 (1H, ddd= 12.6, 9.9, 7.3 Hz), 1.25-1.65
(6H, m), 1.61 (3H, s), 1.70 (1H, dt,= 12.6, 3.2 Hz), 1.73 (1H,
dd,J = 15.2, 6.0 Hz), 2.06 (1H, dd,= 10.8, 6.0 Hz), 3.27 (3H,
s), 3.29 (3H, s), 4.21 (1H, m), 4.40 (1H, d& 5.6, 4.0 Hz), 5.21
(1H, br s);"*C NMR (100 MHz, CDCJ) J16.18, 17.80, 17.93,
20.01, 27.25, 29.67, 36.28, 36.90, 38.20, 38.7348}045.91,
51.83, 53.26, 69.32, 101.96, 124.51, 147.58; HRMSI)(Ealcd
for CigHs,NaO; [M+Na]™: 319.2249, found 319.2270.

4.15. (2R4aR,7R8S8aR)-8-(2,2-Dimethoxyethyl)-4,4a,7,8-
tetramethyl-1,2,4a,5,6,7,8,8a-octahydronaphthalen-2-yl  acetate
(27)

To a solution 026 (132 mg, 0.445 mmol) and 4-DMAP (1.1
g, 8.9 mmol) in CHCl, (10 mL), AgO (205uL, 2.22 mmol) was
added dropwise at 0 °C. After stirring for 15 mine tfeaction
mixture was quenched with sat. ag. NaHCG®@d extracted with
CH,Cl,. The extract was dried (B&0O;) and concentratedn
vacuo. The residue (1.2 g) was chromatographed on gjit#50
g). Elution with hexane/EtOAc (10/1) ga2€ (146 mg, 97%) as
a colorless oil. §]p*° +60.5 € 1.19, CHC)); IR (film): 2955,
1732, 1448, 1372, 1242, 1120, 1049, 1019, 986, @68; 'H
NMR (400 MHz, CDC}) 80.72 (3H, s), 0.84 (3H, d,= 6.8 Hz),
1.06 (3H, s), 1.18 (1H, ddd, = 12.6, 8.7, 6.2 Hz), 1.38-1.64
(6H, m), 1.62 (3H, s), 1.70 (1H, dd= 15.1, 5.5 Hz), 1.71 (1H,
dt, J = 12.6, 3.2 Hz), 2.05 (1H, m), 2.05 (3H, s), 3.28 (3N,
3.34 (3H, s), 4.41 (1H, dd,= 5.7, 4.3 Hz), 5.16 (1H, br s), 5.31
(1H, m); *C NMR (100 MHz, CDCJ) J 16.20, 17.88, 19.79,
21.48, 25.30, 27.20, 36.12, 36.88, 38.26, 38.73481045.79,
51.97, 53.54, 72.23, 102.04, 120.28, 149.55, 170t8RMS
(ESI) caled for GHs,NaQ, [M+Na]*: 361.2355, found 361.2361.

4.16. (3R4S4aR,8aR)-4-(2,2-Dimethoxyethyl)-3,4,8,8a-
tetramethyl-1,2,3,4,4a,5,6,8a-octahydr onaphthalene (17)

To a solution of Li (3 mg, 0.4 mmol) in lig. NH10 mL), a
solution of27 (17 mg, 0.059 mmol) in THF (15 mL) was added
dropwise at =78 °C. After stirring for 1.5 h, the ¢an mixture
was quenched by cautious addition of J&H After removal of
NH; at room temperature, the residue was diluted wittixdure
of Et,O and sat. ag. NaHGOThe organic layer was separated
and the aqueous layer was extracted wifOEThe combined
organic layer was successively washed with sat. aq. Kgld@d
brine, dried (MgS@) and concentrateih vacuo. The residue (14
mg) was chromatographed on silica gel (0.5 g). &futwith
hexane/EtOAc (40/1) gave7 (12 mg, 86%) as a colorless oil.
[a]p?® —41.2 € 1.18, CHCY); IR (film): 2954, 2830, 1448, 1381,
1191, 1119, 1076, 1050, 989, 961 &nmH NMR (400 MHz,
CDCls) 00.70 (3H, s), 0.83 (3H, d,= 6.8 Hz), 0.99 (3H, s), 1.19
(1H, m), 1.35-1.48 (4H, m), 1.58 (3H, brd= 2.0), 1.57-1.73
(5H, m), 2.00 (2H, m), 3.29 (3H, s), 3.30 (3H, s), 443, t,J =
4.8 Hz), 5.18 (1H, br s)°C NMR (100 MHz, CDGJ) J 16.23,
17.86, 18.03, 18.90, 20.01, 26.73, 27.55, 36.69198738.35,
38.55, 40.68, 47.27, 52.27, 53.05, 102.36, 120844.29;
HRMS (ESI) calcd for GH3,NaO, [M+Na]™: 303.2300, found
303.2322.

7
4.17. (1S2R4aR 8aR)-(1,2,4a,5-Tetramethyl-
1,2,3,4,4a,7,8,8a-octahydr onaphthal en-1-yl)acetal dehyde
(callicarpenal, 1)

A solution of17 (12 mg, 0.042 mmol) in ag. AcOH (80%; 1
mL) was stirred for 1 h at room temperature. Thectiea
mixture was concentrateéd vacuo, and the residue was diluted
with sat. ag. NaHC®and extracted with ED. The extract was
washed with brine, dried (MgSPand concentrateth vacuo.
The residue (10 mg) was chromatographed on silit§0ge g).
Elution with hexane/EtOAc (40/1) gavk (9 mg, 91%) as a
colorless oil. Recrystallization from acetonitriggve colorless
prisms. pi]p*° -58.5 € 0.91, CHCJ); mp 49.0-50.0 °C: IR (KBr):
3010, 2995, 2959, 2868, 2833, 1713, 1456, 13895,10039
cm™; 'H NMR (400 MHz, CDCJ) 0.81 (3H, s), 0.95 (3H, d,
= 6.8 Hz), 1.00 (3H, s), 1.20 (1H, m), 1.42-1.77 (7H, 57
(3H, s), 1.96-2.05 (2H, m), 2.16 (1H, dd+ 14.6, 3.2 Hz), 2.46
(1H, dd,J = 14.6, 3.6 Hz), 5.18 (1H, br s), 9.83 (1H, dd; 3.6,
3.2 Hz); ®*C NMR (100 MHz, CDG)) ¢ 16.27, 17.21, 17.92,
18.94, 19.87, 26.56, 27.30, 36.42, 38.42, 39.03674149.36,
51.74, 120.55, 143.61, 203.88; HRMS (APCI) calcdGaH,sO
[M-H]: 233.1905, found 233.1910.
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Highlights :

A novel synthesis of (-)-callicarpenal was achieved
Callicarpenal is a tetranorditerpene aldehyde wigfotent mosquito repellent activity.

Prins-type cyclization based on Meyer-Schusterasgement was featured as a key step.



